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SUMMARY

Protons were directed through hydrogen gas and weré~found to capture
electrons to form negative hydrogen ions. When sufficient gas had been
traversed, the ratio of negative ions to protons reached an equilibrium
value which was a maximum of 22.2 percent at about 8.5 kilovolts., The
energy interval investigated was from 4 to 70 kilovolts. In this interval,
the electron loss cross—section for the negative hydrogen ion was deter-
mined. It varied from 6.3 x 10710 cm.? at 4.2 kilovolts, to 2.5 x 1016
cm.? at 70,3 kilovolts. 4 calculation of the electron capture cross-section
for the neutral hydrogen atom in the same energy interval was made. A
determination of the electron capture cross-section for protons between
the above mentioned energies was also made, and found to agree with values
obtained by other workers, both theoretical and experimental.

A seven stage voltage-multiplier circuit operated at radio-frgquency,
an ion accelerator and anelyser were designed for this work and are

described.




(11)

~ACENOWLEDGMENTS

The author wishes to express his thanks to Professor J.S. Foster
for extending the facilities of the Radiation Laboratory for the research,
and to Professof F.R. Terroux for his help and encouragement as the director
of the research. Thanks are also due to Professor J.,D. Jackson for many
helpful discussions and calculations regarding the theoretical side of
the experiment, to Dr. D.,E., Tilley for helpful suggestions, to Mr. F.S.
Eadie for the loan of equipment, and to Messrs S. Doig and R. Lorimer for
their invaluable help in the construction of the apparatus. The author
also acknowledges a Scholarship from the Ontario Research Council, and a

Studentship from the National Research Council of Canada.



INTRODUCTION

Negative ioﬂs of hydrogen have been observed under various experi-
mental conditions, and have been studied to a greater extent theoretically.
However these ions have been the subject of very little experimentel
research of a quantitative naﬁﬁre. |

In 1936 0. Tuxen drew negative ions from a hydrogen discharge and
analysed them with a mass spectrograph (1). He was able to show that these
ions were truly H and did not arise from OH or other atomic or molecular
combinations. Hylleraas had already shown by wave mechanical analysis that
H could exist and that the elec£ron affinity would be 0.70 + .015 ev. (2).
This has not been verified experimentally.

The fact that H existed héd an interesting application in the explana-
tion of the variation of the continuous emission spectrum of the sun between
4,000 and 12,000 A°. The suggestion was made by Wildt that the absorption
of radiation in this wavelength region was caused by negative hydrogen ions
in the sun's photosphere (3). This was quantitatively verified by A.J.
Deutsch who was able to obtain a theoretical absorption spectrum of H™ which
corresponded to the observed absorption of the solar radiation (4). It is
to be pointed out that no corresponding emission spectrum of H  has ever
been observed in the laboratory; this is understandabie considering that
the spectrum is continuous, and that the probability of radiative capture
of an electron by a neutral hydrogen atom is quite low (19).

Most wave mechanical studiesd the negative hydrogen ion showed that
only one stable state existed. These calculations have been carried out by
a number of people (5 - 12). Recently however, Hylleraas has predicted a
second energy state of H~ with an electron affinity of 0.29 ev. (13), but

points out that it is unstable against auto-ionization. This too has yet




to be verified by experimental observation.

The first observation of positive hydrogen iong capturing electrons
to produce negative hydrogen ions was made in 1936 by Arnot and Milligan
when they bombarded a nickel surface with the positive ions (14). Several
other investigations of this phenomenon have been made (15), (16).

In 1951 Lofgren obtained photographic evidence of the existence of
negativé hydrogen ions in the 184-inch Berkeley synchrocyclotron (17).
A'photographic plate was placed in such a way that it would detect particles
originating from the small orbits near the centre of the accelerator. Two
bands of particles were observed; one was due to particles leaving the
ordinary proton orbits tangentially, the other was due to particles leaving
counter rotating orbits the same way. These bands were identified as being
due to neutral hydrogen atoms and negative hydrogen ions respectively.

The particles had energies of several Mev.

The only quantitative experimental measurements of the properties of H
s0 fér, were carried out by J.B. Hasted (18). A Nier type ion source, in
which hydrogen was bombarded by electrons and the resultant negative hydrogen
ions forced out by electrostatic repulsion, was used to produce H ions.
These ions were focussed to a beam and fired through a gaseous target. The
electron loss cross-sections for H in the noble géses Xe, Kr, A, Ne, and
He were measured al energles ranging from about 100 to about 3,000 eve. In
this energy range the loss cross-section, in all cases, increased steadily
with energy. In the case of H through He, the cross-section increased from

about 2 x 10'16

cn.® at 100 ev. to sbout 3 x 10710 em.? at 1700 ev., the
maximum energy used in this case.
On the theoretical side, only the radiative capture cross-section has

been calculated. The absorption cross-section Qg,of H has been determined



(19) for the process

H +hv~ H+ e
Then by using the relation

Q: = e 5o @
where m and v relate to the mass and velocity of an electron incident on a
neutral hydrogen atom, c¢ the velocity of light, ¥y the frequency of the
absorbed radiation, g~ and g° are the statistical weights of the ground
states of H and of the neutral hydrogen atom, the radiative capture cross-
section (Q,) was determined (22). Where electron energies ranged from .14
to 7 ev., the value of Q, was of order 10722 cm,?

 Negative ions can be formed in a variety of ways (20). A neutral

hydrogen atom passing through a gas can capture a free electron with the
excess energy being carried off by radiation. The emission spectrum will
be continuous if only one bound state exists., If a neutral atom captures
a bound electron from a gas atom, we have a three body process in which the
lonized gas atom, the third body, can carry off the excess energy, and there
is no radiation emitted.

A further process has been proposed by Massey based on the Franck-
Condon principle (20). According to this principle an excited h&drogen
molecule dissociates into a negative and a positive ion. Of course several
things can happen, but for certain atomic separations and degrees of excitation,
negative ions can be formed in preéference to de-excitation with radiation,
or straight dissociation into two neutral atoms. This process of H pro-
duction probably accounts for the presence of H in gaseous discharges, and
in the ion source used by Hasted (18). It is unfortunate that Keene (21)
who fired a proton beam through hydrogen and analysed the mass spectrum of

positive gaseous ions left in the beam path, did not do a similar analysis



of the negative ions left behind, as such an analysis could have shed light
on the probability of the Franck-Condon pfocess actually taking place.
As has also been noted, positive ions impinging on metallic surfaces
can form negative ions. It is probable that atoms, excited atoms, and
positive ions can all capture electrons from metal surfaces to form H (22).
It has been suggested, although the origin of the suggestion is unkmown
to the author, that the effective accelerating potential of an ion accelerator
could be doubled by the use of negative ions. Thus, suppose that the maximum
available voltage were + E kv, and that theré were a sultable source of H~
at or near ground potential., Then the negative ions could be focussed info
a beam, accelerated to + E kv and fired through-a thin barrier such as a foil
or gas chamber. The electrons would then be strippéd from the particles by
the stationary atoms in the barrier, and we would have a supply of protons
of energy E kv, at a potential of +E kv. These could then be accelerated
through E kv again, impinging on a target at ground potential. Thus the
final proton energy would be 2E kv. A further advantage would be that both
the ion source and the target would be at ground potential, with a great
simplification of insulation problems. Although Hasted employed a Nier
type ion source for obtaining H~ ions, no figures were given regarding the H
beam intensity. There are several types of positive ilon sources from which
copilous supplies of protons can be obtained (31). If a simple, yet efficient
method of converting positive into negative ions were available, the double
-acceleration process with high intensity beams might be possible. The
findings of the present research might be of use in designing such an H

source and accelerator,



A congiderable amount of investigation has been directed toward
determining the probability of a proton capturing or a neutral atom losing
an electron as a beam of hydrogen particles passes through a gas (22). It
is pertinent to the present investigation to discuss briefly the methods
used.

In the investigations of Goldman a beam of protons was directed through
a gas chamber (23). Some of the protons captured electrons to form neutral
atoms. Those protons which did not capture electrons were detected after
the.beam had emerged from the chamber. The gas pressure was kept low enough
that the neutral atoms once formed had little chance of being re-ionized.
From the observations of the variation of charged beam absorption with pressure,
the electron capture cross-section for the proton was calculated, for incident
proton energies ranging from 500 to 4,000 ev. Smith used this method for
proton energies from 1300 to 8,000 ev. (42). This has been called the beam
absorption method, although it is to be noted that few if any particles are
actually absorbed by the gas, but rather that some of the particides lose
their charge and hence are not detected. In this and other experiments loss
of beam particles by gas scattering was shown to be so mmall as to have a
negligible effect on the results.

Bartsels usea what might be called an equilibrium beam concentration
method (24). 4 proton beam was passed through hydrogen gas, the pressure
of which could be varied. The charged particles in the beam which had
emerged from the gas could be deflected from the beam path by a-system of
electrostatic deflection plates and thus prevented from entering an ionization
chamber which could detect uncharged as well as charged particles. By
simultaneous measurements of the total beam, and of the neutral component

of the beam, as functions of gas pressure, Bartels calculated the ratio of




charged to neutral particles, which, assuming no negative ion formation,
gave H+/H°. For low pressures this ratio was quite high, but as the pressure
was increased, the ratio fell and reached a final or equilibrium value at a
pressure of about 1072 mm. Hg. Calling the equilibrium retio w, and the
length of the beam path in the gas chamber x, then the mean free path A
for the capture of an electron, was given by the Wien formula (25),

L(1-w= 1 @041

(58 - v
where (H+/H°)p is the value of the ra%io for the gas pressure p concerned,
The electron capture cross-section o could be determined from A\ since the
cross-section is merely the féciprocal of the product of th% mean free path
and the number of gas atoms per c.c. at pressure p. That is ‘
=1/\n

Bartels!' measurements extended from about SJto 35 kilovolts. Variations of
this method have been uséd by other investigators to measure the capture
cross-sections (26).

The most extensively used method is one in which a proton beam passes
.through a ges and ilonizes it, and the number of'ionized gas atoms and free
electrons left in the path of the beam measured. The work of Keene is a
good example of this method (27). A proton beam passed through a gas filled
region between two plane parallel deflection plates. The gas atoms and
molecules were ionized by the beam and the electrons either captured by the
protons in the beam or left in the free state., Either negative or positive
.voltages could be applied to one éf the deflection plates; the other plate A
was held at ground potential. Any ion current to the former platé could be
measured by a d-c amplifier. By épplying a voltage of the proper polarity

to that plate, either the positive ions or the electrons left in the path




of the beam could be collected by it. The pertinent equations are,

Iy
I_

IOI]_L (ac' + oy )

IonL oy

where I, is the incident proton current; I+ and I. the positive ion and
electron currents to the collector plate, n the number of gas atoms per
CeCo, and L the length of the beam path between the deflection plates. The
cross-section Or 1s that for a pfoton capturing an electron; or is the
cross-section for a proton to ionize the gas and leave a free electron.
Other investigations employing the same method are listed in references (28)
and (18).

Perhaps the most direct method of investigating the charge exchange of
protons and neutral hydrogen atoms was used by Montague (29) and Ribe (30).
Montague directed a beam of neutfai hydrogen atoms through a gas chamber
situated in a magnetic field. A special detector in the path of the beam
detected neutral particles. As the gas pressure was raised an increasing
amount of the neutral atomic beam became ionized, was deflected out of the
beam path by the magnetic field, and so failed to enter the detector. A
study of the reduction in neutral beam strength as a functioniof gas pressure
gave a measure of the electron loss cross-section for the neutral hydrbgen
atom. Ribe, using the same spparatus, directed a beam of protons into the
chamber., At the end of the curved ion path a Faraday cylinder was placed.
Protons capturing electrons from the gas left the curved path tangentially
and failed to enter the detector. Again, by plotting the detector current
against pressure, the protfn capture cross—éection was determined.

Some of the values of the electron capture cross-sections for protons
have been plotted as a funcfion of incident proton energy in Fig. (1). The

existence of rather large dmcomsistencies is evident even after consideration



hag been given to the limits of accuracy placed on the values by those
making the measurements,

Only in Ribe's paper was any mention made of the possibility of the
occurrence of negative ions contributing to the error involved in making
cross-section measurements (30). A beam of hydrogen ions was directed
through an aluminized zapon foil and the ratio of H- to protons in the
emergent beam was measured. It ﬁas found that for an incident energy of
35 kv the ratio (H/H') was about 3 percent, while at 90 kv it was less
then 0.1 percent. In the calculations of the éross-sections from observa-
tions with the method of Bartels, the equilibrium beam concentration method,
no consideration was mentioned regarding the possibility of H formation.
It seemed possible in the light of Ribe's spot measurements that the
abnormally high values of capture cross-section at low energies as obtained
by Bartels might‘possibly have been caused by negative hydrogen.ions.

With the foregoing in mind, it was proposed to determine the extent
to which protons, passing through hydrogen gas, capture electrons to form
H, and to study the c;oss-sections relating to this process. It was found
that reasonably consistent results for the electron capture cross-section
for protons could also be obtained. It will be seen from Fig. (1) that
the results obtained by previous investigators cover in most cases com-
parﬁtively restricted limits of proton beam energy. It was therefore
considered useful to cover the entire range from 4 to 70 kv by the method

here described., The values so obtained have been included in Fig. (1).
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IHEORY
It will facilitate an understanding of the following discussion if
reference is made to Fig. (2). Consider a beam of protons entering the
Ion Exchange Chamber through a small aperture (A) which isolates the chamber
from the ion accelerator. The pressure in this chamber will be referred
to as pj. The profons in the beam will capture electrons from the gas
molecules to form neutral atoms., The neutral atoms can then either lose
their electrons or capture more electrons in further collisions with the
gas molecules. J[f the gas dénsity is high enough the concentrations of
neutral, positive, and negative particles will come into equilibrium with
each other.
The electron capture cross-section ( 0w) for a proton passing through

a given gas (sometimes called the charge exchange cross-section) may be
thought of as the actual afea presented by the atoms of the given gas to
the incident beam for this process to take place. It should be obvious
that it 1s a measure of the probability of electron capture occurring, and
that the concept of area is instituted purely for simplicity.of calculation.
Similar definitions can be stated for the loss cross-section ( 0y ) for a
neutral atom, the electron capture.cross-section (o ) for a neutral atom,
and the electron loss cross-section ( g ) for a negative ion. The differential
equations relating to the charge exchange processes described are,

(1) dH+=H°no;.dx-H+noz:dx

(2) ai =H’ n o dx - H n g dx

(3) I=®+1 +w
where I is the intensity of the incident proton beam, H', H~, and H° the
intensities of protons, negative ions, and neutral atoms in the beam at a
distance x from the entrance aperture (A), and n is the number of gas atoms

PET C.C.
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When the beam components have reached equilibrium, and hence dH+ = dn

= 0, then from equation (1)

w G5 -2

and from equation (2)

a

6 (7). =
where the subscript "e" refers to equilibrium conditions.
Dividing (5) by (4) gives
© (%), 2%

P Consider now the mixed beam leaving the Ion Exchange Chamber and entering
the Observation Chasmber, through aperture (B), where there is a transverse
magnetic field and gas at pressure p,. The beam will be analysed into com-
ponents H+, H-, and H°, WNow consider two identical detectors placed so that
one will pick up the negative component, and the other the positive component.
The detector positions should be such that the length of the curved path of
a proton from (B) to the positive ion detector be the same as the path
distance for a negative ion of the same energy, from (B) to the negative ion
detector. Thus if pj is high enough, and p, low enough, the value of (HF/H+)e
can be measured directly.

If the pressure pp is raised (pj being held constant), some of the ions
will, on interaction with the gas molecules, lose their charge and leave
their curved paths; hence they will not enter the detectors.

The differential decrease in the negative ion beam travelling a distance
dy through a gas of density n atoms pPer C.C. is

(1)  dH = =Hngdy

where y is distance measured along the ion path from (B). Thus the current

to the negative lon detector is given by

(8) /In H =~ ngd + constemt,
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where "d" is the path distance from (B) to the detector. Since n = kpo,
where k = l=23-%LlQ£é for p, measured in units of 10™3 mm. Hg, (T being
the absolute temperature), then
(9) InH~~ ~kpd, d +const.
Thus by determining H  for various values of p,, plotting a curve of 1n H
VS. P, and measuring the slope of the curve, the electron loss cross-
‘section is given by,
(10) G-
where s. 1s the slope value..
By a similar argument for the positive component of the beam
(11)  InH* = ~kp, T d + const.
From this last relation it is obvious that if 1n 4l were plotted

against py, and the slope of the curve designated sj, then,
%t~ %

However for practical reasons, oné of which was that p, could not be kept

low enough to measure (H_/H+)e directly, it was necessary to determine

values of (H/H') as a function of Poe Having obtained H and (5 /6h)

for various pressures:po; a separate measurement of g would have been an
extra and unnecessary observation. Thus the following indirect derivation

of &% gives a relation which is best suited for the experimental determination
of that cross-section.

Subtracting (11) from (9),
/,;//t}:) « const. ~ (G- e ) kpo A

From the condition that at p, = O, (H"/H+) = (H’/H+)e
In () - ) - (G -a) kpd
- -+
Thus from a plot of /n (H Vi) against p,, one obtains (H /H ), from the

ordinate intercept, and (¢ -%’) from the slope. That is,

12) (G-%)=- —
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where s; is the value of the slope of the curve n (0 /H+) VSe Pge
Therefore
(13) ow =%+ 35

and from (10) and (13)
Sz~ S.
Oct Tkd
Summarizing then, by obtaining a curve of /4 H vs. p, one can calculate ¢ ;
a curve M (H/HY) vs. p, will give (H'/H+)e; and a combination of both
curves will give %+, Using known values of Oj/o;f s % can be calculated

from a rearrangement of equation (6),
o G(#) &

It is to be noted that the method of obtaining o« just stated leaves
a bit to be desired in that when (s; - s_) becomes small in comparison
to say sy , very large errors in values for ¢ will result from relatively
small errors in s; . The primary object of the experiment was thé measure-
ment of (I—lf"/HJ")e and 9% , however it was found that reasonably acceptable
resultsg for O« could also be obtained by this method and so this further
calculation was made and presented.

No direct measurements of (H+/HO) o OT (H_/Ho)e were made.

Solutions to the differential equations (1) and (2) have been given

and discussed in Appendix I.
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EXPERIMENTAL APEARATUS

The ion beam was obtained from an ion accelerator of the Cockeroft-
Walton type (32). The source of positive ions was a hydrogen discharge
tube; some of the ions in the positive plasma of the discharge drifted out
of the source through a small opening, and into the accelerator tube. These
ions were focussed into a beam and accelerated down the accelerator tube
to the gaseous target. In additioﬁ to protons, emerging from the source,
there were the molecular ions HE and H;. The experimental chambers at the
bottom of the accelerator have been briefly outlined in the section on Theory.

Details of the apparatus used in this experiment will be discussed in

what follows.

Zon Source

The hydrogen ions were produced in a pyrex capillary arc type ion source
designed after Lamar, Buechner, and Van de Graaf (33). Details of construction
are shown in Fig. (3). The plate and cathode bulbs were joined by a pyrex
tube, termed the capillary, 2.5 cm. long and 0.4 dém., inside diameter. A
smell conical hole was ground into the side of the capillary in such a way
that the inner end of the hole had zero thickness. The inner end of this
hole had a dismeter of 0.5 mm. The plate and cathode leads were held in
position through ground glass joints fitted to the_bulbs as shown. The
focussing cone was machined from a copper block in the top of which was a
gemi-cylindrical groove. The capillary sat in this groove with about .005
inch clearance on the radius. The diasmeter of the hole at the top of the
copper block was made the same size as the large dlameter of the coniceal
hole in the side of the glass capillary so that when the pyrex tube and the
copper block were assembled the complete outlet cone was smooth from the

inside of the capillary right down to the bottom of the copper block. The
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outsihe of the capillary wag platinized and.copper plated with a thin
copper coat. The plating'process was done by immersing the platinized
capillary into a solution of 200 g/l of CuSO4 and 75 g/l of HyS0,, and
running a current of 60 ma per em?., for about two minutes. The plated
capillery was then set into the groove on the block, care being taken that
the two cones coincided, and the assembly soft soldered together. This:
gave a fairly strong, vacuum tight joint which cauéed no trouble in spite
of the fact that the capillary temperature rose for short periods as high
as 70°C. during operation. For normal operation the joint temperature was
not allowed to rise more than 10°C. above roon temperature; cooling was
effected by a jet of compressed air.

A directly heated cathode was used. An eight centimeter 1ength of the
filament ribbon® used in 866 rectifier tubes was shaped as shown in Fig. (3).
It was spot welded to the two tungsten leads sealed in the female ground
joint. Ihe filament was dipped into a radio salution R—ﬁOOﬁ:k and allowed
to dry.

The plate from a discarded 8016 rectifier was modified and spotvwelded
to the tungsten lead through the other female ground joint, to form the
plate of the ion source.

Silicone high vacuum grease was used on the ground joints.

Hydrogen was introduced to the source through a flat ribbon type
gdjustable slow leak.

Plate voltage was supplied by a motor generator set which would produce

110 volts dece A 1/4 h.p. a.c. motor drove the generator through a 1/2 inch

% Courtesy of R.C.A., Harrison, N.J.

It Courtesy of Baker Chemica Co., Phillipsburg, Pa,
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bakelite shaft eight inches long. Filament power (3 volts, 5.5 amps.) was
obtained from storage batteries. The electrical system for the ion source
was mounted on bakelite boards secured to a wooden stand. Fig. (4) shows
the wiring diagram.

Before the a?c could be operated properly the filament had to be
activated. The filament was heated to about 1100° C. by a filament voltage
of 3 volts for approximately 45 minutes; during this time large volumes of
gas were given off by the coating. Hydrogen was then admitted to the source
at operating pressure. The plate voltage was turned on and the arc started
with the assistance of a spark coil electrode applied to the glass envelope
of the source. The filament voltage was then taken up to about 4.5 volis
(1350° C.) for 15 or 20 seconds during which time the emission increased
considerably. The filament voltage was then reduced to 3 volts; the emission

dropped by a few percent and then remained steady. Typical values for the

arc were,
Plate voltage 90 volts
Plate current | 0.2 amperes
Filament voltage 3 volts
Filament current 5.5 amperes.

No direct measurement of pressure in the ion source was made but from
a consideration of the vacuum system pressure, pump speed, and source outlet
area, the source pressure can be shown to have been between 0,1 and 0.15
mn Hg,

There were certain difficulties involved with this type of source.
Several tubes had to be made before one that would give reliable operation
was obhained., In general design they were the same, but in detail they

differed. It was found that in order to keep the plate dissipation to a
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minimum the plate voltage had to be low; and in order to keep the pressure
in the high vacuum system of the accelerator tube to less than 3 x 10~4
mm. Hg the source had to operate at a pressure lower than a certain maximum.
Some sources tried héd too high a plate voltage, too high a pressure, or
both. There was no obvious relation between geometry, plate voltage, and
pressure, but by varying the length and shape of the capillary a satisfactory
discharge tube was finally obtained. It might be noted that in one tube,
the ground outlet hole of which was copper plated, the arc would not strike.
However when the plating was removed from the outlet hole, an arc could be
started, but it was unstable. Sometimes the filament would sputter onto
the glass walls; this seemed to help rather than hinder the operation of the
arc,

Exposihg an activated filament to the atmosphere did not seem to affect
it in any way. 1In fact while one filament was at operating temperature, a
treakage in the vacuum system allowed éir into the ion source at atmospheriec
pressure; its subsequent operation did not seem to be impaired. However
the lifetime of a filament was relatively short. Due to the capillary between
the plate and the cathode the arc dfop across the tube was necessarily much
higher than would be the case were there no such constriction. Thus the
positive ions in the plasma could be accelerated to quite high velocities
before they struck the filament. When they did strike, they subjected the
filament coating to a much more destructive bombardment than would have
been the case in an ordinary gaseous rectifier where the arc drop is low.
One filament lasted through most of the experiment, with a lifetime of

about 100 hours.
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Accelerator Tube

Positive ionsg drifting out of the ion source were collected, focussed,
and accelerated by five cylindrical electrodes made of dural, arranged as
shown in Fig. (5). In §rder that th; fields in the gaps should have good
éymmetfy and also that there should be no sharp points allowing corona dis-
charges, rings were machined on the ends of the electrodes. The inside
diameter of the smaller electrodes was 3/4 inches, that of the larger ones
about 1 1/2 inches. The distance from the focussing cone of the ion source,
to the first electrode was 1/4 inch; the next gap was 3/8 inches, and the
remaining gaps were 1/2 inches. Except for the second electrode, each was
turned out in one piece; the second electrode was made by snug fitting a
smaller part to the larger part. Each electrode was held in place, by a

system of clamps and adjustment screws, to a flat 1/8 inch thick dural ring.

As shown in the diagram the’sections were spaced by glags cylinders 4 inches
in diameter.

The electrodes were machined with a .00l inch tolerance on inner radius
s0 that they could be properly aligned by a rod accurately positioned at the
bottom of the tube and running up its full length. This alignment rod was
firét bolted to the base of.the tube. The electrodes were slid over the rod
and clamped in position to the rings as the tube was built up, a section at
a time. The rod was then carefully withdrawn.

The vacuum seals between the glass cylinders and the metal rings were
made with Apiezon "Q" compound. These seals gave no trouble at any tine,

4 3/8 inch thick hrass blate topped the tube. A hole in the centre of
this plate admitted the copper block of the ion source with a ,002 inch

radial ‘clearance. A slight recess around the hole took a neoprene gasket
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and the shoulder of the copper block as shown in Fig. (3).

The base of the tube was bolted firmly to the dural top of a steel
mounting table,

At the bottom of the base were four screw holes around a 1 1/2 inch
diameter hole so that any desired experimental apnaratus could be accurately
positioned. This arrangement also served to position the alignment rod
during assembly of the accelerator tube. In one side of the base was a 1/4
inch copper tube leading to a McLeod Gauge; at the back was a 2 inch pumping
manifold.

Connected to the pumping maniféld by a ground glass joint was a glass
tube of the same dismeter as the manifold and ten inches in length, leading
to a 20 litre per second oil diffusion pump. The forepump used was a 0.5
litre per second Megavac. It is worthy of note that although there wés
gas entering the accelerator tube continuously from both the ion source at
the top of the column, and from the experimental apparatus at the bottom,
.evacuation from just the one manifold kept the pressure in the accelerator
tube low enouéh to permit satisfactory operation.

When the gés inlets at the top and bottom of the tube were closed off,
a pressure of 6 x 1072 mm. Hg was obtained; with the ion source operating,
and the experimental equipment at.the bottom held at normal experimental

pressures, the pressure in the accelerator was 2 x ZL(TZP mm, Hg.

High Voltage Supply
Accelerating potentials were obtained from a high voltage supply of
the Cockeroft-Walton type operated at radio-Ereguency. The idea of using

an r-f supply for an accelerator of this type had been suggested by Lorrain
(34).
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. Radio-frequency high voltage supplies with output voltages as high
as 50 kv d-c and using as many as two voltage-doubler stages had been in
successful operation (35). As far as was known, however, no r-f supply had
been constructed for higher output voltages, although circuits supplying
up to 200 kv had been built which operated at frequencies of a few kilo-
cycles (36). Lorrain ﬁad pointed aut that the use of r-f would keep the
ripple voltage at a very low level and that the circuit component would be
relatively inexpensive and have small physical size., The decision to con-
struct an r-f supply was based on two reasons: first because of the low cost,
low ripple, and small size; second, to determine whether or not such a
supply was as practical as suggested.

A block diagram of the high voltage supply is shown in Fig. (6).

A regulabed 600 volt d-c power supply shown in Fig. (7) supplied plate
voltage to an 807 beam power tube. A separate oscillator drove the grid of
the 807 at the desired frequency; cf Fig. (8). The r-f power from the 807
was fed to a 10 kv r-f transformer through a suitable matching circuit. The
high voltage r-f from the transformer was then applied to the Cockcrofi-waiton
voltage-multiplier circuit which consisted of seven voltage-doubler sections,
shown in Fig. (9). Thus, a d-c voltage approximately 14 times the peak -
voltage on the secondary of the transformer was obtained at the output end
of the multiplier circuit.

The condensers in the multiplier were 20 kv .001 Muf; the diodes
1B3/8016 high vacuum rectifiers. The r~f transformer was a commercial type
with a 150 4h primary induckance, and a 42 mh secondary inductance. The
secondary inductance shunted by the stray capacitance of the secondary circuit
determined the frequency at which the greatest power could be supplied

to the voltage-multiplier circuit. It was found that
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the best results could be obtained only when the pawer tﬁbe was driven by
a separate (and well shielded) oscillator. This is to be contrasted with
the standard method of driving the 807 by a small feedback voltage4from
-a tickler coil at the top of thg r-f transformer. The use of a separate
oscillator meant that the tube had to be mgtched to the transformer by a
suitable matching circuit.

It was stated that one of the main advantages of using an r-f supply
was that the ripple voltage on the output should be low. The ripple voltage
is usually given by '

Sv ‘ié?-”(”*d '
where icigidhe d-c¢ load current, f the frequency, C the capacitance of each
condenser, and n the number of doubling stages. Thus, according to this
relation; the higher the frequency the lower the ripple. However this neglects
to taeke into account the stray capacitance across the two branches of the
circuit. When the circuit was completed it was found that there existed =
large stray capacity. Measurements showed that an r-f current was being
conducted through this stray capacity and then through the .00l uf condensers
in such a way that it introduced a very large ripple on the d-c outbut - the very
thing that the r-f was to eliminate. It had been suggested that inductances
(with blocking condensers) of such a value as to resonate with the stray
capacitances be placed across the rectifier tubes (34). This was ruled out
on the grounds that the choke coils would absorb power, and hence further
lower the performance of the circuit, and that the coils would have had to
be very large physicélly. A satisfactory answer was found by placing an

inductance, ildentical with the secondary of the r~f transformer, across
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the last condenser of the circuit; i.e. at the output end of the multiplier.
Although this decreased the effective inductance of the secondary circuit
(it was in parallel with the secondary of the r—f transformer) and hence
reduced the resonant frequency, it greatly improved the efficiency of the
circuit and all but eliminated the ripple voltage. With a d-c output of 10
kv and load current of 42 pa the ripple voltage was measured with the added
inductance, Ly, on and with it off; in the first case the ripple was 17
volts, in the second 250 volts r.m.s. The measuremeht of ripple at higher
output voltages was not feasible. In Fig. (10) are shown the d-c voltages
obtained at the various sections in the two cases. The blocking condenser
Cp was necessary to keep d-c out of inductance L. As a further means of
giving stability to the output, five 20 kv .001 uf condensers were put in
series from the output point to ground; each condenser was tied into an
appropriate point of the voltmeter bleeder resistor.

The 600 volt power supply and oscillator were bullt on chassis which
were fittéd into a contred rack. The voltage-multiplier, r-f transformer,
807 tube and -associated circuits were mounted together in a specially designed
lucite box. The two units were connected with low pawer loss shielded cable.
At each d-c point on the multiplier was an output terminal. Thé terminals
were on the outside of the box and of such a shape as to make a fit with
grid caps,

The body of the box, which contained the high potential circuit components,
was filled with transformer oil, as indicated in Fig., (9): The tops of
the diodes protruded through the lucite top of the box.

_ The high voltage circuit operated at a frequency of 102 kc.
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Filament Power

Various methods have been suggested and used for supplying power to
the diode filaﬁents in a voltage multiplier ciréuit. These include using
1 1/2 volt dry cells, pickup from the r-f transformer by a wire loop, and
pickup from the r-f circulating currents which have been conducted by the
stray capacitances, For various reasons none of these methods seemed
satisfactory for the present circuit.

A new method was tried; see Fig. (11). An oscillator fed power into
a series of r-f isolating transformers; the primary of one transformer was
connected across the secondary of the previous one along with a small varisble
condenser for tuning. Each transformer winéipg was wave wognd by hand close
to one end of a 1 inch diameter glass cylinder 3/L inches long. When the
windings were finished they were coated with polystyrene by dipping them into
a solution of polystyrene and carbon tetrachloride. The primary and secondary
of each transformer were separated by 1//4 ineh with lucite spacers, and the
whole assembly held firmly to the bottom of the lucite box by a long lucite
bolt which screwed into a threaded hole in the bottom. Two loops of wire
were placed around each transformer. Each loop picked up a small amount of
power which was fed to a diode filement. Before the final arrangemeﬁt was
éettled, several arrangements had to be tried; inductance values, frequency,
coil spacing, size of pick-up loops, etc., were all varied. Due to the
complexity of the circuit (from an analytical point of view) this trial
and error method was probably the quickest way to design it. In the final
circuit each transformer winding had an inductance of 240 ph., Each pick-up
loop had one, two, or three turns depending on whether it was close to or
far away from the imput end of the circuit. The tuning condensers weré 140

puf variable air condensers.
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The filament circuit was mounted in the lucite box with the other
components of the voltage-multiplier circuit and so was oil immersed. For
tuning purposes smell 2.2 volt flashlight bulbs Qere connected to the tube
sockets, and the circuit tuned until all bulbs had the same brightness as
a similar one heated by a 1 1/2 volt dry cell. The bulbs were then removed
and replaced by the 1B3/8016 rectifiers. Plate voltage for the oscillator
tube, a 6Y6G, was obtained from a regulated 220 volt power supply. The
filament circuit operated at é frequency of 1300 kec. This circuit has been
operating satisfactorily for 11 months and has never required any further

attention.

Yoltage Measurement
A series of eighty-six 30 megohm metsllized, 1 percent 5 watt resistors

(Nobleloy) were used as a bleeder in series with a .0038 pa per mm. galvanometer
to measure the output high voltage as éhown in Fig. (9). A lO4 ohm resistor
was connected in series with the galvanometer and this combination was shunted
with a decade resistor box. The high voltage was turned up to approximately
the voltage desired, as indicated by a microammeter in series with the
galvanometer circuit. Then the decade shunt resistance was increased until
the galvanometer read 97 mm, Whenever it was desired to repeat this voltage,
the decade would be set to the resistance previously used, and the voltage
increased until the galvanometer read 97 mm, The galvanometer circuit was
subsequently calibrated with a sensitive potentiometer (Rubicon) with the
decade resistance set and the galvenometer reading 97 mm. Thus the voltages

were determined to 1 percent accuracy.




OQutput Voltages

As well as the output points at each stage on the voltage multiplier,
there was a poﬁential divider across the top stage of the multiplier, from
which focussing voltages could be thained. A series of fourteen 30 megolm
resistors, identical with those used in the bleeder resistor were placed
across the "d-c!" condenser of the last multiplier stage. Thus when the
main high voltage output was altered, the focussing voltage cofild .be kept
approximately coﬁstant by appropriate adjustment of clip lead connections
to the potential divider,

| The high voltage bleeder, and the focussing voltage potential divider
were pléced in a lucite box which was separate from the one containing the
voltage multiplier circuit. The resistor box was divided into two sections;
one section containing the bleeder resistor, and which was filled with oil,
the other which contained the potential divider whiéh was not oil filled.

It was found that because the latter section was well iéolated from other
parts of the circuit, and from ground, there was no corona discharge from

it-even at the highest voltages used.

High Voltace Supply Performance

The circuit described has been in successful operation for 11 months
and has given no tfouble. However it must be pointed out that due to the
stray capacitance across the two btranches of the multiplier circuit, large
r-f circulating currents are presenﬁ. Hence there is power loss in the r-f
transformer secondary, the ballast inductance I and‘in the condensers etc.
The efficiency of the multiplier circuit is only about 10 percent. The

inductance Iy, keeps the ripple to less than 0.2 percent but it does not cut
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out the power loss due to the circulating currents. The largest part of
the stray capacity is introduced by the filament circuit isolating trans-
formers. The oil Increases this by a factor of 2.3. However no matter
what component spacing is used, oill immersion is necessary for voltages
of the magnitude used here; otherwise, there would be corona discharge
from the innumerable sharp edges of the tube mounts, condensers, coils, etc.
However the circuit does have certain advantgges. The relatively high
operating frequency allows the use of small and hence inexpensive components.
The input r-f transformer, and the condensers, are much smaller than would
have been necessary were the frequency much less than it was. The voltage
multiplier was compact; the lucite box measured 37 1/2 inches by 7 inches
by 2 1/2 inches.
The maximum voltage obtained from the circuit was 93 kv, At this output
voltage the r-f transformer required cooling by a compressed air blast.
Because of the well regulated 600 volt power supply, the output voltage
was very stable., After a warm up time of 10 or 15 minutes the output remained
steady to within 1 percent. This performance was only true however under
no load conditions. When the ion source was on, and hence a beam accelerated
down the tube, spurious discharges within the tube caused momentary voltage
fluctuations; other factors caused the output to drift slowly. However, in
most cases this drift was only about 2 percent per hour and could easily
be corrected. As an example of output voltage variation with beam current,
it was noted that when a 20 la beam accelerated through 70 kv was suddenly
cut off, the output rose to 75 kv, There was no difference in output voltage
whether or not all the apparatus such as accelerator tube, motor generator
mount, etc., were attached to the set. This was taken as an indication that

there was negligible leakage through these units,
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Experimental Attachments

In experiments where gaseous targets are used, isolation of the target
from the accelerator presents a problem. In many cases the gas chamber is
sealed by means of an organic foil on which is evaporated aluminium (37).
The main objection to this method is that the beam is very seriously
scattered even in the thinnest windows available., Another objection is
that no such window can have a perfectly even thickness across its entire
surface, and hence particles penetrating one part of the foil will emerge
with a different energy from those penetrating another part., The effective
window thickness varies during a run; the aluminium tends to sputter under
ion bombardment, the organic backing sometimes does not burn off completely,
and a thin deposit of o0il from the diffusion pumps becomes carbonized as a
layer on the foil., ©Some experimentation prior to carrying out the present
work showed that the foils would not stand up to a current density greater
than a few microamperes per square centimeter, These considerations led to
using isolating capillaries instead of foils.

It has been shown that the rate at which gas at low pressure passes
through a tube is proportional to the cube of the radius, and inversely
proportional to the length (43). However the fraction of a well collimated ion
beam whose cross-sectional area is greater than that of the tube, passing
through a long straight tube is obviously proportional to the square of the
radius and independent of the length of the tube. Experimentation showed
that in the present apparatus a capillary 0.5 mm, in diameter, 2 cm. long
would isolate a gas chmmber at 5 mm., Hg from the accelerator so that the
accelerator pressure rose no more than 6 x 10™4 Hg; that is, the accelerator

still functioned properly.
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The present experiment required that the beam enter a chamber in which
the pressure could be raised from .00l to about .25 mm. Hg, and after passing
through this chamber enter another, the'pressure of which could be varied
from 1074 to 1072 mm, Hg. Isolating capillaries were designed accordingiy.

&t the target end of many accelerators of this type there is an electro-
magnet which both analyses the accelerated beam into its components, and
accurately deflects the desired component onto the target. However the
distance through which the beam must pass without any focussing is greatly
increased by the addition of this magnetic field and the beém tends to defocus
due to gas scattering and to electrostatic interaction between the ions.

The present apparatus had no such adjustable field incorporated in::this

region., This meant that the capillaries isolating the experimental chambers
from the accelerator had to be adjustable so as to admit the lon beam. Thus
all components of the beam entered the target chambers., The various components
were subsequently aﬁalysed in a fixed magnetié field in the Observation
Chambér.

A full scale diagram of the equipment used is shown in Fig. (12).

Bolted to the base of the accelerator was acapillary adjustment
assembly. The capillary was a brass tube 4.7 rm. 0,D., 1.0 mm., I.D. and
3.8 cm. long. Iﬁs lower end was sealed by a system of "O" ring seals as
shown, but was held loosely enough that it could be moved about with ease.
The capillary was held more or less centrally in a brass housing of 9.5 mm.
I.D. so thatlthe capillary could be moved as much as 2.4 mm. in any.direction
from centre, by eight adjustment screws. The capillary could be adjusted

to admit a maximum of beam current to the Ton Exchange Chamber.
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Zon Exchange Chamber
After passing through the capillary just described, the beam entered

the Ion Exchange Chamber where thevgas pressure could Ee varied from
2 x 104 m. Hgo to .25 mm. Hg. Oﬁ,thé front of this chamber wés a glass
- observation window whichlallowed visual observation of the beam. Through ﬁhe
side of this chamber was a small insulated probe which could be inserted
into the path of the beam, and uéed for assisting in alignment of the first
capillary. | |

Pressure in this chamber could be controlled by two means.: For evacuation
to the lowest pressures desired, (2 x 10~4 mm. Hg) a tube connected this
chamber to a point just above the first capillary, inside the main acceierhtor.
For Ion Exchange Chamber pressures greater than a few microns this pumping
line wés sealed off, and a gas handling system which was connected into the
side of the chamber, used to control the gas pressure. This system compriged
a 1 litre ballast, a 1iquia air trap, a Mcleod Gauge, an adjustable h¥drogen ‘
leak, and a Hyvaec pump., The experiment did not cell for an accurate deter-
mination of the pressure in this chamber and so the gas handling system used
was quite adequate. | ‘

The hydrogen leak was made by flattening a 1/4 inch diameter silver
tube for a distance of three inches over its central portion, and bending
it into a semi circle. A threaded screw and nut were used to vary the degree
of bending of the tube, and hence the amount of gas that would pass throuéh

its The gas flow could be cut off completely by a stopcock.

Observation Chamber.
The top end of the canillery isoléiting the Ion Eichange Chamber from

the Observation Chamber was held firmly.in position as shown. The lower end
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could be moved about the centre line by adjustment screws. Thus the axis
of the cepillary could be set parallel to the beam axis. This capillary
was made of soft iron and wasvmuch longer than the first one ddscribed.
This allowed the upper end, where the beam entered, to be well out of the
magnetic field, the lower end well inside the field, and the inside of the
capillary adegquately shielded from the field.

The magnetic field wés obtained from two permanent magnets formerly
used with‘magnetrons. Embedded in the brass side walls of the Observation
Chamber were soft iron pole pieces of such a shape and size as to accommodate
the magnetron magnets and to give a uniform field across a 1/2 inch gap of
about 2,4000 gauss. It was necessary that the beam entered the Observation
Chamber exactly on centre line of the magnetic field. That is why the top
of the second capillary was held firmly to the centre line of the Observation
Chamber, However, this meant that the whole chamber had to be adjusted if
the axis of the capillary did not coincide with the beam axis. The connection
between the housing of the second capillary and the Ion Exchange Chamber
allowed for this required movement. In operation, the lower chamber, even
with the heavy magnetton magnets attached, was found to be quite easily
adjustable by the four screws only two of which are shown in Fig. (12).

Three probes projected into the Cbservation Chamber through "O" ring
seals in the brass base plate. The two outer probes were the beam detectors
used for making measurements; the centre probe acted as an aid to aligning
the second capillary and also acted as a baffle which allowed only desired
beam components near the detectors. Fig. (12) shows details of the detectors,

and of the central baffle,
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Each detector consisted of s Faraday cup inside a grounded shield. The
cup was insulated from and glued to the inside of the shield by formvar
varnish. The varnish was subsequently baked. The beam péssed between the
knife edges of the shield,slit, then past a 2 mm. gap and into the Fafaday
cup. The knife edges were 1.70 mm. apart. As the whole aésembly was
situated in a relatively high magnetic field, there was no danger of secondary
electrons upsetting the measurements, and so the Faraday cup openings were
about 4.5 mm. wide. A small opening in the back of the shield allowed a
short lead to conneét the cup to a kovar seal in the end of the hollow
shaft holding the detector. Shielded cable running through the centre of
the shaft connected the kovar seal to a d-c amplifier. The shield and cup
assembly could be'adjusted to any desired angle by a movable joint as shown.

The centre baffle was used mainly to cut off undesired beam components.
The slits shown in the sides formed 2 mm. apertures so that a beam having
been collimated by the two 1 mm. diameter capillaries would clear the sides
of a slit with 0.5 mm, to spare on either side. The baffle itself was
insulated from its shaft by a coat of baked formvar varnish, and was soldered
to a kovar seal which sat on the end of the hollow shaft. Thus; when moved
up closé to the second capillary it could measure the total beam current;
this was done whenever the lower capillary required adjustment. |

The Observation Chamber pressure was controlled by a separate pumping
system, A 1 inch diameter pﬁmping manifold was connected to the rear of
the chamber, The metal manifold was connected to a glass system through a
3/4 inch I.D. neoprene tube three inches in length; this flexible connection
was necessary so that the Observaﬂion Chamber could be moved about. Next
to the tubing was a large cold "finger" vapour trap, in which liquid nitrogen

was used. Into one side of the glass vapour trap was a hydrogen inlet
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connected to a controlled hydrogen leak similar to the one used with the
gas handling system of the Ioh Exchange Chamber. A five litre per second
glass diffusion pump backed by a 0.15 litre per second Welch pump kept the
system evacuated. The lowest pressure obtainable in this system was 3 x 10"5
mm, Hg when the Ion Exchange Chamber was evacuated, and 1 x 10_4 mn, Hg when
the Exchange Chamber pressure was 5 X 102 mn. Hg.

On the front of the Observation Chamber was a glass window for visual
observation.

An ionization gauge was attached to the side of the chamber for measure-

ment of pressure.

Oneration of the Fxperimental Chambers

Before the experiment was started, the capillaries of the lower chambers
were removed and the beam turned on. Focussing voltages were varied until |
the beam was properly focussed into a weii defined parallel beam. This
could be checked visually. In éhis way the optimum focussing voltages were
determined over ihe range of accelerating voltages used. TFor this adjustment
the room had to be quite dark as the pressure in the chambers was only
2 x 1074 mm. Hg and hence the beam was not very luminous:

The capillaries were re-inserted and the beam turned on. The small
probe in the Ion Exchange Chamber was turned to a position beldw the first
capillary so as to pick up any current coming through. The capillary was
then adjusted until a maximum current was recorded by the probe. This
current was-usually of the order of 15 to 20 microamperes. The probe was
then moved.oﬁt of the beam path. The beam could then be seen to strike a
point near the second capillary - a small bluish spot was visible.. The

centre probe of the Observation Chamber was then moved up close to the bottom
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of the second capillary and ﬁhe chamber adjusted until a maximﬁm current
was recorded at this probe.

Under normal conditions these adjustments could be made quite readily;
however, if, as happened sometimes, the beam were unsteady, it was difficult
to line up the capillaries properly. The centre probe was now moved to
the bottom of the Observation Chamber and the detectors moved about until
they picked up the desired beam components. The beam, of course, having
left the second capillary, was analysed by the magnetic field.

There were many "O" ring seals, carrying moveble parts of the apparatus,
which could cause leaks and hence contaminate the hydrogen used in the

‘experiment. To check the efficiency of the seals the system was pumped down °
and sealed off from all three pumps., It waé found that the leak rate from
all parts of the system was indicated by a pressure rise of 6 x ZLO_3 m. Hg
per hour into the 10 litre volume of the system. During a run all sections
were continuously pumped, hence there was no danger of air affecting the

measurements.

Accelerator Performance

The maximum beam current obtained in the accelerator was 42 microamperes.

The beam was analysed in the magnetic field and its composition determined,

It consisted of protons and of molecular ions of mass two and mass three.

The ratios of the components varied from day to day. The proton intensity
varied from 12 to 30 percent., An example of beam analysis can be seen in

Fig, (14). It vas not nécessarily undesirable that such a large fraction

of the beam was molecular. In the experiment, the molecular ions were

useful for the production of protons of energies 1/2 and 1/3 the lowest

stable accelerating energies obtainable from the accelerator.
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The ions could be focussed to a narrow parallel beam which under most
circumstances was quite steady both in magnitude and position., About half
of the beam could be direcfed through the top capillary which was 1 mm, in-
diameter. As in all accelerators of this type, however, occasional spurious
discharées took place between the electrodes. Whenever this happened the
focussing fields were upset and the beam either defocussed or moved. These
discharges usually lasted for only a second or so, but sometimes lasted for
as long as a minute; they were observable in a darkened room and the
correspondence between them and the beam defocussing was easily seen.

They were accompanied by a drop in accelerating voltage of the order of 2
percent or more, This trouble was kept to a minimum by the occasional

cleaning of the top electrode with steel wool.

Meagurement of (i7/i') and i~

Current picked up by the detector cups was carried by shielded cable
to a resistor circuit showm in Fig. (13), negative (i7) and positive (i+)
currenfs going to the appropriately marked input terminals. We have called
this the Ratio Resistance Circuit. Any voltage developed at point A was
: appliéd directly to the grid of an ¥P 54 tube incorporated in a d-c
amplifier (38). As can be seen, the voltage developed at A is given by

it Ry - i7 (R + Ry + Ry)

Thus if the settings on R, and R3 vere varied until ‘this voltage was zero,

I

= Ry,
i Ry + Ry + Ry

+

On the other hand, the total negative current could be measured by shorting
out Ry and turning the Ry contact to the low point of Ry ; i.e. grounding

the positive current.
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The switch S was used to ground the d-c amplifier in order to check
it for balance. |

The amplifier was of the DuBridge Brown type (39). The circuit and
galvanometer had a sensitivity of .45 x 10~3 volts per mm, An Ayrton shunt
reduced the sensitivity by 0.1, 0.01, and 0,001, For most measurements
the galvanometer was "zeroed" in the centre of the scale; this '"zeroing"
was frequently checked throughout a run and never allowed to drift more then
0.2 mm, |

The resistors of the Ratio Measurement Circuit were measured to 1 percent
accuracy. Rp was 102.5 x 106 ohms; Rg was either a 1 or 4 megolm potentiometer,
carefully calibrated; Ry was a series of 1 or 3 megohlm resistors depending on
the order of magnitude of the ratio (i—/i+). Exact values of the resistances
are given in Fig, (13).

The net insulation resistance of the detector cups, shielded cables,
and terminals, between the detector cups and the grid of the FP 54 tube was
measured and found to be greater than 5 x lOlD ohms. This was quite satis-
factory since the grid leak resistor (i.e. By + R, of Fig. 13) of the FP 54

was never greater than about 1.3 x 108 ohms,

e Me ent
The pressure in the Observation Chamber was measured with an Tonization
Gauge (N.R.C. type 710) which had been previously calibrated for hydrogen
against an accurate Mcleod Gauge. The McLeod Gauge‘was accurate to better
than 1 percent; mercury levels in the gauge were measured with a vernier
calliper, .
Before a series of cross-section measurements were taken,the Observation

Chamber was evacuated to about 4 x 10"5 mm. Hg., Hydrogen was then admitted
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throﬁgh the adjustable leak until the desired pressure was reached. Some~
times the pressure could be set at any desired value and it would remain
steady, but at other times it fluctuated so as to make a pressure deter-
mination difficult., One had to be certain that the pféssure recorded by '
the gauge was, in fact, the same as the pressure in the Observation Chamber,

It was found that the d-c amplifier in the ion gauge would wander off
balance during a run, and elso that the calibration voltage changed slightly,
even though the unit was connected to a voltage~stabilizer transformer,

With the above considerations in mind it was estimated that the best

accuracy obtainable for values of p, was about + 5 percent.
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PRELIMINARY EXPERIMENTS
Several observatiomsof a minor nature, but relating to the experiment,

are desdribed in what follows.

Beam Analysis

The Ion Exchange Chamber was evacugted to 2 x 10—4 mm, Hg, the Observaﬁion
Chamber to about 4 x 10~ mm. Hg, and the beaﬁ aceelerated to a degired energy.
The positive ion detector was moved from top to bottom of the Observation
Chamber in sbeps of about 1 mm. and the current recorded at each point; The
analysis of the positive ion beam is shown in Fig. (14). As well as the
three main peaks H+, HZ, and H;, there were three much smaller ones. When
the pressure p;j was raised to 5 x 1072 mm, Hg the two peaks at 6.7 and 6.2
cm. increased in size, while the molecular ion peaks all but disappeared, as
can be seen in Fig. (15). As will be explained later (cf "Determinstion of
'qt1"), the energy of a pfoton was uniquely determined by the position of the
detector which the proton entered. Hence it was possible to determine with
certainty that the peaks at 6.7 and 6.2 cm. were due to protons from the
dissociation of HE and Hg respectively, and that this dissociation took
place in the Ion Exchange Chamber. Residual gas in the Ion Exchange Chamber
and in the base of the accelerator accounted for the presence of "dissociation
protons" at low values of pj. The origin of the peak at 8 cm. was likewise
established, viz., H; from the dissociation of H;.

The analysis of the negative components of the beam.emerging from the
Ion Exchange Chamber was similarly determined. When the pressure pj was low,
‘there were three lon peaks which corresponded in psoition to the three proton

peaks of the positive beam analysis. When p; was increased to 5 x 10_2 mm, ‘Hg

the three negative peaks greatly increased in size, The negative peaks "
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for both high and low p; are shown in Fig. (16). Thus it was established
that the negative ions were of mass one only, and_that no negative molecular

ions were formed.

Equilibrium Ratio

With both experimental chambers evacuated, tﬁe detectbrs were placed so
as to collect the protoné and negative ions whose energy corresponded to that
" of the protdn cdmponent of the beam incident on the Ion Exchénge Chamber.,
The galvanometer of the d-c_amplifier was then brought to zero by adjusting
the Ratio Resistances as previously described; the resistances Rg and R4
were recorded., The negative c¢urrent was then determined by grounding the
positive current and reading‘the galvanometer deflection. The pfessure in
the Ion Exchange Chamber was then increased in steps and the ratio (i'/i+)
and the galvanometer deflection for i~ recorded at each step. The Observation
Chamber pressure, p,, was obtained from the ionization gauge and recorded.

Fig. (17) shows how the ratio reached an equilibrium value (i'/i+)e.

It is to be pointed out that since
([— . (.L') e‘-_(o’a-d“c:)h' poc
7:) e
(cf Theory) and since Po rose slightly as p; was increased, then the values
of (1°/1%) at high values of p; were not exactly equal to (i'/i+)e. The
pressure p, as read from the ionization gauge provided the information
necessary to correct the values of (17/i¥) at the higher pressures p, to
give (i_/i+)e. This correction was made before plotting the values shown
in Fig. (17). A similer correction was applied to i~.
The value of the equilibrium ratio, (H-/H+)e’ depended only on the
energy of the atomic ions involved and did not depend on the source of the

ions (i.e. whether they arose from the dissociation of molecular ions or

came from the original proton beam). This was shown by the following test.

The ratio (HT/H&)G was measured for a 12 kv. proton beam, for the beam of
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protons arising from the dissociation of an HE beam which had been accelerated
to 24 kv, and for the beam of protons from an H; beam accelerated to 36 kv.
In all cases the ratio (Hf/H+)e was the same within the limits of error of

measurement.

Gag Scattering

The variations of i~ and iT with pi are shown in Figs (18) and (19).
Whereas their ratio reached an equilibrium value, the negative ané positive
currents themselves did not reach equilibrium. This has been attributed to
gas scattering in the Ion Exchenge Chamber. In order to investigate this,
the gas was considered as a foil and the formula for nultiple scattering
was applied (40). This formula explained the observed scattering., Now the
solid angles subtended bf the detectors (in the Observation Chamber) at
points within the Ion Exchange Chamber were much smaller than the solid
;ngles subtended at points in the Observation Chamber, That is, small angle
scattéring in the Ion Exchange Chamber would affect the number of particles
reaching the detectors to a much greater exteﬁt than would the same degree
of scattering in the Observation Chamber. By applying the scattering formula
to interactions in the Observation Chamber it was established that gas
scattering in this region was negligible. A further point of note is that
the pressure in the Ion Exchange Chamber was usually 5 x 1072 mm. Hg, whereas
the maximum pressure in the Observation Chamber was only 1.2 x Zl.O_2 mm. Hg.

Another check on scattering was made by moving a detector across a beam
in the Observation Chamber when the pressure p, was at its maximum value,
and comparing the width in this case with the width in the case where the
pressure p, was low. There was no observable difference in beam width.
This was consistent with the findings of Ribe (30).
Multiple Charge Fxchange -

Fig. (20) shows the relative positions of the positive and negative °
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components of the beam in the Observation Chamber after the beam hasg reached
equilibrium in the Ion Exchange Chamber. The subscripts 1, 1/2, and 1/3 .
refer to atomic ions arising from the original proton component, the mass
two molecular component, and the mass fhree molecular component, respectively,
in the accelerator beam which was incident on the Ion Exchange Chamber. It
was stated that when the Observation Chamber pressure p, was raised, the
posiéive ions would capture electrons from the gas atoms and would leave
their curved paths tangentially; the negative ions, of course, would lose

an electron and similarly leave their paths. In the diagram the detectors
are placed so as to receive particles which have energies corresponding to
the full accelerating potential of the accelerator. At low pressures pg,
the beams of Hy/p and Hy /3 did not interfere with the measurements on Hj.
However as po was raised, ions of Hy /2 and Hl/3 were neutralized and left
the curved paths shown. Some of the resultant neutral atoms were re-ionized
and a fraction of those then entered the detectors; in the case of it,

the current to the detector was erroneously high. That is, as the pressure
Po increased, the current i* 4id not drob off as rapidly as it would have
had there been no interference; calculation of & under these circumstances
gave a value considerably less than would have been obtained had there been
no such interference.

The purpose of the central baffle was to allow only the desired ﬁégative
and bositive ions to reach the detectors. The other beams were effectively
blocked and could not cgﬁtribute appreciable error to the measurements.

The position of the baffle has been dotted in on the diagram.

This process of multiple charge exchange could also contribute to{the

error of measurement by taking place within the beam that was being detected

due to the fact that the detector aperture had a finite width. Consider a
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proton in the curved path and fairly close to the detector. If it captures
an electron, leaves its curved path, and becomes ionized again before it

has gone too far, it could enter the detector and be recorded, This process
has been studied rather carefully by Kanner (41) who showed that in his
apparatus the effect was negligible so long as the product nt§1< 0.2. -The
geometry of the present apparétus was sgimilar enough to that of Kanner's

to allow the same criterion to be used. A calculation of the maximum value
of @:vas obtained from the work of Bartels (24). The maximum pressure
used in the Observation Chamber was 1.2 x 1077 mm. Hg. Thus the maximum

value of n ¢, in the present experiment was

ng, = 7.7 x0"7 x 9 xs07
= +O7 .

It is safe then to assume no error arisés from multiple charge exchange
in the proton beam. 4 consideration of a similar process taking place in
the negative ion beam again shows that errors arising from multiple exchanges’

in this beam would not be appreciable.

Magnetic Shielding

If there were an appreciable magnetic field either in the Ton Exchange
Chamber, or inside the lower capiilary, the beam would be partially analysed
in these regions and some of the ions would strike the side walls of the
capilléry before they entered the Observation Chamber. A check for this was
made by aitering the position of the Observation Chamber and also by adjusting
the aligmment of the lower capillary. iHad there been stray fields, such
adjustments would hawve changed the ratio'(i"/i+) at the detectors, increasing
it as the capillary was moved in the direction of the negative ion probe,

decreasing it as it was moved toward the positive probe. When the soft

iron capillary was used no such effect was observed. When a non magnetic




material (brass) was used for the capillary, this effect was very pronounced.
In fact the ratio could be varied by a factor of three by a slight adjustment

of the lower capillary.

Formation of H_

In order to make certain that the negative lons were formed by the
interaction of protons with gas molecules, and not by their interaction
with the walls of the capillary through which they passed, the capillaries
were removed and the ratio (Hf/H*) measured. It was of course small (~ .05
percent at AO.kv), but still there was enough residual gas to produce a few
negative ions. The ratio was measured again with the capillaries in place
and was found to be the same.

As # further check, the hydrogen in the Ion Exchange Chamber was
replaced with air. In this case the equilibrium ratio of (i_/i+) was much
lower than it was for hydrogen., At 50.5 kv the ratio with air was 0.52
percent while with hydrogen it was-1.5 percent.

In any event, it is difficult to see how the beam in the Observation
Chamber could have been as well collimated as it was if an appreciable
number of particles in the beam were interacting with the metal walls of
the cepillary. |

It has already been mentioned that movement of the capillaries did not

"alter the ratio (i7/1i%) in any way. Had the metal capillaries been responsible
for the production of the H ilons, the results of such an adjustment would

have been different.

Energy loss in the Gas
An attempt was made to determine the extent of the energy loss of the
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particles passing through the Ion Exchange Chamber when the pressure pj

was 60x 1073 mm, Hg. This chamber was evacuated (as was the Observation
Chamber throughout this test) and a detector set to pick up a maximum of

the proton beam. The pressure p; was then raised to 60x 1072 mn, Hg and

the detector adjusted in order to determine if there had been a change in the
position of the peak. A 2 percent energy change could have been detected.
However, no shift in the peak was observed even at the lowest energy, 4.2

kv.e In the low energy case, the H{/g beam was used; thus there was no

detectable energy loss by the moleculsr beams either.

Determination of "d" (cf. Fig. (?))

Because the magnetic field was fixed the energy of an atomic ion
entering a detector was uniquely determined by the position of the detector.
From the geometry of thé Observation Chamber there was established a relation
between the positions of the detectors and the path distances "d" of the
ions in this chamber, Thus, by setting a detector to collect an atomic beam
in the Observation Chamber, and by observing the pésition of the detector,

“the path distance "d" for the ions collected could be determined.

There was some uncertainty as to the lengths of these paths. Between
the detector shield and the collector cup was a 2 mm. gap. If an lon lost
its charge in this region it was a matter of doubt just from where the
neutralizing charge ultimately came. If the event took place near the shield,
the'effective source of that charge would probably be the shield; if it were
near the Faraday cup, the incident ion would probably contribute to the
current collected by the cup.

Smaller uncertainties arose due to end effects at the entrance capillary
and to errors in measurement of the detector positions.

From these considerations the uncertainty of measurement of "d" was

estimated to be + 2 mm.
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EXPERIMENTAL EEOCEDQEE

Both chambers were evacuated and the detectors adjusted to pick up
the negative and positive beam components desired. Where the output of the
high voltage supply could be adjusted to the desired energy value, components
corresponding to the original proton beam were used. TFor energies lower
than the minimum accelerating voltage, the components arising from the
molecular beams were used. Thus although the minimum voltage was 12.6 kv,
the mass three molecular component provided, after the molecular ions had
been dissociated by collisions with gas in the Ion Exchange Chamber, positive,
negative, and of course, neutral particles of 4.2 kv energy.

The Ion Exchange Chamber pressure p; was increased and the ratio (i~/i™)
noted until a further increase in pressure produced no corresponding increase
in ratio., At all energies used, equilibrium was attained before the pressure
reached 5 x 1072 mm. Hg, so throughout the experiment p; was set at between
5 x 1072 ym. and 6 x 1072 mm, He.

The ratio (i"/i¥) and the deflection due to i~ were recorded. The centre
baffle was then adjusted so as to cul off the undesired beams yet pass the
desired two, The pressure in the Observation Chamber,p,,was incéeased in
steps and readings of (i7/i%) and i~ taken. As the maximum hydrogen pressure
that the ionization gauge would read was about 1.2 x 1072 mm. Hg, this was
the highest pressure used. The pressure p, was then decreased in steps and
readings taken each time until low p, was reached again. This procedure was
repeated two or three times. The detector positions were measuréd. A typical .
example of one of six runs made at 25.6 kv is shown in Fig. (21).

The (i—/i+) and i~ values were plotted on semi-log paper against pg
in units of 107> mm. Hg. The ion path distance ,"d" was obtained from the

positions of the detectors; the value of k (cf. p.11) was obtained from a




knowledge of the temperature as read from a thermometer.

The electron loss cross-section for negative ions was calculated by
dividing the average of the slopes of the i~ curves by the product kd.

The electron capture cross-section for protons was calculated by
dividing the average of the differences between the slopes of the i~ curves
and the (i"/i') curves by kd.

The ratio (H'/H+)e was obtained by averaging the ordinate intercepts
of the (i~/i%) curves.

At the lower energies the slopes of the negative ion curves were
sufficiently greater than those of the ratio curves that the curves could
be drawn in by eye, slopes calculated, differences taken, and the capture
cross-section for protons evaluated with very little error in comparison
to the uncertainties due to path distance and pressure. However at 50,5,
60.4, and 70.3 kv, the slopes of the two curves were so close that least
squares determinations of these curves were made,

The values of (H—/H+)e, g, ; and 9% have been listed in Table I, The

variation of these quantities with energy has been plotted in Figs. (22),

(23), ().
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TABLE T
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233 .077T 156 5.45 302 6.40 6.7 & o4 b5 £ 43
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«229 .083 <146 6.15 302 6.40 5.8 + .3 3,71 .2
<197 . 087 ,110 6.60 299 6.46 Le6 + .3 2.6 + .3
185 .086 S .099  6.80 301 6.42 43 .3 2.3 1.2
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161 .102 .059 7432 297 6,50 3.4 1+ W2 1.24 + .10
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.139 «109 .030 8.08 297 6,50 R.7T % .2 0.56 + .04
135 .119 .016 8.30 297 6.50 2.5+ .2 0.30 + ,06
Where, s- is the average of the slopes of the curves of 1In H vs. Do

s 1s the average of the slopes of the curves of 1ln (H-/H+) VSe DPge

E is the energy of the incident protons.

d 1is the ion path distance in the Observation Chamber
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ERRORS

A sample calculation of @, and ¢ including a calculation of probable
error has been given in Appendix II. The e‘rror calvculation included + 5%
for uncertainty in p,, * 0.2 cm. for uncertainty in "d", and the "probable
error of the mean" of the six runs. As well as the calculable error there
may have been other errors which were difficult to evaluate, However the
cumulative error in ¢ is probably not greater than 10 percent, Belo‘w 40 kv
the error in o.r is probably not greater than lO‘ to iS pércent, but above this
energy the error could be between 15 and 30 percent.

Each resistance of the Ratio Resistance Circuit was measured to + 1
percent; however, indeterminacy of calibration and reading of the potentiometer
would contribute to error in the measurement of (H'/H+)e. Fluctuations in
the values of (i'/i+) hdded considerably to the uncertainty in (H_/H+)e.

The uncertainties listed in Table I include those due to the fluctuations.
The cumulative error of measurement of (K /HT) o should not be greater than

+ 7 percent.
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DISQUSSION OF RESULTS

The Equilibrium Ratio (H7/H),

Fig. (22) shows that the ratio (H"/I—I'l")e increése;s, rapidly as the
proton energy decreases, and reaches a meximum of 22,2 percent at 8.5 kv.
This rather high value would indicate that the results of experiments carried
out to obtain values for 9% and ?;i might have been in error where the

presence of H was not considered. This will be discussed presently.

The Flectron Iogs Crogs~Section for MNegative Hydrosen Iong

A comparison of Fig. (23) with Fig. (1) shows that @ varies much less
rapidly with energy than does o It is interesting to note that Montague
(29) found that the electron loss cross-section for netural hydrbgen atoms

( gr) also varied slowly with energy.

The Electron Capture Cross-—Section for Neutral Hydrogen Afoms
It was shown in the section on Theory that the relation between the
various cross-sections and (H_/H+) o Was,
(h’) ac'

There is fair consistency between the values of gf as found by Montague and
Ribe (30), and those calculated from the observations of Bartels (24) where
the two sets of results overlap between 45 kv and 60 kv. Due to the fact
that the presence of H in the experiment of Bartels was not congidered,

gf,l cannot be calculated directly from the values he gave for (H /1) o’

H +

since it is apparent that what he actually measured was (—-_HO._ )e'

Thus, referring to his values as w,

(fr-*;ﬂ
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Then, .
: +
() (B),

()
Ht
then H; = rH: and so . .
H) _/L) _,_(E
r(W)e_(m)e @ (m)
and thus +

(iL) =@
H°) ¢ 14r, 4
gives the corrected value of (-——

Putting

r,
e

But it was shown that
(). &
Thus, the corrected values of Bartels and the values of %5 obtained by
Montague and Ribe, give a set of values for %5 over the whole range of
the present experiment., With these values and the known values for
(H’/H+)e and g , the calculation for o: can be made from the relation
02'2%)05%‘5
This has been done, and a curve of < against energy is shown in Fig. (24).
It is difficult to estimate the accuracy of these values, butvover most of

the energy range shown it is felt that the uncertainty does not exceed 20

percent.

ng Flectron Capture Cross-Section for Protons

With a view possibly to modifying the values of %/ (cf. Fig. (1)) found
by Bartels by consideration of the ions H , the Wien formula used by him was
investigated. Due to the complexity of the exact expressions for Hf, HO,
and H a corrected Wien formula is not possible. However, numericai cal-
culation shows that the Wien formula is correct to about + 1 percent at 7 kv

(where H~ production is a maximum) when the proper values of (H'/H®) and
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(H+/H°)e are used. Indeed, if (4347) and (2% Je are used instead, as was
done by Bartels, the error involved is only about 3 percent. Hence there
appears to be no explanation of the‘high peak of Bartels! on the basis of
negative hydrogen ions. Since, however, H ions will affect the calculation
of %g which'ie'numerically equal to (H*/Hp)e, and since the velues of
are not affected, then to find ¢ from Bartels! work one must make a
correction,

Due to the method used, the observations of Keene (21) (cf. Fig. (1))
were not appreciably affected by H» He stated that the cumulative error
in his values did not exceed % 10 percent, Thus within the limits of error
the results of Keene, and those of the present work are in fair agreement.

Also within the limits of accuracy of the two experiments, the present values

of those of Ribe agree. This is especially true at the low energy end of

the latter's curve where the accuracy of the bresent work is much better

than it is at the higher energies (cf. Theory).

Neither the results of Meyer, nor those of Smith were appreciably affected
by negative hydrogen ions.

The peak at about 7 kv in the &%’ curve has no theoretical explanation
as yet.

‘Included in Fig. (1) is a theoretical curve for the capture cross-section

due to J.D. Jackson and H, Schiff (unputlished). These theoretical results

were obtained by using the ﬁern approximation (believed to be valid in this
particular problem even for velocities such that %5 is of orderdunity), and
includes, captures into all excited states. Earlier theoretical work was done
by Brinkman and Kramers (44) who also used the Born approximation buﬁ neglected
part of the interaction, Their formula gave results approximately four times

larger than recent experiments in the energy range considered.
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A theoretical calculdtbtion of the electron capture cross-section for
neutral hydrogen atoms is much more difficult than the corresponding cal-
culation for protons. Howsver Jackson has recently completed a calculation
of the ratio £ , for proton energies where v > v, (i.e. where the
velocity of the proton is much greater than the orbital velocity of an electron
in the ground state of the hydrogen atom). The limiting value of this ratio
for high energy was 0.16 (private communication). The experimental results
of the present experiment show that %, increases from about .04 ai’; 10 kv,
to about .08 at 70 kv. One would not expect the ratio to have reached its

limiting value at such relatively low energies and so the theoretical and

experimental results are not inconsistent with each other.




51

CONCLUSIOT

A proton accelerator of the Cockeroft-Walton type was designed and‘
built., Accelerating potentials were obtained from a high voltage supply of
novel character in that radio-freguency power was used tovoperate a seven
stage voltage-multiplier circuit. The fourteen diode rectifiers of the
multiplier circuit obtained filament power from a series of r-f isolating
transformers. This method of supplying heater voltages had not been used
previously. Apparatus was designed for ion analysis after charge exchange
had takeﬁ place,

A beam of protons was directed through hydrogen gas and the formation
of negative hydrogen ions in the beam was investigated. The proton energies
ranged from 4 to 70 kv. ‘When the beam had traversed sufficient gas, the ratio
of negative ilons to protons reached an equilibrium value. This equilibrium
ratio varied from a meximum of 22,2 percent at 8.5 kv, to 0.52 percent at
70.3 kv, | |

The electron loss cross-section for a negative hydrogen ion was measured
over the same energy range; the cross-section decreased from about 6.7 x 10-16
cm.” at 8.5 kv to 2.5 x 10716 cm.? at 70.3 kv.

The electron capture cross—section for a proton wés measured at the same
time and showed fair agreement with values determined in other recent investi-
gations both theoretical and experimental. The energy range over which these
values were obtained had not previously been covered by any one investigsator.

The results of the present work, combined with those of previous
experiments with proton beams, have allowed the calculation of the electron
capture cross-section for a neutral hydrogen atom with energies between 4 and
70 kv, This cross-section varied from about 19 x 10—18cm.2at 10 kv, to

2.5 X 10-18 cm.2 at 70 kv.
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PENDIX I

The solutions from the equations on page 9 are,

H - b(d-<) mnx pem™mnx
I (od-bc) + Ae™ 4 ?
* . c(a-b m, +a mnx mManx
H (GJ_Eld_ : +(_b—_—)Ae + Be .

where

A: Qpr + et
b-aq,
C =%
o = O+
and
. a+b d- d"'m,fa
A (a'd-bC)( [+ Matd )

b - /—:ﬁf‘fg (,ZZ/ZC)(W hf*ca)

e me (24« JEEF v Ee
m - (%) fiT) e

However, to a fair degree of accuracy, the approximate relations

H o & 2gy - - 0 (% +E)Inx , ‘(d'*@)m}
L2 = . — £~ T e, “
I % g0 ! %~ Ggr ~ T’ € + q,_d%,-o;, ¢

AR i [, + & (@ ra)nx
I Cpr v O/ T/

hold.

.

The approximate solution for gt is what would be obtained were equations
(1) and (3) solved, neglecting the formation of H . Numerical substitution
using experimentally determined values for the cross-sections shows that these
approximations are correct to within 5% for the whole energy range 4 to 70 kv;

the accuracy is least at 7 kv. but improved for lower or higher energies.
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APPENDIX II

Calculation of ¢; and @’ at 25.6 kv.

éEZE_EQB (Os_x 103)2

.188 3
.18, 1
.180% 5
.189 4
.18, 1
187 2
6)1.112
185

‘9

1
s
16
1

A
56

_Si
.0905

.0903
.0855%
.0903

.0813

.0783

6)

(s- - %1076 - 8)x10%]2

S. - Sg
097 2 4
.09 > 25
094 5 25
099 0 0
.103 b 16
»109 10 100
.59 170
099

% Shown in Fig. (21) are the curves from which these values were taken.

T

28°¢,

d=6.8+.2cm (+2,9)
_ 1,93 . 106 - L33 . a16 - 13
Kk = lTQE x 10 552 % 10 6.41 x 10

q:: S - SE

kd

S~

099

6A.lx1013x68

.185

6. L1 x 1013 x 6.8

= 2,28 x 10

-16

= 4.25 x 10716 ¢

"probable error of the mean" of s.

 d

+¢ﬂe—

56 x 10
6 x5

.009 (0,5% of s.)

Similarly the "probable error of the mean" os sy

The uncertainty of p, = 5%

/170 x 10~
= ,6 =i
& 6 x5

.0016 (1.6% of s)

i

Thus, the total probable percent error in ¢ = \/ﬁ(O.B)2 + (2.9)2 + (5)’2
= 5.8%
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A similar calculation gives the probable percent error in o« as

6 percent. Thus,
v

16

2
Cllle

% (4.25 + .25) x 10

i

o‘cl

(2.28 + .14) x 10710 cm.?
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H, inlet

plate )
capill y
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capillary 5 R T
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copper focussing

cone
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ION SOURCE WIRING DIAGRAM

usv 60~

- mm = = = = = e

M- 1/4 hepe a.c. motor
G - 110V l.c. jenerator
A= 0=-1 amp. ammeter

V - 0-250 volt. voltmecter

R] - Current limiting potentiometer
Ry ~ Filawent curreni potentiometer
F - Filament of Ion Source

P - Plate of Ion Source

E - 4 volt battery

- Bakelite insulating shaft

aQ U
I

All equipment within the broken line at high potential

FIG. 4.
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ACCELERATOR TUBE

;7 Ion Source block

? focussing electrode

+=r =

gqus cylinder

electrode positioning
ring and clamp

o~
@

acceleva ting electlrode

= =
& ®
= =T

(-
&

INCHES

base of tuke

fo Mcleod Gauye, —

mounting table




HIGH VOLTAGE SUPPLY
BLOCK DIAGRAM

1300 kc

H i |
® ] ' ) |
| : ! ] ]

! ' ]
: 600 v. requlated : . Pl A s : .
; powe r H [} 607, pox/els ) ' '

J T ' ube 1 )
] supp’y 1 . x/4d ' ]
] ' 1 ' g
! I | ! “Sal
[ | ' : D)
kY
: EV6 ¢ i /02 ke : )
| oscil/ator ] [ 1 x !
: | | | il
] ! [} Y ]
U [} [} ] ~ !
] | I 1 ]
| 220 v. regu/ated ' 0 jmm————|---
] wer '
. pSO e/ N : | :
' < 1 ) 6Y6 G filament power :
! | ; oscillator i
! | ' |
! . v

}g

accelerator tube

—

___________________ 0 UG ot i T ¥ e e i e e s T e i i’ i o -J-

\confro/ rack N\ /ucite box =

flG.6.



€00 VOLT REGULATED #OWER UFRLY
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CIRCUIT CQMPONENTS FOR THE 600 VOLT REGULATED POWER SUPPLY (FIG. 7)

A, - Plate Volts for 807 (Fig. 9)

B, - Screen Volts for 807 (Fig. 9)

Ry - 100K 4W
Ry - 20K 2W

80K AW

o7
I

1002 1W

-F:U
L}

Reg = 10052 1W
Rg = 16K 2W
Ry - 250K 1
Rg - 150K 1¥
R9 - 470K 14
Rig - 150K 1¥
Ry = 15K 100
Ryp - 20K 4
RlB = 2K JW

Ry - 600K 19

Ryg - Circuit of dropping
registors

Ry - 50K 41

Ry - 45K 4

5U4G B - 6,37, 2.5% (6457)
5ULG E, - 6,37, 2.5% (675, 6SHY)
6457 E3 - 700 volts RMS

6SH7 81 - line switch

TR 150 Sp ~ HeTe switch

6J5 Fy - 2 amp fuse

VR 150 F2 - 1/4 amp fuse

VR 150

1 £ 1000 WVDC
g uf 1000 WvDC
2 uf

100 ma

15 ma

1 na
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6 V6 OSCILLATOR

220%-c Rs :

Ey

IL

Ctl
e
k3
= 4 il Cl = 05 T, Rl — 20 kO 1 W,
LQ = l.1 mh, Cz = 08 uf, Ry = 470 31 W,
— ) m} il o = "o oy o i 1) T
L‘-‘)\ o--5 Miile (’J oJO_L, !..Jaxo R3 l-‘o_l Khd 2 Ilo
Cy = .05 pf, B, = 470 21 W,
Rz - 50 I 4 V.

C - To Grid of 807 (Fig. 9)

FlG. 8.



VOLTAGE MULTIPLIER CIRCUIT

Av - e e e O @S @ © © ™ > - e e o o ® o @ e e = - - e e P W e - e - e o e % % e 8% e - e e S @ -.'
S0mh & '
T 'Mf 2 | | il m ]
; —it ol = —it —iF —i- [ — i
S mhk (] ]
' :
: bl
7 '
<004 ! '
rf | [
L ]
y '
]
¢ ' - RGREEN ot
— g loxn ' '
=3 @—'\“W/\'—w [} g ;
I : 2
1 L}
: ' ~J — D
N 100 w0 decade SR 258 109 0 : I £
l e o P W oo o ---_-"
A - Plate volts from 600 volt supply (Fig. 7) A1l unmarxed condensers (and Cy) are 001 uf
B - Sereen volts from 600 volt supply (Fig. 7) <0,000 wvie >
i 2 e i b : TV 9y, ‘ '(')‘ c L'_:' o re 1R3/8)] j"_’ 1aa
C - R.F. volts from (V6 oscillator (Fip. €) All ummarked rectifiers are 1B3/8J16 diodes
P : ] Components inside dotted line are oil immersed
D - To top of hAccelorator Components inside dotted line are oil immerse

except for tops of rectifiers

=
1

Focussing volic to firct electrode of Acecelerator

F = Variable condenser is mounted in control ruck and
connected to tiis circuit by co-axial calle
G - Galvanometer; .0038 ilo/mm.

H = Connections to control rack

&)

- d-c¢ output points

FilG.9.



OUTPUT YOLTAGE AT EACH STAGE, kitovolTS
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D/ODE FILAMENT CIRCUIT

—}{@ " §
il L'E

g2 o
e

1

R-F isolating transformers. Both primary and secondary inductances 240 pth,

Nl

——eV ==

100 —[—

pF.

Pick-up loons comnected vo filament: of 1I3/301€ dioces in voltage-multiplier circuit.

Componenvs wiliiln dotted line are >il-immersed.

O OMO,

BRI Rl B Ly s T T e e Ly 7 Ve
Tuning Concensers, 140 puf.

e

Operating frequency 1300 kc.

FIG./l.



—————y——

EXPERIMENTAL

rso lating cbp:l/ar_'y

ATTACHMENTS

glass
- 7 window

IToN E£XCHANGE
CHAMBER

pumpin
mgn :gfold

joau

i

[ T

capillary
/3 gdjustment
screws

bgse of
\_f acceleralor

from Ion £xchange
Chambe r

capillar qdjusment
d Jcrgw:,‘ ({'ofal af &)

insulated  probe

ai |

i |II1|I!INIIIH| |||| !

o

ﬁ

soft iron
capillary.

safi jron
polc piece

OBsErRVATION
CHAMBER

insulafion

FAs5,
wWindow

pump mqnifola

baffle

shield

Faraday
cgge

adjustment

kovor seal

to shielded
cable

o>

Fig. 12

=
s L

[ 7 nN]

INCHES



I@
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@Re®

Expluined ii text.
Tu d-¢ mmplifier,
Potenliometler,

uwrounaln: switeh to check

a-¢ umplillier bulence

PJ was uol sufficient

One set of resislances ueking up RZ anc
measuremnent of fi_/i+) over the vhole ruange olLserved.

Thus for values of (J'.'/i+)C from 0 to 4
under I below; and for (i—/i%), from 3 to 24
under II1.

ii
1.00 % 10° 2
= 1.29
= 1.11
.00

..
I

Ro = 2.20
1x 1000

Total = Ry

pereent, Ry and I
percent, I,

IY

P ":)
a = 2.7 % A07 &
b= 3.07
n = 2 Q2
L ™ Re JK
d = .2.95
e = 2.9
e

T

s
I
!
',.‘
=

Fla. 13.
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POSITIVE BEAM ANALYSIS
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Posilive Current x

40

THE VaRIATION OF (* WITH p;
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MULT/IPLE CHARGE EXCHANGE

soft iren capillary

magnetic field
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