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SUMMARY 

Protons were directed through hydrogen gas and werê;, found to capture 

e1ectrons to forro 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 e1ectron 10ss cross-section for the negative hydrogen ion was deter

mined. It varied from 6.3 x 10-16 cm. 2 at 4.2 kilovolts, to 2.5 x 10-16 

cm. 2 at 70.3 kilovolts. A, calculation of the e1ectron capture cross-section 

for the neutral hydrogen atom in the same energy interval was made. A 

determination of the e1ectron 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-frequency, 

an ion acce1erator and analyser were designed for this work and are 

described. 
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INTRODUCTION 

Negative ions 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 experimental 

research of a quantitative nature. 

In 1936 o. Tuxen drew negative ions from a bydrogen 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 

~ could exist and that the electron affinity would be 0.70 ±.015 ev. (2). 

This has not been verified experimentally. 

The fact that H- existed had an interesting application in the explana

tion of the variation of the continuous emission spectrum of the sun between 

4,000 and 12,000 AO• The suggestion was made by Wildt that the absorption 

of radiation in this waveleneth 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 ~ which 

corresponded to the observed absorption of the solar radiation (4). It is 

to be pointed out that no corresponding emission spectrum of ~ has ever 

been observed in the laboratory; this is understandable consideringthat 

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 studiesaf the negative hydrogen ion showed tbat 

only one stable state existed. These calculations have been carried out by 

a number of people (5 - 12). Recently however, Hylleraas has predicted a 

seconq energy state of ~ with an electron affinity of 0.29 ev. (13), but 

points out that it is unstable against auto-ibnization. This too bas yet 
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to be verified by experimental observation. 

The first observation of positive hydrogen ions 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 photographie evidence of the existence of 

negative hydrogen ions in the 184-inch Berkeley synchrocyclotron (17). 

A photographie plate was p1aced in such a way that it would detect partic1es 

originating from the small orbits near the centre of the accelerator. Two 

bands of particles were observed; one was due to particles 1eaving the 

ordinary proton orbits tangentially, the other was due to particles leaving 

counter rotating orbits the sarne 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 

so far, 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 10ss cross-sections for H in the noble gases Xe, Kr, A, Ne, and 

He were measured at energies ranging from about 100 to about 3,000 ev. In 

this energy range the loss cross-section, in all cases, increased steadily 

with energy. In the case of~ through He, the cross-section increased from 

-16 2 16 2 about 2 x 10 cm. at 100 ev. to about 3 x 10- cm. 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,Qatof H- has been determined 
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(19) for the process 

Then by usinE the relation 
n !1..-

qc ... ""vt· 9 0 ~ 

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 gO are the statistical weights of the ground 

states of ~ and of the neutral hydrogen atom, the radiative capture cross-

section (~) was determined (22). Ybere electron energies ranged from .14 

to 7 ev. the value of Qc was of order 10-22 cm. 2 

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

hydrogen atom passing through agas 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 agas atom, we have a three body process in which the 

ionized 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 ta this principle an excited hydrogen 

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 preference 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 ls 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 
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of the negative ions left behind, as such an analysis could have shed light 

on the probability of the Franck-Condon process 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 unknown 

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 there were a suitable source of ~ 

at or near'ground potential. Then the negative ions could be focussed into 

a beam, accelerated to + E h~ and fired through·a thin barrier such as a foil 

or gas chamber. The electrons would then be stripped froID the particles by 

the stationary atoms in the barrier, and we would have a supply of protons 

of energyE 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 bath 

the ion source and the target would be at ground potential, with a great 

simplification of insulation problems~ Although Hasted employed a Nier 
• 

t~e ion source for obtaining ~ ions, no figures were given regarding the g-

beam intensity. There are several types of positive ion sources from which 

copious 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 ~ 

source and accelerator. 
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A considerable 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 agas (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 

- agas 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 qy the gas, but rather that sorne of the part~es 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 ~all as to have a 

negligible effect on the results. 

Bartels used what might be called an equilibrium beam concentration 

method (24). A 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 qy 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 comporient 

of the beam, as functions of gas pressure, Bartels calculated the ratio of 
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charged to neutral particles, which, assuming no negative ion formation, 

gave 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 

-2 pressure of about 10 nnn. Hg. Calling the equilibrium J1atio w, and the 

length of the beam path in the gas chamber x, then the mean free path ~ 

for the capture of an electron, was given ~ the Wien formula (25), 

where (H+~)p is the value of the ratio for the gas pressure p concerned. 

The electron capture cross-section u could be determined from ~ since the 

cross-section is merely the reciprocal of the product of the mean free path , 

and the number of gas atoms per c.c. at pressure p. That is 

(J' = l/Ân 

Bartels 1 measurements extended from about 5 to 35 kilovolts. Variations of 

this method have been used ~ other investigators to measure the capture 

cross-sections (26). 

The most extensively used method is one in which a proton beam passes 

tbrough a gas and ionizes it, and the number of ionized gas atoms and free 

electrons left in the path of the beam measured. The work of Keene ls a 

good example of this method (27). A proton beam passed tbrough agas filled 

region between two plane parallel deflection plates. The gas atoms and 

molecules were ionized ~ the beam and the electrons either captured ~ the 

p'rotons in the beam or left in the free state. Either negative or positive 

.voltages could be applied to one of the deflection plates; the other plate 

was held at ground potential. Any ion current ta the former plate could be 

measured ~ a d-c amplifier. By applying a voltage of the proper polarlty 

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



7 

of the bearn could be collected b.Y it. The pertinent equations are, 

1+ = IonL (O'c' + Cfi ) 

1_ = IonL 0'," 

where 10 is the incident proton current, 1+ and 1- the positive ion and 

electron currents to the collector plate, n the .:number of gas atoms per 

c.e., and L the length of the beam path between the deflection plates. The 

cross-section 0(;' is that for a proton capturing an electron; CJl' i8 the 

cross-section for a proton to ionize the gas and leave a free electron. 

Other investigations employing the sarne 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 b.Y Montague (29) and Ribe (30). 

Montague directed a beam of neutral hydrogen atoms through agas 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 b.Y the magnetic field, and so failed to enter the detector. A 

study of the reduction in neutral beam strength as a function')of gas pressure 

gave a measure of the electron loss cross-section for the neutral hydrogen 

atome Ribe, using the same apparatus, 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 tha curved path tangentially 

and failed to enter the detector. Again, b.Y plotting t~e detector current 

against pressure, the prot6n capture cross-section was determined. 

Some of the values of the electron capture cross-sections for protons 

have been plotted as a function of incident proton energy in Fig. (1). The 

existence of rather large ~~istencies is evident even after consideration 
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ha,s 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 ~ to protons in the 

emergent beam was measured. It was found that for an incident energy of 

35 kv the ratio (rr-/H+) was about 3 percent, while at 90 kv it was less 

than 0.1 percent. In the calculations of the cross-sections from observa-

tions with the method of Bartels, the equilibrium beam concentration method, 

no consideration was mentioned regarding the possibility of ~ 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. 

Vith the foregoing in mind, lt was proposed to determine the extent 

to which protons, passing through hydrogen gas, capture electrons to form 

~, and to study the cross-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-
. 

paratively 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 50 obtained have been included in Fig. (1). 

, 



9 

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 Pi. The protons in the beam will capture electrons from the gas 

molecules to form neutral ~toms. The neutral atoms can then either 108e 

their electrons or capture more electrons in further collisions with the 

gas molecules. ff the gas density is high enough the concentrations of 

neutr al , positive, and negative particles will come into equilibrium with 

each other. 

The electron capture cross-section (ac') for a proton passing through 

a given gas (sometirnes called the charge exchange cross-section) may be 

thought of as the actual area presented by the atoms of the given gas to 

the incident beam for this process to take place. It should be obvious 

that it is a measure of the probability of electron capture occurring, and 

that the concept of area is instituted purely for simplicity , of calculation. 

Similar defini tions can be stated for the loss cross-section ( 'Z' ) for a 

neutral atom, the electron capture,cross-section (CTc ) for a neutral atom, 

and the electron loss cross-section (q ) for a negative ion. The differential 

equations relating to the charge exchange processe$ described are, 

(1) d0" = If n 0'-" dx - H+ n (Jé, dx 

(2) ~ = If n, Oé dx - !rn o.t dx 

(3) l = H+ + H- + HO 

where l is the intensi ty of the incidènt proton beam, 0", Ii, and If 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 

per c.c. 
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\{hen the beam eomponents have reaehed equilibrium, and henee dH+ = dH-

= 0, then from equation (1) 

":;, .. -
0;,' 

and froID equation (2) 

where the subscript Ile" refers to equilibrium conditions. 

Dividing (5) by (4) gives 

(6) f;:)I! ' 
.. : 
J Consider now the mixed beam leaving the Ion Exehange Chamber and e~tering 

the Observation Chamber, through aperture (B), where there is a transverse 

magnetic field and gas at pressure Po. The beam will be analysed into com

ponents H+, ~, and HO. Now eonsider two identical detectors plaeed so that 

one will pick up the negative component, and the other the positive component. 

The deteetor positions should be such that the lëngth of the curved path of 

a proton from (B) to the positive ion detector be the sarne as the path 

distance for a negative ion of the sarne energy, from (B) to the negative ion 

detector. Thus if Pi is high enough, and Po low enough,the value of (~/H+)e 

can be measured directly. 

If the pressure Po ls raised (Pi being held constant), some of the ions 

will, on interaction with the gas moleeules, lose their charge and leave 

their curved pathsj henee they will not enter the detectors. 

The differential decrease in the negative ion beam travelling a distance 

dy ~hrough a gas of density n atoms per c.c. is 

(7) dW'-Who;<ly 

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

to the negative ion detector is given by 



where 

where 

Il 

"dl! is the path distance from (B) to the detector. Since n = kpo, 

k = 1~~016 for p measured in units of 10-) mm. Hg, (T being T 0 

the absolute temperature), then 

(9) ln Ir· -kp.o; cl ,.. cOI1~/. 

Thus by determining Ir for various values of Po' plotting a curve of ln Ir 

vs. Po' and measuring the slope of the curve, the electron 108s cross

section is given by, 
ri: 5-

(10) -.r' - ï;d 

where s_ is the slope value •. 

By a similar argument for the positive component of the beam 

(11) ln H+ • - 1< po 0:" cl + çon~t. 

From this last relation it is obvious that if ln H+ were plotted 

against Po, and the slope of the curve designated s+, then, 
01:' • - :; 

However for practical reasons, one of which was that Po could not be kept 

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

values of (Ir/H+) as a function of po. Having obtained H- and (H-/H+) 

for various pressures:po, a separate measurement of H+ would have been an 

extra and unnecessary observation. Thus the following indirect derivation 

of ~I gives a relation which is best suited for the experimental determination 

of that cross-section. 

Subtracting (11) from (9), 
In(ff,Î' CDn3t. - (0; - de) 1<1'" ci 

From the condition that at Po = 0, (Ir/H+) = (~/H+)e 

ln ft:) " MI%~/e - (0; - ~) 1< Pli d 

+ - + 
Thus from a plot of ln. (H-/H ) against Po, one 0 btains (H /R ) e from the 

ordinate intercept, and (0; -dc') from the slope. That is, 

(12) 
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where St is the value of the slope of the curve ln (11"/0) vs. po. 

Therefore 

and from (10) and (13) 
~~ -s.. 

C"c" --;;;r 
Sunnnarizing then, by obtaining a curve of lit H- vs. Po one can calculate ~ ; 

a curve ln (H-/H+) vs. Po will give (~/H+)e; and a combination of both 

curves will give 0;;,. Using known values of "1«=" 0', can be calculated 

from a rearrangement of equation (6), 
(&-, cql 

de: = Ci Nt" le 0<:' 

It is to he noted that the method of obtaining dc'just stated leaves 

a bit to be desired in that when (s~ - s_) hecomes small in comparison 

to say s~ , very large errors in values for ~I will result from relatively 

small errors in s:j:. The primary object of the experiment was the measure

ment of (~/H+)e and ~ , however it was found that reasonably acceptable 

results for 0'" could also he obtained by this method and so this further 

calculation was made and presented. 

No direct measurements of (H+/Ho)e or (~/Ho)e were made. 

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

and discussed in Appendix I. 
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The ion beam was obtained from an ion accelerator of the Cockcroft-

Walton type (32). The source of positive ions was a hydrogen discbarge 

tube; sorne 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 addition to protons; emerging from the source, 

+ + there were the molecular ions H2 and HJ. 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 ~n 

what follows. 

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. (J). The plate and cathode bulbs were joined by a pyrex 

tube, termed the capillary, 2.5 cm. long and 0.4 dm. inside diameter. A 

small conical hole was ground into the side of the capillary in such a wa7 

that the inner end of the hole had zero thickness. The inner end of this 

hole had a diameter of 0.5 mm. The plate and cathode leads were held in 

position through groUlld glass joints fitted to the bulbs as shown. The 

focussing cone was machined from a copper block in the top of which was a 

semi-cylindrical groove. The capillary sat in this groove with about .005 

inch clearance on the radius. The diameter of the ho~e at the top of the 

copper block was made the same size as the large diameter of the conical 

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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, 

outsiUe of the capillary was 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 CuSO+ and 75 g/l of H2S04J and 

running a current of 60 ma per cm2• for about two minutes. The plated 

capillary 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,vacuumtight joint which caused no trouble in spite 

of the fact that the capillary temperature rose for short periods as high 

as 700C. during operation. For normal operation the joint temperature was 

not allowed to rise more than 100C. above room temperature; cooling was 

effected by a jet of compressed air. 

A directly heated cathode \·ras used. An eight centimeter length of the 

filament ribbon~ used in 866 rectifier tubes was shaped as shownin Fig. (3). 

It was spot welded to the two tungsten leads sealed in the female ground 

joint. The filament was dipped into a radio sQlutionR-500~ and allowed 

to dry. 

The plate from a discarded 8016 rectifier was modified and spot welded 

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 ta the source through a fIat ribbon type 

adjustable slow leak. 

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

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

i: Courtesy of R.C.A., Harrison, N.J. 

~ Courtesy of Baker Chemica Co., Phillipsbure, 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 arc could be operated properly the filament had to be 

activated. The filament was heated to about 11000 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 te the glass envelope 

of the source. The filament voltage was then taken up to about 4.5 volts 

(13500 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 

Plate current 

Filament voltage 

Filament current 

90 volts 

0.2 amperes 

3 volts 

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 

mm 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 obnained. 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 J x 10-4 

mm. Hg the source had to operate at a pressure lower than a certain maximum. 

Some sources tried hàd too high a plate voltage, too high a pressure, or 

bot~. 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 hale, 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. 

Exposing an activated filament to the atmosphere did not seem to affect 

it in any way. In fact Hhile one filament was at operating temperature, a 

breakage in the vacuum system allowed air into the ion source at atmospheric 

pressure; its subsequent operation didnot 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 drop across the tube was necessarily much 

hieher than vTOuld 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. ~Ihen 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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~~ator Tub~ 

Positive ions drifting out of the ion source were co11ected, focussed, 

and acce1erated by five cylindrical electrodes made of dural, arranged as 

sho'WIl in Fig. (5). In order that the fields in the gaps should have good 

symmetry and also that there should be no sharp points al10wing 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 '.Jas 3/8 inches, and the 

remaining 8aps \-lere 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 SCre1:1S, to a flat 1/8 inch thick dural ring. 

As sho\nl in the diagram the sections were spaced by glaâs cylinders 4 i~ches 

in diameter. 

The electrodes were machined with a .001 inch tolerance o~ inner radius 

so 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 

first bolted to the base of the tube~ The electrodes were slid aver the rad 

and clamped in position to the rings as the tube was built up, a section at 

a time. The rod was then caref1;Ùly wi thdrawn. 

The vacuum seals between the glass cylinders and the metal rings were 

made i-lith Apiezon "Q" compound. These seals gave no trouble at any time t 

A 3/8 inch thick grass plate topped the tube. A hole in the centre of 

this plate admitted the copper black of the ion source with a .002 inch 

radial 'clearance. A slight recess aroW1d the hale 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 scre\{ holes around a l 1/2 inch 

diameter hole sa that any desired experimental ap9aratus could be accurately 

positioned. This arrangement also served ta position the alignment rad 

during assembly of the acce1erator tube. In one side of the base was a 1/4 

inch copper tube leading to a HcLeod Gaugej at the back was a 2 inch pumping 

I:lanifold. 

Connected to the pumping manifold by a ground e;lass joint \.jas a glass 

tube of the same diameter as the manifold and ten inches in length, leading 

to a 20 litre, per second oil diffusion pump. The forepump used \{as a 0.5 

litre per second Hegavac. It is 1..rorthy of note that although there was 

gas entering the accelerator tube continuously from both the ion source at 

the top of the colQ~, and from the experimental apparatus at the bottom, 

evacuationfrom just the one manifold kept the pressure in the acce1erator 

tube low enough ta permit satisfactory operation. 

~fuen the gas irùets at the top and bot tom of the tube vIere c10sed off, 

a pressure of 6 x 10-5 mm. He 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 10-4 mm. Hg. 

High Voltage Supply 

Accelerating potentials 'tlere 0 btained froID a high voltage supply of 

the Cockcroft-Walton type operated at radio-~quancy. 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 l~ d-c and using asmany 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, althoubh circuits 8?pplying 

up to 200 kv had been built which operated at frequencies of a few kilo

cycles (36). Lorrain had pointed Qut that the use of r-f would keep the 

ripple voltage at a very 10\. 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, ta determine whether or not such a 

supply was as practical as suggested. 

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

A regulBted 600 volt d-c power supply shawn in Fig. (7) supplied plate 

voltage ta an 807 beam PO\.fEn" tube. .ri. 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 Cockcroft-Walton 

voltage-multiplier circuit which consisted of seven voltage-doubler sections, 

shown in Fig. (9). Thus, a d-c voltage approximately l~ 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~, the diodes 

IB3/8016 high vacuum rectifiers. The r-f transformer was a commercial type 

with a 150 Mh primary inductance, 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 

ta the voltage-multiplier circuit. It was found that 
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the best results could ' be obtained only when the pawer tube was driven by 

a separate (and weIl shielded) oscillator. This is to be contrasted with 

the standard method of driving the 807 by a small feedback voltage from 

'a tickler coil at, the top of the r-f transformer. The use of a separate 

oscillator meant that the tube h~ to be matched to the transformer by a 

suitable matching circuit. 

It was stated that one of the main advantagesof using an r-f supply 

was that the ripple voltage on the output should be low. The ripple voltage 

is usually given by 
$v c -L- n(n+f) 

4fC 

where i ciS :Athe d-c 1000 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 take into account the stray capacitance across the two branches of the 

circuit. When the circuit was completed it was found that there existed a 

large stray capaci ty. l1easurements showed that an r-f current was being 

conducted through this stray capacity and then through the .001 ILf condensers 

in such a way that it introduced a very large ripple on the d-c output - 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 physically. A satisfactory answer lias found by placing an 

inductance, identical 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. 

Althoughthis decreased the effective inductance of the secondary qircuit 

(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 la 

kv and load current of 42 ~a the ripple voltage was measured with the added 

inductance, Lt, on and with it off; in the first case the ripple was 17 

volts, in the second 250 volts r.m.s. The measurement of ripple at higher 

output voltaees was not feasible. In Fig. (la) are shown the d-c voltages 

obtained at the various sections in the two cases. The blocking condenser 

Cb was necessary to keep d-c out of inductance Lt. As a further means of 

giving stability to the output, five 20 kv .001 ~f 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 fitted into a contral 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 pœwer loss shielded cable. 

At each d-c point on the multiplier was an output terminal. The 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 filaments in a voltage multiplier circuit. 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 F~g. (11). An oscillator fed po~er 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 variable 

condenser for tuning. Each transformer windisg was wave wound by hand close 

to one end of a 1 inch diameter glass cylinder 3/4 inches long. When the 

windings were fini shed they were coated with polystyrene by dipping them into 

a solution of polystyrene and carbon tetrac~oride. The primary and secondary 

of each transformer were separated by 1/4 inch with lucite spacers, and the 

whole assembly held firmly to the bottom of the lucite box by a long lucite 

boIt which screwed into a threaded hole in the bottom. THo loops of wire 

weue placed around each transformer. Each loop picked up a small amount of 

power which was fed ta a diode filament. Before the final arrangement was 

settled, several arrangements had ta be triedj inductance values, frequency, 

coil spacing, size of pick-up loops, etc., were all varied. Due ta the 

complexi ty of the circuit (from an analytical point of view) this trial 

and error method was probably the quickest way ta design it. In the final 

circuit each transformer winding had an inductance of 240 ~h. Each pick-up 

loop had one, two, or three turns d~ending on whether it was close to or 

far away from the input end of the circuit. The tuning condensers were J...4O 

~f variable air condensers. 
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Thefi1arnent circuit was mounted in the 1ucite box with the other 

components of the vo1tage-multip1ier circuit and so was oi1 immersed. For 

tuning purposes smal1 2.2 volt flashlight bulbs were connected to the tube 

sockets, and the circuit tuned until all bulbs had the sarne brightness as 

a simi1ar one heated by a 1 1/2 volt dry ce11. 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 a frequency of 1300 kc. This circuit has been 

operating satisfactorily for Il months and has never required any further 

attention. 

101tage ~ 

A series of eighty-six 30 megohm metallized, l percent 5 watt resistors 

(Nobleloy) were used as a bleeder in series with a .0038 Ma per mm. galvanometer 

to measure the output high voltage asshown in Fig. (9). A 104 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 des~red, 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 galvanometer reading 97 mm. Thus the voltages 

were determined to l percent accuracy. 



Output yoltages 

As weIl as the output points at each stage on the voltage multiplier, 

there was a potential divider across the top stage of the multiplier, from 

which focussing voltages could be obtained. A series of fourteen 30 megohm 

resistors, identical with those used in the bleeder resistor were placed 

across the IId-c" condenser of the last multiplier stage. Thus when the 

main high voltage output was altered, the focussing voltage CQüld.be kept 

approximately constant by appropriate adjustment of clip lead connections 

to the potential divider. 

The high voltage bleeder, and the focussing voltage potential divider 

were placed in a lucite box 'ihich 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 which was not oil filled. 

It was found that because the latter section was weIl isolated from other 

parts of the circuit, and from ground, there was no corona discharge from 

it · even at the highest voltages used. 

High yol~~upply Performance 

The circuit described has been in successful operation for llmonths 

and has given no trouble. However it must be pointed out that due to the 

stray capacitance across the two branches of the multiplier circuit, large 

r-f circulating currents are present. Hence there is power 10S5 in the r-f 

transformer secondary, the ballast inductance Lt and in the condensers etc. 

The efficiency of the multiplier circuit is only about 10 percent. The 

inductance Lt 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 c~culating currents. The large st part of 

the stray capacity is ihtrèduced 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, oil 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 advantages. 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 wns. 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 9utput 

voltage the r-f transformer reqùired cooling by a compressed air blast. 

Because of the well regulated 600 volt power supply, the output voltage 

was very stable. PSter a warm up time of 10 or 15 minutes the output remained 

steady to within l percent. This performance was only true however under 

no load conditions. 1lhen the ion source was on, and hence a beam accelerated 

do\~ 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 Ma beam accelerated tlœough 70 kv was suddenly 

eut 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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~tmental Attachments 

In experiments where gaseous targets are used, isolation of the target 

from the acce1erator presents a prob1em. In many c~ses the gas chambar is 

sealed by means of an organic foi1 on which is evaporated aluminium (.37). 

The main objection to this method is that the beam is very serious1y 

scattered even in the thinnest windows available. Another objection is 

that no such window can have a perfect1y even thickness across its entire 

surface, and hence partic1es 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 comp1ete1y, 

and a thin deposit of oil from the diffusion pumps becomes carbonized as a 

layer on the foi1. Sorne experimentation prior to carrying out the present 

'.fork showed that the foi1s would not stand up to a current densi ty greater 

than a few microamperes per square centimeter. These considerations led to 

using isolating, capillaries instead of foi1s. 

It has been sho"ffi that the rate at ",hich gas at low pressure passes 

through a tube is proportional" to the cube of the radius, and inversely 

propDrtional to the length (43). However the fraction of a we1l co11imated ion 

beam whose cross-sectional area is greater than that of the tube, passing 

through a long straight tube is obvious1y proportional to the square of the 

radius and independent of the length of the tube. Experimentation showed 

thàt in the present apparatus a capi11ary 0.5 mm. in diameter, 2 cm. long 

would iso1ate a gas cham~r at 5 mm. Hg from the accelerator 80 that the 

acce1erator pressure rose no more than 6 x 10-4 Hg; that is, the acce1erator 

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 .001 to about .25 mm. Hg, and after passing 

through this chamber enter another, the pressure of which could be varied 

from 10-4 to 10-2 mm. Hg. Isolating capillaries were designed accordingly. 

lt 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 wi thout any focussing is greatly 

increased by the addition of this magnetic field and the beam tends to defocus 
. 

due to gas scattering and to electrostatic interaction between the ions. 

The present apparatus had no such adJustable field incorporated m:this 

region. This roeant that thecapillaries isolating the experimental chambers 

from the accelerator had to be adjustable so as to admit the ion beam. Thus 

all components of the beam entered the target chambers. The various components 

were subsequently analysed in a fixed magnetic field in the Observation 

Chamber. 

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

Bolted to the base of the accelerator was a:.capillary adjustment 

assembly. The capillary was a brass tube 4.7 mm. O.D., 1.0 mm. I.D. and 

J.8 cm. long. Its lower end was sealed by a system of "0" 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 that the capillary could be moved as much as 2.4 mm. in any direction 

frOID centre, by eight adjustment screws. The capillary could be adjusted 

to admit a maximum of beam current to the Ion Exchange Chamber. 
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~Chamber 

After passing through the capillary just described, the beam entered 

the Ion Exchange Chamber where the gas pressure could be varied from 

2 x 10-4 mm. Hg. to .25 mm. Hg. On the front of this chamber was a glass 

observation window which allowed visual observation of the beam. Through the 

side of this chamber was a small insulated probe which could be inserted 

into the p~th of the beam, and used for assisting in alignment of the first 

capillary. 

Pressure in this chamber could be controlled by t",ro means.· For evacuation 

to the 10\.fest pressures desired,(2 x 10-4 mm. Hg) a tube connected this 

chamber to a point just above the first capillary, inside the main accelerator. 

For Ion Exchange Chamber pressures greater than a few microns this pumping 

line was sealed off, and agas handling system which was connected into the 

side of the chamber, used to control the gas pressure. This system comprised 

a l litre ballast, a 1iquid air trap, a 14cLeod Gauge, an adjustable hydrogen 

leak, and a Hyvac pump. The experiment did not calI for an accurate deter

mination of the pressure in this chamber and sa the gas handling system used 

was quite adequate. 

The hydrogen 1eak was made by f1attening a 1/4 inch diameter silver 

tube for a~istance of three inches over its central portion, and bending 

i tinta a semi circle. A threaded sere",r and nut were used to vary the degree 

of bending of the tube, and hence the amount of gas that would pass through 

it. The gas f10w eould be eut off completely by a stopcoek. 

Observation Chamber. 

The to!,? end of the ca:pillary iso1atigg the Ion EXchange Chamber from 

the Observation Chamber was he1d firmly in position as shown. The 10wer end 
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could be moved about the centre line by adjustment scre'\.Js. Thus the axis 

of the capillary could be set parallel ta the beam axis. This capillary 

was made of soft iron and Has much longer .than the first one deiscribed. 

This allowed the upper end, where the beam entered, ta be weIl out of the 

magnetic field, the lower end weIl inside the field, and the inside of the 

capillary adequately shielded from the field. 

The magnetic field was obtained from two permanent magnets formerly 

used with magnetrons. Embedded in the brass side walls of the Observation 

Chamber were soft iron pole pie ces of such a shape and size as to accommodate 

the magnetron magnets and te give a uniform field across a 1/2 inch gap of 

about 2,4000 gauss. It wasnecessary that thebeam entered the Observation 

Chamber exactly on centre line of the magnetic field. That is why the top 

of the second capillary was held firmly ta 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 \.Ji th 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 

withthe heavy magnetron magnets attached, was found to be quite easily 

adjustable by the four screws only tvlO of which are shown in Fig. (12). 

Three probes projected into the Observation Chamber through "0" ring 

seals in the brass base plate. The two outer probes 'fere the beam detectors 

used for making measurementsj 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 a Faraday cup inside a grounded shield. The 

cup was insulated from and glued to the inside of the shield by form.var 

varnish. The varnish was subsequently baked. The beam passed between the 

knife edges of the shield,slit, then past a 2 mm. gap and into the Faraday 

cup. The knife edges were· 1.70 mm. apart. As the \.fhole assembly 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 connect 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 vIas used mainly to eut off undesired beam components. 

The slits shown in the sides formed 2 mm. apertures so that a beam having 

been collimated by the t\-10 l 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 hollo"I shaft. Thus, when moved 

up close to the second capillary it could measure the total beam current; 

this \-las done whenever the lower capillary required adjustInent. 

The Observation Chamber pressurè was controlled by a separate pumping 

system. A 1 inch diameter pumping 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 Observation Chamber could be moved about. Next 

ta the tubing was a large cold "finger" vapour trap, in \<Thich 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 sil:ùlar to the one used ,.ri th 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 Helch 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 mm. Hg when 

the Exchange Chamber pressure vIas 5 x 10-2 IIII!l. Hg. 

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

observation. 

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

ment of pressure. 

~ration of the~~ntal Chambe~ 

Before the experL~ent was started, the capillaries of the lower chambers 

were removed and the beao turned on. Focussing voltages were varied until 

the beam ',las properly focussed into a well defined parallel beam. This 

could be checked visually. In this Hay the optimu.rn. focussing voltages were 

determined over the ranee of acceleratinz voltaces used. For this adjustment 

the room had to bc '.qui te dark as the pressure in the chambers "las only 

2 x 10-4 mm. Hg and hence the beam vIas not very luminous. 

The capillaries "lere re-inserted and the beron turned on. The small 

probe in the Ion Exchange Chamber was turned to a position below the first 

capillary so as to pick up a~y current comine through. The capillary was 

then adjusted until a maximum current was recorded by the probe. This 

current "TaS usually of the order of 15 to 20 microamperes. The probe was 

then moved out 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 the chamber adjusted until a maximum 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 u9 the capi11aries proper1y. The centre probe was no,., movea to 

the bottom of the Obs'ervation Cha!!lber and the' detectors moved about unti1 

they picked up the desired beam components. The beam, of course, having 

left the second capillary, was analysed by the magnetic field. 

There wel1e many "0" ring seals, carryine; movable 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 was found that the leak rate from 

all parts of the system Has indicated by a pressure ri se of 6 x 10-.3 mm. Hg 

per hour into the 10 litre volume of the system. Durinc a run all sections 

were continuous1y pumped, hence there was no danger of air affecting the 

measurements. 

Accelerator PerfohIDance 

The ~um beam current obtained in the acce1erator was 42 microamperes. 

The beam "TaS analysed in the macnetic field and i ts composition determined. 

It consisted of protons and of molecular ions of mass t,olo and mass three. 

The ratios of the components varied from day to day. The proton intensity 

varied from 12 ta .30 percent. An example of beam analysis can be seen in 

Fig. (14). It "Tas nqt nècessarily undesirable that such a large fraction 

of the beam ,,,as 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 hal! 

of the beam could be directed through the top capillary which was 1 mm. in· 

diameter. As in all accelerators of this type, however, occasional spurious 

discharges took place bet\-1een the eJ.:ectrodes. l.{henever this happened the 

focussinz 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 acceleratin~ voltage of the order of 2 

percent or more. This trouble \oJaS kept to a minimum by the occasional 

cleaning of the top electrode with steel wool. 

Current picked up by the detector cups was carried by shielded cable 

to a resistor circuit shown in FiG. (1)), negative (i-) and positive (i+) 

currm ts going to the appropriately marked input terminals. Ue have called 

this the Ratio Resistance Circuit. Any voltage developed at point A was 

applied directly to the grid of an FP 54 tube incorporated in a d-c 

amplifier (38). As can be seen, the voltage developed at A is given by 

i+ R4 - i- (Rl + R2 + R)) 

Thus if the settings on R2 ~and R3 \oTere varied until ·this voltage \.J'as zero, 

On the other hand, the total negative current could be measured by shorting 

out RJ and turning the R2 contact to the low point of R2 ; 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 

i t for balance. 

The amplifier '.j'as of the DuBridge Bro\<m type ()9). The circuit anp. 

galvanometer had a sensitivity of .45 x 10-) volts per mm. An Ayrton shunt 

reduced the sensitivity by 0.1, 0.01, and 0.001. For most measurements 

the galvanorneter 'Has "zeroed" in the centre of the scale; this "zeroing" 

was frequently checked throughout a run and never allowed to drift more than 

0.2 mm. 

The resistors of the Ratio Heasurement Cirëuit were measured to ;L percent 

accuracy. RI was 102.5 x 106 ohms; R) was either a 1 or 4 megohm potentiometer, 

carefully calibr~ted; R2 was a series of l or 3 rnegohm 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 Hhe grid of the FP 54 tube was 

measured and found to be greater than 5 x 1010 ohms. This was quite sàtis-

factory since the grid leak resistor (i.e. Rl + R2 of Fig. 13) of the FP 54 

,.ras never greater than about 1.3 x 108 ohms. 

fressure Measurement 

The pressure in th~ Observation Chamber was measured ,.fi th an Ionization 

Gauge (N.R.C. type 710) which had been previously calibrated for hydrogen 

against an accurate HcLeod Gauge. The HcLeod 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 rmn. Hg. Hydrogen was then admitted 
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through 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 pressure 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 also 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 Po was about ± 5 percent. 
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Sever al observations of a minor nature, but relating to the experiment, 

are de3dribed in what follows. 

Beam Analysis 

The Ion Exchange Chamber was evacuated to 2 x 10-4 mm. Hg, the Observation 

Chamber to about 4 x 10-5 mm. Hg, and the beam aceelerated to a desired energy. 

The positive ion detector was moved from top to bottom of the Observation 

Chamber in steps of about l 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+, H~, and Rj, there were three much smaller ones. Ilhen 

the pressur.e Pi was raised to 5 x 10-2 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 "Determination of 

'd· II ), the energy of a proton 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 Ht and ~ 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 Pi. The origin of the peak at 8 cm.' wa.s 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 determ1ned. When the pressure Pi was low, 

there were three ion peaks which corresponded in psoition to the three proton 

-2 peaks of the positive beam analysis. When Pi was increased to 5 x 10 mm. ,Hg 

the three negative peaks greatly increased in size. The negative peaks j~)i. 
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for both high and low Pi are shown in Fig. (16). Thus it was estab1ished 

that the negative ions were of mass one only, and that no negative molecUlar 

ions were formed. 

Eauilibriurn Ratio 

With both experimental chambers evacuated, the detectors were p1aced so 

as to colle ct the protons and negative ions whose energy corresponded to that 

of the proton component of the beam incident on the Ion Exchange Chamber. 

The galvanometer of the d-camp1ifier was then brought to zero byadjusting 

the Ratio Resistances as previous1y described; the resistances R3 and R4 

were recorded. , The negative current was then determined ~ grounding the 

positive current and reading the galvanometer deflection. The pressure 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, Po' 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 

( i-). (4.-' e-.(<Yi-a'c,),.,pod 
T+ L+/e 

(cf Theory) and smnce Po rose slight1y as Pi was increased, then the values 

of (1-/1+) at high values of Pi were not exact1y equal to (i-/i+)e. The 

pressure Po as read from the ionization gauge provided the information 

necessary to correct the values of (i-/i+) at the higher pressures Po to 

give (i-/i+)e. This correction was made before p10tting the values shown 

in Fig. (17). A similar correction was app1ied to i-. 

The value of the equilibrium ratio, (H-/~)e' depended only on the 

energy of the atom1c 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 fo110wing test. 

The ratio (Ir /H+)e was measured for a 12 kv. proton beam, for the beam of 
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protons arising from the dissociation of an H~ beam which had been accelerated 

+ to 24 kv, and for the beam of protons from an H,3 beam acce~erated to J6 kv. 

In all cases the ratio (~/~) was the same within the limits of error of e . 

measurement. 

~catteriœ 

The variations of ' i- and i+ with Pi are shown in Figs (18) and (19). 

Whereas their ratio reached an equilibrium value, the negative and positive 

currents themselves did Dot reach equilibrium. This has been attributed to 
, 

gas scattering in the Ion Exchange Chamber. In order to investigate this, 

the gas was considered as a foil and the formula for multiple scattering 

was applied (40). This formula explained the observed scattering. Now the 

solid angles subtended by the detectors (in the Observation Chamber) at 

points within the Ion Exchange Chamber were much smaller than the sol id 

angles subtended at points in the Observation Chamber. That is, small angle 

scattering in the Ion Exchange Chamber would affect the number of particles 

reaching the detectors to a much greater extent 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 10-2 mm. Hg, whereas 

-2 the maximum pressure in the Observation Chamber was only 1.2 x 10 mm. Hg. 

Another check on scattering was made by moving a detector across a beam 

in the Observation Chamber when the pressure Po was at its maximum value, 

and comparing the width in this case with the width in the case where the 

pressure Po was low. There was no observable difference in beam width. 

This was consistent with the findings of Ribe (,30). 

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 has reached 

equilibrium in the Ion Exchange Chamber. The subscripts l, 1/2, and 1/3 

refer to atomic ions arising from the original proton component, the mass 

two molecular component, and the mass three molecular component, respectively, 

in the accelerator beam which was incident on the Ion Exchange Chamber. It 

was stated that when the Observation Chamber pressure Po was raised, the 

positive 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 Po, 

the beams of Hl/2 and Hl/3 did not interfere with the measurements on Hl. 

However as Po was raised, ions of Hl/2 and Hl/3 were neutralized and le ft 

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+ did not drop 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 the~e been 

no such interference. 

The purpose of the central baffle was to allow only the desired negative 
, 

and positive ions to reach the detectors. The other beams were effectively 

blocked and could not contribute 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 n C;' .< 0.2. -The 

geometry of the present apparatus was similar enough to that of Kanner's 

to allow the sarne criterion to be used. A calculation of the maximum value 

of 0;, viaS obtained from the work of Bartels (24). The maximum. pressure 

used in the Observation Charnber was 1.2 x 10-3 mm. Hg. Thus the maximum 

value of n ~I in the present experiment was 

n~, = 7.7" 10'" 11 ')) 10 ID-fT 

~ ,01 . 

It is safe then to assume no error arisèa from multiple charge exchange 

in the proton beam.A consideration of a similar process taking place in 

the negative ion bearn again shows that errors arising from multiple exchanges' 

in this beam would not be appreciable. 

If there were an appreciable magnetic field either in the Ion Exchange 

Chamber, or .inside the lower capillary, the bearn would be partially analysed 

in these regions and sorne of the ions would strike the side walls of the 

capillary before they entered the Observation Chamber. A check for this was 

made by altering the position of the Observation Chamber and also by adjusting 

the alignment of the lower capillary.Had there been stray fields, such 

adjustments would have 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 '.Jas 0 bserved. When a non ma.goetic 



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 li 

In order to .make certain that the negative ions 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 (Ir /R+) measured. It was of course small (.-.,.; .05 

percent at 40 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 a further check, the hydrogen in the Ion Exchange Chamber was 

replaced with air. In this case the equilibrium ratio of (1-/i+) was much 

lower than it was for hydrogen. At 50.5 kv the ratio with air was 0.52 

percent while wi th hydrogen i t was -1. 5 percent. 

In any event, it is difficult to see how the beam in the Observation 

Chamber could have been as weIl collimated as it was if an appreciable 

number of particles in the beam were interacting wi th the metal walls of 

the capillary. 

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

, alter the ratio (i-/i+) in any way. Rad the metal capillaries been responsible 

for the production of the Ir ions, the results of such an adjustment would 

have been different. 

Energy Ipss 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 Pi 

was 60x 10-3 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 Pi was then raised to 60x 10-3 mm. 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 wa~ observed even at the lowest energy, 4.2 

kv. + In the low energy case, the Hl/3 beam was used; thus there was no 

detectable energy loss by the molecular beams either. 

Determination of "d" (cf. Fig. (2)) 

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 the Observation Chamber there was established a relation 

between the positions of the detectors and the path distances rrd" of the 

ions in this chamber. Thus, by setting a detector to collect an atomic beam 

in the Observation Chamber, and by observing the position 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 ion 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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EXPnllMENTAL PROCEDURE 

Both chambers were evacuated and the detectors adjusted to pick up 

the negative and positive beam components desired. lfhere the output of the 

high voltage supply could be adjusted to the desired energy value, components 

corresponding to the original proton beam were used. For energies lower 

than the minimum accelerating voltage, the oomponents 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 Pi 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 10-2 mm. Hg, so throughout the experiment Pi was set at between 

5 x 10-2 .mm. and 6 x 10-2 mm. Hg. 

The ratio (i-/i+) and the deflection due to i- were recorded. The centre 

baffle was then adjusted so as to cut off the undesired beams yet pass the 

desired two. The pressure in the Observation Charober,POJwas increased in 

steps andmadings of (i-/i+) and i- taken. As the maximum hydrogen pressure 

that the ionization gauge would read was about 1.2 x 10-3 mm. Hg, this was 

the highest pressure used. The pressure Po was then decreased in steps and 

readings taken each time unti1 10w Po was reached again. This procedure was 

repeated two or three times. The detector positions were measured. A typical 

example of one of six runs made at 25.6 kv is shO\ID in Fig. (21). 

The (i-/i+) and i- values were plotted on semi-log paper against Po 

in units of 10-3 llUn. Hg. The ion path distance /,d") was obtained from the 

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

Q 
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knowledge of the temperature as read from a thermometer. 

The electron 1055 cross-section for ne§ative ions was calculated ~ 

dividing the average of the slopes of the i- curves ~ the product kd. 

The electron capture cross-section for protons was calculated ~ 

di vi di ne the average of the differences between the slopes of the i- curves 

and the (i-/i+) curves by kd. 

The ratio (Ir/H+)e was obtained by averaging the ordinate intercepts 

of the (i-/i+) curves. 

At the lower energies the slopes of the neeative ion curves were 

sufficiently greater than those of the ratio curves that the curves could 

be drawn in ~ eye, slopes calculated, differences taken, and the capture 

cross-section for protons evaluated \iith 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 t\iO curves were so close that least 

squares determinations of these curves were made. 

- + The values of (H /H ) e' ~ , and 0;;' have been listed in Table 1. The 

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

(2,3), (1). 
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~ le ~ ~~ d cm. I°ll. k x 10-13 _<LL1016 cm2 ocZ 1016~~ lli/!t)e% 
4.2 .194 .067 .127 4.88 302 6.40 6.3 ± .4 4.2 ± .3 13.2 ± .5 

6.9 .211 .067 .• 144 5.25 302 6.40 6.3 ± .4 . 4.3 ± .3 20.8 ± .8 

8.5 .233 .077 .156 5.45 302 6.40 6.7 ± .4 4.5 ± .3 22.2 ± 1.3 

10.3 .228 .079 .149 5.72 302 6.40 6.3 ± .4 4.1 ± .3 20.9 ± .5 

15.2 .229 .083 .146 6.15 302 6.40 5.8 ± .3 3.7 + .2 14.4 ± .4 

20.6 .197 .087 .110 6.60 299 6.46 4.6 ± .3 2.6 ± .3 9.7 ± .6 

25.6 .185 .086 .099 6.80 301 6.42 4.3 ± .3 2.3 ± .2 6.5 ± . . 3 

30.4 .177 .095 .082 6.90 297 6.50 4.0 ± .2 1.8 ± .2 5.0 ± .1 

35.0 .164 .095 .069 7.05 297 6.50 3.6 ± .2 1. 5 ± .1 3.8 ± .2 
~ 
Vl 

40.1 .161 .102 .059 7.32 297 6.50 3.4 ± .2 1.24 ± .10 2.8 ± .1 

50.5 .149 .103 .046 7.66 297 6.50 3.0 ± .2 0.92 ± .09 1.48 ± .05 

60.4 .139 .109 .030 8.08 297 6.50 2.7 ± .2 0.56 ± .04 0.89 ± .03 

70.3 .135 .119 .016 8.30 297 6.50 2.5 ± .2 0.30 ± .06 0.52 ± .02 

I-lhere, s- is the averaee of the slopes of the curves of ln n- vs. Po' 
s is the averaee of the slopes of the curves of ln (Ir/H+) ys. Po' 
E is the energy of the incident protons. 
d is the ion, ipath distance in the Observation Chamber 

a:e == ~ 
kd 

0',,' == s_ - s+ 
kd 



ERRORS 

A sample calculation of ~ and <icI including a calculation of probable 

error has been given in Appendix II. The error calculation included ± 5% 

for uncertainty in Po' ± 0.2 cm. fOT uncertainty in fld", and the "probable 

error of the mean" of the six runs. As weIl as tre calculable error there 

may have been other errcrs ,Hhich we,re diffi"cult· to 'evaluate. However the 

cumulative error in o.é is probably not greater than 10 percent. Below 40 lev 

the error in Qê' is probably not greater than 10 to 15 percent, but above this 

energy the error could be bet\.reen 15 and 30 percent. 

Each resis,tanc,e of the Ratio Resistance Ci,rcui t '<las measured to ± 1 

percent; however, indete~~inacy of calibration and reading of the potentiometer 

would contribute to error in the measurement of (g-/a+) • Fluctuations in e 

the values of (i-/i+) added considerably to the uncertainty in (g-/H+) • e 

The uncertainties listed in Table l include those due to the fluctuations. 

The cumulative error of measurement of (g-/g+)e should not be greater than 

± 7 percent. 
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DISÇUSSI~ RE?ULTâ. 

TheE~uilibrium Ratio (H-/H+)e 

Fig. (22) shows that the ratio (g-/H+) increases rapidly as the e 

proton energy decreases, and reaches a maximum of 22.2 percent at 8.5 kv. 

This rather high value would indicate that the results of experiments carried 

• ~I 
out to 0 bta.J.n values for ~, and Oé' might have been in error where the 

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

The Eleçtron..1oo~ Cross-Section for N~iye Hydr~~ 

A comparison of Fig. (23) with Fig. (1) shows that ~ varies much les.s 

rapidly with energy than does <rc'. It is interesting to note that Hontague 

(29) fo~d that the electron 10ss cross-section for netural hydrogen atoms 

(~/) also va.:tied slowly wi th energy. 

The Electron ~~ Cross-Section for Neutral Hydrogen Atoms 

It was shown in the section on Theory that the relation between the 

various cross-sections and (g-/H+)e was, 

0:' There is fair consistency between the values of i, as found by 11:>ntague and 

Ribe (30), and those calculated from the observations of Bartels (24) where 

the two sets of results averlap between 45 kv and 60 kv. Due ta the fact 

that the presence of g- in the experiment of Bartels was not considered, 

~' cannat be calculated directly from the values he gave for (H+/EP) , e 

since it is apparent that what he actually measured was (~ + ~) • 
HO e 

Thus, referring to his values as \-1, 
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Then, 

,(-11-7 
!JO e 

=0)- ( H+) 
!JO e 

Putting 

( ~) = r Ir'" - , 
e 

- + then H = rH and so e e 

and thus 

r (~) =(~) == 0) -(~) 
e e e 

( 
+ H _0) 

HO)e-l+r + 
corrected value of (~) e gives the 

But it was shown that 

Thus, the corrected values of Bartels and the values of ::: obtained by 

IvIontague and Ribe, ;;ive a set of values for ~: over the whole range of 

the present experiment. With these values and the known values for 

+ (li /H ) e and ~ , the calculation for 0', can be made from the relation 

de • (::>(:;)e Dl 

This has been done, and a curve of ~ aeainst energy is shown in Fig. (24). 

It is difficult to estimate the accuracy of these values, but over most of 

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

percent. 

The Electron Capture Cross-Section for Protons 

lUth 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 a+, Hû, 

and li a corrected Hien formula is not possible. However, numerical cal-

culation shows that the Wien formula is correct to about ± l percent at 7 kv 

(where Hl production is a maximum) when the proper values of (n+jHO) and 
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(H+ /rf) e are used. Indeed, if (H;:#") and (1It'i/f-)e 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 ~, 
~I which is nlllllerically equal to (Ir-/~) e' and since the values of 

are not affected, then to find 0/' 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~. 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 t\-TO 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 present workis much better 

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

Neither the results of ~~yer, nor those of Smith were appreciably affected 

Qy 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 (unpublished). These theoretical results 

were obtained by usin~ the Born approximation (believed to be valid in this 

particular problem even for velocities such that ~ is of order unit y), and 

includes.captures into all excited states. Earlier theoretical work was do ne 

by Brinkman and Kramers (44) who also used the Born approximation but 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 calculàtion of the electron capture cross-section for 

neutral hydrogen atoms is much more difficult than the corresponding cal

culation for protons. However Jackson has recently completed a calculation 

of the ratio ~I ,for proton energies where v )7 Vo (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 enereY was 0.16 (private communication). The experimental results 

of the present experiment show that ~I increases from about .04 at 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. 
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CONCLUSION 

A proton accelerator of the Cockcroft-Walton type ~as designed and 

built. Acce1erating potentials were obtained from a high voltage supp1y of 

novel char acter in that radio-frequency power was used to operate 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 supp1ying heater voltages had not been used 

previous1y. Apparatus was designed for ion analysis after charge exchange 

had taken place. 

A beam of protons was directed throu~h hydrogen gas and the formation 

of negative hydrogen ions in the beam was investigated. The proton energies 

ranged from 4 to 70 kv. vfuen the beam had traversed sufficient gas, the ratio 

of negative ions to protons reached an equilibrium value. This equi1ibrium 

ratio varied from a maximum of 22.2 percent at 8.5 kv, to 0.52 percent at 

70.3 kv. 

The electron 10ss cross-section for a negative hydrogen ion was measured 

6 -16 over the sarne energy ranGe; the cross-section decreased from about .7 x 10 

2 -16 2 cm. at 8.5 kv to 2.5 x 10 cm. at 70.3 kv. 

The electron capture cross-section for a proton was measured at the srume 

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 previous1y been covered by any one investigator. 

The results of the present work, combined with those of previous 

experiments with proton beams, have al10wed the calculation of the e1ectron 

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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APPENDIX l 

The solutions from the equations on page 9 are, 

H- = b( d-c:) + A e""nx + »etn,n x 
l (ad - bC) . , 

a: 0.1' + o'c' 

J:P 0;' 

C • O"c 

d~O'L+~ 

A. ct +b (d,-d +-~ ) 
(~<!-be) 1 + ~ 

m,+o 

' . 1 a-Io )( hc ) :ô • 1 _ ll&.:t.S!. r.... 0-;:;-::& d -1- ,.", + a 
"',.,. CI 

m, " - (a:,ci.) + j(~y "./x. 

m~ . - (a~ d) -J(f45l) 2 +hc 

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

hold. 

The approximate solution for H+ is what would be obtained were equations 

(1) and (3) solved, neglecting the formation of~. 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 improveâ for lower or higher energies. 



s-

.188 

.184 

.18011: 

.189 

.184 

~ 

6)1.112 

.185 

APPENDIX II 

Calculation of O'j and ~' at 25.6 lev. 

~~ 103 (Âs_x 103) 2 
s'" --

.3 9 .0905 

1 1 .090.3 

5 25 .085511: 

4 16 .090.3 

1 1 .081.3 

2 ~ .078.3 

56 6) 

s_ - S'f 

.097 

.094 

.094 

.099 

.10.3 

~ 

.596 

.099 

2 

5 

5 

o 

4 

10 

4 

25 

25 

o 

16 

100 

170 

11: Sho\ffi in Fie. (21) are the curves from which these values were taken. 

d = 6.8 ± .2 cm. (± 2.9%) 

k = ~~ x 1016 = li2l x 1016 = 6.41 x 1013 
~ .301 

~,= s_ - sf = 'Of§ = 2.28 x 10~16 cm. 2 
kd 6.41 x 10 x 6.8 

CI = .= = .185 = 4.25 x 10-16 CIn.
2 

kd 6.41 x 1ô13 x 6.8 j~~-((-Ds-)-)~2 
The "probable error of the mean" of s_ = .675 n n-1 

= .675v1566xxl~-16 
= .009 (0.5% of s_) 

Similarly the IIpro bable error of the me an Il os s+ = .675 j'-1-70-X-I-0--
r6 

6 x 5 
= .0016 (1. 6% of sJ 

The uncertainty of Po = 5% 

Thus, the total probable percent error in 4 = J (0.5)2 + (2.9)2 + (5)2 

= 5.8% 



A similar calculation gives the probable percent error in ~c' as 

6 percent. Thus, 
• 

-16 2 
= (4.25 ± .25) x 10 cm. 

<rc' = (2.28 ± .14) x 10-16 cm. 2 
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PLi'.TE 1. I on Source. The anode is to the left of the carillary, the filnment 
to the ri~ht . The lO\'Jer end of the copper focussinc cone can be 
seen just beloH the brass plate at the top of the accelerator colurn..n . 
1J..so shoHn are the first and second focussinG electrod~s of the 
accelet'ator . 
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PLATE II. :Ii.:;h Vol tRCe Supply. The 307 pOHer tube and R-F transformer can be see!l 
to the ri::ht rear. The 6Y6G oscillator tulle Hhich suy>plies pOl·Ter to the 
diode filaments is at the ri;3ht front . The fourteen diodes can be seen 
protrudint.; throuCh the tO}) of the luci te oox. Inside the l'Ox, in the 
forezrou~d, R-F isolati!lC transformers and tlmin;3 condensers for the 

ilament heater circuit ure visible . The lucite "box in the back;3ro'J.nd 
contains the bleeder resistor in the large sectio~ to the riwht, and 
the foc'.lssin~ voltD2e resistors in the scn.all section 1,0 the 1eft. 
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Phl.TE III. IIi2h Voltnge 8u[ll1ly . The addfld i nductance, ~, ca.n be seen at 
the far ri2ht . The seven d-c OUtIll_t tern1Ï!1al s are visible 
alon~ the near side of the lucite oox in the fore~rol,'-nd. ~Uso 
in the foresrou_nd , inside the 1..'0 x , can be seen SeVe!1 of the 

ou.rtee!l condensers of t'"le volta~e r .. ulti[llier circ'J.it . 
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PlArrE IV. EJQBrÜ"2e!lt lll Cb8l!!bers . The base of the 
acce1et'atot' CA.'1 e seen ut the to~ of t'-lP 
pictu'e. 1-1 descendin,::: order are shmm 
the hO'.l"in~ 8!:d ad ' ust~ent for t'le to~ 
r.ay>i ary, t e I on chan~e ha!} er, t 11A 
housi'1Z e.::d adjust~e!lt or t le c;oft iro!l 
c8.pil1 ory, t_le _ servation Ché1I;'lher and 
:!:18 .3é.:.et s , [L'lO t:18 three sha ts to vhich 
are at tac.le the t.uo detectors and the 
cAntre b.ffle . furt 0 one etect.or can 
1;e seen tht'0u..::h t_le vinc1m·J 0 thp Observfltio!1 
Ch8.!:!Ar 



PLi.TE V. Generfù Vi eH of E_~u.i:,:nent . The acceler'ltor hnd evrerl2'lertnl chambers are sllo1,-,'!:. 
to the 1eft of centre . I n t.he lO'Her ] eft corner Crt!" he see!l the :::as ~v1ndlin:,j 
~ystE':::! for the I on Exchan:::e Chanber , the Ratio Res i st.ance Circuit, the i onizati on 
CB1J.3e , w~d the shie1ded e;alva!10meter for the d-c 81'!pl ifi er . To the ri.3ht of the 
accelerRtor are the l:ü~h volta~e suppl~r, a.."ld the r.:otor-~enerRt0r for the ion 
SO:'lrce . The control rat:ù and rral Va!lOlTleter for Iü"'1 vol to"'e me8.s'..'.re~ent en!:. 11A 
seen p,t the 10':ler r i r.-ht corner ~ of the nhotO'Tonh. ~ v 
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