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ABSTRACT 

Several aspects of a novel, 1000 amp, ion beam 
source were studied experimentally. In this source a 
strong ion beam is neutralised by electrons injected 
into it, while electric field gradients of several 
kilovolts must be maintained to accelerate the ions. 
It is intended to prevent breakdown between the 
accelerating electrodes by a strong axial magnetic 
field, at right angles to the accelerating electric 
field. 1) Gas pulse characteristics were studied in 
a replica of the ion source ionisation chamber, 
2) Observations were made on a coaxial filament 
system of ion beam accelerating and neutralising 
electrodes, 

1) Modifications are suggested to the geometry 
of the ionisation chamber to reduce the gas pulse 
duration and increase the efficiency of ionisation of 
the neutral gas charge, 

2) High frequency oscillations in the accelerating 
region were observed but accurate frequency measurements 
were not possible. Electron diffusion currents, 
enhanced by oscillations, were recorded for magnetic 
field strengths up to 4500 gauss and hydrogen pressures 
of 0,1 - 1,0 micron, Comparisons are made with 
simplified theory and the dependence of diffusion 
current on magnetic field strength is discussed. This 
appears to be I o (B)" where n is between -1.2 and-1.5. 
Calculations show that 6500 gauss is necessary to keep 
the electron diffusion current below a 2 amp limit in 
the ion source, for 2500 volts/cm anq 1 macron pressure. 
Maximum electron densities of 6 x 10 /cm' have been 
observed in the coaxial electrode system under radial 
electric field gradients of 2500 volts/cm, 

Although these densities are several orders of 
magnitude below what would be required for the 
neutralisation of a 1000 amp ion beam, the increase in 
electron diffusion current with electron density is very 
small. Oscillating ion clouds, which also increase the 
current, would not appear in the ion beam, Therfore, 
there is nothing, as far as these experiments go, to 
gainsay the possibility of accelerating very heavy ion 
currents, with strong electric gradients under conditions 
of almost perfect charge neutralisation, provided that 
the transverse magnetic fields are strong enough, 
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CHAPTER 1 	The Ion  Source 

1.1 Introduction  

In 1959 Professor D. Gabor first described a 
design for an ion beam source, and studies towards a 
scheme of thermonuclear power production was commenced. 
Several points of the original scheme have subsequently 
been modified and simplified. The source was expected 
to supply ion currents of the order of 1000 amps for 
a short time, the ions then being stored in a rotating 
flywheel. 

The present report is a description of the 
experimental investigation into the feasibility of 
some aspects of the ion source design, notably the gas 
entry and the beam neutralisation region, which is 
also the region of acceleration. 

1.2 	The Ion Source: General Description 

A drawing of the essential parts of the ion source 
is shown in fig 1.1. The ion source itself, that is to 
say the space in which the ions are produced, is 0.8 cm 
wide and of 2 cm radial depth between two insulators, 
each fitted with coaxial ring electrodes. These are 
split radially, see inset fig 1.1, to pass a strong 
radio frequeicy field in which the electrons perform' 
azimuthal pendulations and ionize the gas. The 
electrodes impress a suitable potaitial distribution 
on the discharge space, where the ions are formed, and 
they collect the electrons formed by ionisation. The 
neutral gas enters through an axial tube and is 
admitted to the discharge space by means of a fast 
valve. Energies at this flywheel entry point are made 
uniform by locating the discharge space where the 
magnetic field is zero, ensuring not only azimuthal 
mobility of the ionizing electrons but also uniform 
angular momentum of the ions. Uniformity of energy 
and of angular momentum is of great importance for 
trapping the ions in the flywheel. 

From the discharge space the ions move into the 
accelerating region. Electrons are emitted from 
coaxial rings of tungsten filamentary cathodes to 
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prevent the formation of a strong positive space charge. 
Each ring is held by thin tungsten supports located in 
insulating tubes, which are set into copper loops. These 
loops prevent the magnetic flux pattern changing during 
the 1 meet injection period. The steady magnetic field 
is given 50 - 100 msecs in which to establish itself 
before injection. The cathode rings are connected with 
a series of graded potentials to accelerate the ions 
and guide them into the flywheel. This is made possible 
without the electrons short circuiting the high voltage 
by imposing a sufficiently strong magnetic field in an 
axial direction. The electrons are thus forced to move 
in the rotational surfaces defined by the magnetic 
field lines. 

One apparent disadvantage is that this transverse 
magnetic field prevents complete space charge 
neutralisation by restricting electron penetration 
radially along the beam. However. an  average 
neutralisation is effected and the potential variations 
produced do in fact aid beam focusing. The beam 
neutralisation makes possible ion currents of the order 
of 1000 amps, compared to only fractions of an amp in ,  

non-space neutralised devices. The flywheel itself 
occupies a tubular region 100 cms long, The ions, 
having been accaerated to their full energy of order 
100 kev, enter the flywheel where the energy is stored. 
They are trapped in the flywheel by the slow expansion 
of the flywheel outer radius during the injection 
period, Ions do work on the receding outer wall, thereby 
lose energy and cannot escape. The rotational motion 
of the ions, tending to expand the flywheel, is 
compensated by a carefully adjusted magnetic field 
outside the flywheel. The current in the flywheel is 
concentrated in a thin sheath near the outer surfaces  

This design comprises a new method of stabilising 
the plasma by 

1) Using B lines ending at the boundaries, and 
2) Holding the free ends of the B lines at 

suitable electric potentials at the auxiliary cathodes. 
The B lines thus become electric equipotentials, 
because the electrons have great mobility along the 
magnetic field lines. 
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The storing of the energy, about 100 kilojoule, 
is only a preliminary to fusion. The detailed mechanism 
of the fusion process is not within the scope of this 
report. However, it has been shown that the storing 
of 100 kilojoule in the flywheel would represent a 
substantial advance, Once this store has been 
established fusion can certainly be effected to some 
degree, and would compare favourably with present 
devices in neutron production, 

1.3 	Bibliography  

In addition to references quoted at appropriate 
places in the report two others have special relevance 
to this work. 

The probe calculations have their origin in the 
work of Lan gmuir and Mott-Smith. Individual papers 
are quoted in Chapter 9 but all are included in 

The Collected Works of Irving Langmuir 
Vol 4. 	Electrical Discharge, (Pergamon Press) 

1961. 

So much work has been carried out on plasma 
diffusion since the beginning of work on thermonuclear 
processes that it would be impossible to list all the 
relevant papers. However, there is an excellent review 
of experiments on the diffusion of plasma in magnetic 
fields which itself contains an extensive bibliography, 
This is 

T. Eoeschoten. Plasma Physics( Journal of Nuclear 
Energy. Part C.) 1964 Vol 6. p 339. 
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CHAPTER 2 	Experimental Investigations 

21.1 Introduction 

The aspects of the ion source on which attention 
is focused in this report are the gas entry region 
and the accelerating region. Experiments were devised 
to establish the condition under which the correct 
'charge' of gas could be introduced into the discharge 
chamber, and, once there, whether the magnetic fields 
contemplated would be strong enough to inhibit 
breakdown between electrodes. Both these factors are 
vital to the successful operation of the ion source. 
The characteristics and measurements on the coaxial 
electrode system are described in Chapters 3 - 9 and 
the gas flow experiments are described in Chapters 
10 . 12. 

2.2 Accelerating Region 

No attempt was made to simulate the effect of the 
1 msec gas injection period on the characteristics of 
the electrode assembly. Measurements were made only 
in stationary gases to determine the extent to which 
electrons diffuse across the magnetic lines of force. 
For this purpose a vacuum envelope was constructed 
containing a coaxial electrode system similar in 
dimensions to that in the ion source design. The 
electron densities which could be maintained in this 
region were also investigated . High frequency 
oscillation phenomena, greatly enhancing the electron 
diffusion, were observed. The leakage current which 
could be tolerated in the ion source is about 2 amps 
and calculations are made to deduce the magnetic field 
strengths required to keep diffusion currents below 
this limit. 
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2.3 	Gas Flow Experiments  

Measurements were made on a replica of the 
discharge chamber to evaluate the size. shape and 
duration of the gas pulse as it passed the ionisation 
region. Experiments show that these characteristics 
depend on several factors and the conditions required 
in the ion source are calculated. Both air and hydrogen 
were used at various 'reservoir' pressures, 3 x 1018  
gas molecules are to be admitted to the discharge 
chamber in 1 cosec, This number represents a total 
charge of one coulomb when fully ionised. 

2,4 General J 

 both lines of experimental investigations no 
accurate theoretical prediction of the results was 
possible, Geometrical considerations are important 
but a multiplicity of other factors are also involved. 
In each case a comparison with a simplified form of th 
theory is presented to illustrate the divergence from 
or the agreement with experimental results, 
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CHAPTER 3 Apparatus for the investigation 

of radial discharges transverse to 

an axial magnetic field.  

 

3,1 Main Components  

The basic apparatus consisted of the experimental 
tube, to be described, connected via a cold trap to the 
high vacuum pumping system. Provision for gas admittance 
was made with gas bottles and a palladium 'hydrogen 
source' tube. 	Stabilised power packs and a 4 inch 
water cooled electromagnet provided the electric and 
magnetic fields, 

3.2 Experimental Tubes  

Tube. I 

The electrode assembly was enclosed in a pyrex 
glass envelope and electrical connections made with 
tungsten pins, fig 3.1. The envelope was approximately 
1.5 mm thick, blown into a doughnut shape, 11 cms in 
diameter and 5,5 cms deep at the centre, before the 
tungsten pins were inserted. The tube was then cut 
open and the electrode assembly positioned before 
resealing. 

The filament. a ring 5 cms in diameter, was of 
0,010" diameter tungsten wire supported by five tungsten 
coils, fig 3,3, and two composite current connections at 
its ends, fig 3,4, The tungsten coils were of 0.010" 
diameter wire wound in a helix of pitch 1,5 mm and 
diameter 1 mm, holding the filameit in a loop and being 
a push fit over the 1 mm tungsten pins in the glass 
envelope. The current/voltage connectors made electrical 
contact with the filament via a 0.004" tungsten sheet 
and two 1 mm tungsten pins, all being-spot welded 
together. A small 0.020" molybdenum rod was used between 
the two pins to facilitate the spot welding, The other 
two electrodes, diameters 4.2 cms and 5.0 cms, form a 
coaxial system with the filament. They were of 0.016" 
tungsten wire and wore supported by two tungsten 
helices and a single 0.010" tungsten rod, which wore 
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welded to the i mm tungsten pins. The positions of 
the supports and electrical connectors and the position 
of the plane of the electrodes is shown in figs 3,1 
and 3,3. 

3.3 Tube II 

The main features of tube II are shown in fig 3.5. 
It differs from tube I in that it has a double electrode 
configuration, and each half of the assembly contains 
four rings instead of three. The glass envelope, 11.4 
cms in diameter and 6 cms deep at the centre, was made 
from B 37 glass. This has a coefficient of thermal 
expansion of 3.6 x 10-6 	between that of pyrex ( 3.3 
x 10"6 ) and tungsten ( 4.5 x 10-6) and therefore more 
suitable for the numerous metal to glass seals, causing 
less strain under thermal cycling. 

The base, fig 3.5, has two filaments of 0,010" 
tungsten wire, with diameters 4.2 ems and 5.0 cms, and 
two electrodes of 0.016" tungsten wire, with diameters 
3.4 ems and 5.8 cms. The top half of the tube has four 
electrodes of 0.016" tungsten wire, with diameters 3,4 
ems, 4.2 cms, 5.0 cms and 5.8 ems, matching those of 
the base, The positions of the supports and connectors 
are shown in figs 3.6 and 3.7, As in tube I, all 
electrical contacts were spot welded, 

The heating current for the filamalts flow through 
single 1,5 mm diameter tungsten pins in the glass 
envelope and a 0.004" tantalum sheet to the filameat. 
fig 3.8. All these components are spot welded together. 
In addition to their end connectors the filaments are 
supported by four helical tungsten springs. All the 
other electrodes were held by strips of 0,004" tantalum, 
2 mm wide, fig 3,9, 

Both tubes were carefully annealed in an electric 
oven after the tungsten pins had been inserted to 
relieve stresses in the glass, 

1.1.4 Assembly  

Each tungsten pin was individually sealed into the 
glass after its position had been accurately marked 
using a template. Several attempts were made earlier 
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to seal all the pins into the envelope at the same 
time using carbon moulds but these were not successful. 

All the materials used in the electrode structure 
were cleaned before being worked into their final 
shape. The tungsten helices were wound on a rod 
0.020" mm in diameter, thei.r final dameter being 
between 0.5 and 1.0 mm so that they were a push fit 
onto the 1.0 mm tungsten pins in the glass envelope. 
The electrodes and filamaits were shaped whilst cold, 
great care bring taken to ensure that they were the 
correct diameter and perfectly circular, 

The current connectors for the filaments were 
designed so that they could maintain a large temperature 
gradient. This was a vital part of the design so that 
the tube could be made as shallow as possible while 
still keeping the glass envelope cool. The large 
surface areas of the connectors dissipate the heat 
and, as the cross sectional area is larger than the 
filament, the connectors themselves produce little 
heat. This area is kept reasonably small to prevent 
excessive thermal conduction from the filament. 

All tungsten, molybdenum and tantalum components 
were cleaned by heating at 70°C for 3 - 4 minutes in 
a mixture of equal parts of formic acid, hydrogen 
petoxide and water. They were also electro•cleaned 
and polished in a 10% sodium hydroxide solution 
using a lead electrode. They were then stored in 
methanol. The glass envelope was degreased with a hot 
detergent solution and rinsed with distilled water acid 
methanol. The individual tungsten pins were electro-
cleaned and polished using a 2 mm tungsten rod to 
make contact in the sodium hydroxide solution, 

The tubes were assembled in a clean air cabinet 
and care was taken to eliminate dirt and grease from 
the assembly. A certain amount of difficulty was 
experienced in welding tungsten parts and in some cases 
thin tantalum was used as an insert to give a stronger 
weld,The welding was done on a Slee Electronic Welder 
using specially shaped tungsten electrodes set in 
copper. 
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CHAPTER 4 	Vacuum System 

4,1 Pumping system  

The basic apparatus is shown in fig 4.1. It 
consisted of an Edwards F203 Oil diffusion pump fixed 
to a stainless steel baseplate and backed by a 2SC5OS 
two stage rotary pump. The backing pressure was 
monitored by a Pirani gauge, The backing circuit was 
constructed from 0.75n copper tubing and included a 
short metal bellows and some p.v.c, tubing to reduce 
vibration, A control panel was used which permitted 
continuous pumping of the apparatus. The cooling 
water, the backing pressure and the mains voltage were 
all monitored and safety devices were included, There 
was in addition a magnetic valve above the backing pump, 

4.2 	High vacuum apparatus 

The original high vacuum apparatus is shown in 
fig 4.2 in diagram form. A rather complex brass/kovar 
flange sealed onto the stainless steel baseplate of the 
diffusion pump via an 00 1  ring,, Between the brass/kovar 
seal and the rose-bowl trap a graded seal was required, 
However, the flange prevented the graded seal and the 
trap being adequately annealed. The occurrence of 
subsequent failures in the cold trap and the graded 
seal necessitated a change in design. 

A much simpler design was evolved, fig 4.3, using 
glass throughout. A finger trap replaced the rose-bowl 
type. In addition the Penning gauge was resited and 
the pumping arm to the tube lengthened to give adequate 
clearance between the magnet and the Penning gauge. 
Both the glass flange and the cold trap were annealed 
without difficulty and gave no trouble, The backing 
pressure was maintained at less than 10 microns. Using 
a liquid air cold trap an ultimate vacuum of less than 
2 x 10-7  torr was achieved with a leak rate of less than 
10-4 121/sec, Both the experimental tubes and the 
Penning gauge assisted the diffusion pump at low 
pressures, see section 4.3, 
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4.3 Palladium tube hydrogen source  

In the early experimeits using tube I, the gas 
bottles proved entirely satisfactory for filling the 
system with the desired pressure of argon and hydrogen. 
However. when pressures below 10 microns of hydrogen 
were required it was found that the pressure gradually 
decreased. This was due to the pumping action of the 
Penning gauge and the experimental tube(1). A 
palladium tube was introduced into the system to 
maintain the hydrogen pressure, Palladium is impervious 
to all gases but hydrogen, The flow rate of hydrogen 
is a function of the temperature of the palladium. 

The design of the hydrogen source is shown in 
fig 4.5. The palladium tube was 3 cms long and 1.5 mm 
in diameter, with a wall thickness of 0,20 mm, welded 
with gold to a platinum tube which was sealed into the 
glass tube, Coal gas flows around the outside of the 
palladium tube, which was heated by the nichrome wire, 

Although 	p phase transitions, which occur at 
150°C in palladium. have led to deformation and cracking 
when in hydrogen (2). very little trouble was 
experienced, The performance of the tube as a function 
of the heating current is shown in table 4.1. The 
Penning gauge pumping rate was approximately 7 x 10-4  
p1/soc, which is in good agreement with values 
obtained by others(3). 

TABLE 4.1 

Heating current (amps) 	Hydrogen flow (pl/sec) 

	

0.6 	1.23 x 10-3  

	

0.7 	1,53 x 10-3  

	

0,8 	2,40 x 10-3  

	

0.9 	3.20 x 10-3  

	

1,0 	7,40 x 10 

R.W. Crompton & M.T. Elford J. Sci.inst. 39 480 1962 

K, Landecker & A,J Gray Rev, Sci, Inst. 25 1151 1954 

H.A. Tasman, A.J.H. Boerboom & J. Kistemaker 
Vacuum 13 43 1963. 
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4,4 Magnetic and Electric SulAies 

The Electromagnet  

The magnetic field was produced by a Newport 
Instruments 4 inch Electromagnet, type A. This 
particular type had screw adjustable pole pieces which 
simplified the alignment of the experimental tubes 
between the pole pieces. 

Power Supply Specification: Output 0,5 - 12 amps. 
Stability - 1 in 104, for mains variations of 0 
Maximum sweep rate 0,25 amp/sec. 

Magnet Specification: Field ripple - 1 gauss peak to 
peak, at twice mains frequency, 

1800 turns of copper strip. Cold resistance 44 
Maximum current per coil 15 amps. Water cooled 
to keep temperature below 26°C. 

The magnet was mounted on a trolley using six 
mounting screws, fig 4.4. These made small adjustments 
in the height and plane of the pole pieces possible to 
give an exactly aligned field across the experimental 
tubes, The trolley was mounted on rails and the magnet, 
weighing 5,5 cwt, was easily removed from the high 
vacuum apparatus, The magnetic field was calibrated 
at the gap setting used for each tube with a search coil 
and a flux meter. The calibration curve for tube II is 
shown in fig 4.6. 

4.5 Electrical Supplies 

The emitting filaments in the experimental tubes 
were heated with direct current from accumulators. 
The accumulators, rheostats and meters were enclosed in 
an earthed cage and perspex rods used for adjustment of 
the rheostats. 

Various stabilised power units were employed to 
produce the high electric fields. The most useful was 
the Solartron AS 1165 unit, which had a 350 mils  0-500 V 
range with a stability of 1 in 500 volts. These units 
were used in pairs to produce 1000 volts, 2,5 kv/cm, 
across the experimental tubes, A ballast resistor was 
used, and the voltage was monitored by a Marconi TF 1300 
valve voltmeter, 
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CHAPTER 5 Measurement of Oscillations  

	

5.1 	Introduction 

When an electric field E is established at 
right angles to a magnetic field B it is known that 
electrons will be able to move across the magnetic 
lines of force, This is made possible by the 
presence of the Hall field Eh, which is set up at 
right angles to the electric field E. This field is 
set up automatically in many plasma phenomena, in a 
similar way as in a copper wire immersed in a magnetic 
field. Electrons and ions will escape unless the 
formation of the Hall field can be prevented. 

The arrangment of electrodes into concentric 
geometry is one method of doing this. As the electric 
field E is radial. the Hall field ought to be 
azimuthal, but, since static electric fields cannot 
run in closed circles, this is impossible. A radial 
escape of particles does, however, still occur, 
Several mechanisms may be instrumental in producing 
this escape of particles. They include collisional 
diffusion and high frequency electric fields. 
While a static electric field cannot be set up, a 
high frequency field can. It is well known that 
magnetrons operate in the cut-off region, in which 
electrons could never reach the anode if the field 
were a static one. 

The experiments which are described wore to 
investigate the oscillating fields in the concentric 
electrode geometry of the ion source. 

	

5.2 	Experimental measurements 

In all the measurements tube I, fig 3.1, was 
used. The filament was run at 3.5 - 4,2 amps and 
observations were made in argon and hydrogen. Some 
measurements werg also made in vacuum, at a pressure 
of less than 10-  torr, Tube voltages were taken up 
to 3125 volts/cm and the magnetic field strength to 
5000 gauss. Three separate methods wore used and 
they are now described. 
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5,3 Silicon Diode detector  

The voltage developed across a silicon diode 
was measured by a light spot galvanometer. The 
electrical circuit was as shown in fig 5,1, connection 
P being made to the third electrode in tube I, which 
acted as a pick up loop. The sheath screening S was 
thin aluminium foil which was fixed to the outside of 
the tube. A coaxial lead was employed with a mica 
disc capacitor as a d.c. isolator. The electrical 
supplies to the tube have already been described. 
The sensitivity of the galvanometer was 7.14 uA/mm, 
checked by feeding a signal directly from an oscillator, 

5.4 Direct voltage measurement 

The second method employed was a direct 
measurement of the a.c signal on the collector 
electrode using a valve voltmeter via a 0.001 of 
capacitor and a screened coaxial line4 	The capacitor 
was enclosed in a coarse copper mesh, insulated with 
p,v.c., the mesh being fixed to the grounding clip 
of the voltmeter probe, fig 5,2, A Marconi type 1300 
valve voltmeter was used. This had a bandwidth of 
20 c/s - 300 Mc/s. being down 1.5 dB at 300 Mc/s. 
The input capacity was 4 uuf and the input resistance 
at 100 Mc/s was 50 lt. 

5.5 C. R. 0. Display  

The third electrode was again used as the pick 
up loop. A 545A Tektronix oscilloscope with a P6000 
probe and a 300 uuf capacitor in series constituted 
the detecting equipment. With the CA plug-in unit the 
bandwidth was d,c to 24 Mc/s; with an input impedance 
of / Macy. shunted by 20 ppf. The C.R.O. results consist 
mostly of photographs of the oscilloscope traces. 
These were generally rather irregular and single shot 
measurements were the most useful. 
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5.6 Results  

With no microwave apparatus it was impossible to 
detect any of the very high frequency oscillations, 
The electron cyclotron frequency at 1000 gauss is 
2800 Mc/s. However, if these frequencies are present 
then there ought to be detectable lower frequencies in 
the noise spectrum. It is these that were investigated. 

No signal was recorded using the silicon diode 
detector under zero magnetic field conditions. At 
1000 gauss and 4000 gauss small signals, 60 uV and 
20 uV, were recorded, These were nearly constant over 
the voltage range up to 2500 volts/cm. An increase in 
current of four orders of magnitude produces no 
increase in the detected signal, table 5,1. 

TABLE 5.1 Silicon diode detector 

  

Gas - argon 	Filament current . 3,5 amps 

(a) B = 1000 g p = 2.1 p 

V/cm 	mA 	Signal 
(cms) 

	

250 	.012 	,95 

	

500 	,079 	.90 

	

1000 	.38 	.90 

	

1500 	.865 	.90 

	

2000 	1.26 	.90 

	

2500 	2.20 	.90 

(b) B 4000 

mA 

,005 
.038 
.29 
1.05 
2.80 
5.40 

g p 3 j 

Signal 
(cms) 

.30 

.26 

.25 
4,25 
.25 
'29 

A typical set of results obtained using the 
direct voltage measurement is shown in table 5,2. 
While there appeared to be a background signal of 
50 my there was a steady increase as the tube current 
increased. This is unlikely to be due entirely to 
noise from the H.T. supply, which had a steady ripple 
of 50 mV at 50 c/s up to 1000 volts(2500 V/cm). 
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TABLE 5.2 	Direct voltage measurement 

Gas - argon p = 1.95u 	Filament current 3.5 amps 

Magnetic field 2000 gauss 

Tube volts/cm 	 Signal(mV) 

250 .005 55 
2000 2.15 53 
2500 3.65 68 
3000 4,85 82 
3500 5.90 100 

The display of the waveform on the C.R.O. was 
such as to prevent discrimination of frequencies. 
From the Angle shot trace it was apparent that the 
frequencies were in the megacycle range and were 
therefore not originating from outside the tube. 

These results led to the third method of 
observation, to distinguish the lower frequencies. 4 
check on the H.T. supply ripple indicated 60 mV 
across a 100,000 ohm load resistor at 50 c/s. The 
magnetic field power supply generated a 100 c/s 
ripple of 5 mV at its maximum output, corresponding 
to about 5000 gauss at the setting used for tube I. 
'Beats' were observed on the multiple traces in 
addition to the high frequency oscillations. An 
example of the beat frequency is given in table 5,3, 
In this case the tube broke down at 1250 V/cm and the 
noise signal increase at this point is considerable. 
Measurements in vacuum indicated a noise structure 
but no beat frequaacies were apparent. 

The single shot results furnish more information 
and will be described in more detail. Each trace can 
be examined and, as shown in fig 5.3, both a basic 
oscillation and a ripple can be seen. Table 5.4 
records the magnitudes of the oscillations for 
measurements in argon at a pressure of 1,9 microns, 
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TABLE 5.3  

Gas - argon 	Filament current 4.2 amps 

(a) 	B LI 900 g 	Tube volts 	Current 	Signal 
p = 1.9 p 	(V/cm) 	(mA) 	(Mc/s) 	(mV) 

(b)  

(c)  

B = 
p = 

B = 
p = 

5000 g 
1,9 p 

5000 g 
0,975 p 

1000 
1250(bd) 
400 
350 
500 

1750 
2500 

1875 
3000 
3500 

0,5 
0.93 
18 
20 
50 

0.71 
1,20 

0,58 
14 3 
1,65 

1,25 
1.60 
0.77 
0.70 
0,625 

0.4 
0.5 

0.5 
1.5 
1.8 

60 
50 

1100 
1250 
3000 

125 
150 

160 
500 
600 

TABLE  504 

( a) 

Gas -argon 

B L.' 1000 g 

Pressure 1,9 p 	Filament current 4.2 A 

Tube volts 	Current 	Basic 	Ripple 
(V/cm) 	(mA) 	(kc/s)(mV)(Mc/sXmV) 

1250 0,8 - - 2,7 25 

1875 2,1 250 75 1 25 

2125(bd) 30 100 2500 ,5 250 

(b) B .7. 5000 g 1250 0.44 110 20 1 5 

1875 1.10 500 30 3 10 

2125 1.85 600 35 ,66 10 



34 

A more complete series of measurements was then 
undertaken at 2.25 u pressure. These are presented 
in table 5,5. The largest pre-ionisation current 
recorded was 6,6 mA, very much smaller Ihan the 
currents obtained after breakdown had occurred, 

No pattern is immediately apparent from the 
results. It is clear, however, that the presence of 
a magnetic field is necessary for the existence of a 
high frequency noise signal. At zero magnetic field 
strength the amplitude was very small even for a 
tube current of 10 mA, After breakdown a 1,2 volt 
amplitude signal was obtained at 80 gauss for a tube 
current of 8.8 mA, 

The basic oscillations grow steadily with 
increasing tube current to a maximum value when 
breakdown occurs. Only when the voltage gradient 
approaches the breakdown condition does the 
amplitude become large. In the higher magnetic 
fields no basic oscillations were observed. The 
ripple. generally an order smaller in amplitude and 
higher in frequency than the basic oscillations, 
also shows a decrease in amplitude when breakdown 
occurs, A small steady ripple was present from 
very low tube currents, see fig 5.4(a). The 
amplitude increased with tube current and reached 
a peak at the breakdown condition, fig 5,4(b) and (c), 
The frequency dropped as did th-tt of the basic 
oscillations at this point. Both oscillations 
reach a maximum frequency before breakdown occurs, 
thereafter slowly decreasing until, at breakdown, a 
large decrease is observed, 

A series of measurements was made in hydrogen, 
At magnetic fields below 100 gauss no oscillations 
were observed. Table 5.6 shows a set of results at 
2000 gauss, Considerable difficulty was experienced 
in maintaining a constant pressure while measurements 
were made, The problem is discussed elsewhere, 
section 4.3. The general trend of the oscillations 
is similar to that in argon. At 1250 V/cm and at 
2000 gauss the observed signals were approximately 
1 Nc/s for both argon at 2,25 microns and hydrogen 
at 15 microns, 
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TABLE 5.5 

2.25 u 

Basic 
mV 	Nc/s 

Ripple 
mV 	Nc/s 

MO 	 IMO 

(a)  

Gas - argon 	Pressure 
Filament current 4.2 amps 

B = 0 	V/cm 	mA 

	

125 	0.525 
125 	10 10 0.4 11•0 

(b)  B = 80 g 	250 	0.79 25 0,16 - ••• 

375 	4.3 175 0.276 25 1,i2 
385(bd) 	8.8 1500 0.083 200 0.5 

(c)  B = 800 g 500 	0.15 7.5 1,54 
1050 	0,59 60 0.33 10 26 80 
1250 	1,75 300 0,23 20 1.5 

(bd) 	1310 	19.5 7500 0,047 200 0,;45 

(d)  B = 1000 g 	1000 	0,54 - - 20 1,5 
1250 	1,05 100 0.10 30 1.8 
1750 	2.55 400 0.22 50 1,5 

(bd) 	1750 246 5 10000 0.046 750 0,4 

(e)  B = 2000 g 	1250 	0,46 - - 50 1,1 
2125 	2,0 - - 120 1.6 
2500 	3.10 - - 150 1,96 
2750 	6.60 400 0,07 150 0.50 

The particular ratio of pressures was chosen so 
that the electron mean free path would be comparable, 
At these pressures they are 20,4 cms for argon and 
18,7 cms for hydrogen, 
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The frequency and amplitude increased with tube 
current, No modulation or basic frequency was observed 
up to 3500 volts/cm, although at this value the d.c. 
level from which the 4 Mc/s oscillation was measured 
was not absolutely constant, fig 5,5 (c). The 
oscillations were all of a fairly low level but were 
comparable with the argon results at similar electric 
field gradients and tube currents, 

TABLE 5,6  

Gas -hydrogen Pressure 15 microns 

	

Filament current 4,2 amps 	B = 

Tube voltage 	Tube current 
(V/cm) 	(mA) 

750 	0,124 

2000 gauss 

Oscillations 	. 
(mV) 	(Mc/s) 

ON. 

1250 0,425 10 1.1 

1500 0,68 20 1.4 

1750 0,96 25 2,66 

2000 1,30 25 2,9 

2500 2,20 30 3,5 

3000 3,35 50 3.8 

3500 4,75 75 4,0 
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CHAPTER 6 	Experimental tube  characteristics 

6.1 Experimental method 

The d,c, characteristics of the experimental 
tubes were obtained from simple current - voltage 
measuremats. For tube I the characteristics were 
obtained with magnetic field strength, filament 
heating current and gas pressure as parameters, The 
measuring circuit is shown in fig 6.1. Measurements 
made on tube II were similar but with the axial 
electric field also variable. The experimental tubes 
are described in chapter 3. 

Tube I Results 

6A2__ _Characteristics 

The filament emission and the effect of the 
magnetic field were investigated in vacuum initially. 
Typical curves are shown in figs 6.2. and 6,3. 	These  
were taken at a pressure of less than 10-6  torr. 
Fig 6.2 is a conventional diode type characteristic, 
while fig 6.3 shows the inhibiting effect of the 
applied magnetic field under free electron conditions. 
When gas is present the curves are radically changed. 
The pre-breakdown tube current. however, shows a 
similar reduction on applying the transverse magnetic 
field as in the vacuum case. /t breakdown, fig 6,4 , 
the current increases suddenly and 'runs away'. limited 
only by the ballast resistance. The tube was run at 
pressures of 1.3 - 1.9 x 10-3  torr of argon, The 
dependence of the breakdown voltage on the pressure 
of gas and the magnetic field strength is shown in 
fig 6,5. The application of only small magnetic fields 
increased the breakdown voltage quite considerably. 
The temperature of the filament was not critical but 
variations in filament current producee small variations 
in the breakdown voltage, see table 6.1, 
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TABLE '6.1 	Breakdown voltage 

Gas . argon 	Filament current 	Breakdown 
(Amps) 	Voltage 

(Volts/cm) 
p=6.75p p=1.8p 

4,25 150 250 

4,5 132 230 

510 117 212 

In the ion source the gas pressures, even 
during the injection period, is not expected to be 
greater than 2 x 10-3  torr, Therefore pressures were 
kept below 10-2  torr, or when using argon, below 
2 x 10-3  torr. Fig 6,5 illustrates very clearly the 
small change in the breakdown voltage at 1 torr and 
the large increase at less than 2 x 10-3  torr when 
the magnetic field is applied. These results were 
promising and further experiments were made using 
tube II, where probe measurements were also possible, 

Tube II 	Results 

6,3 Single filament characteristics  

The vacuum characteristics of tube II were 
measured and these verified that the two experimental 
tubes were of comparable performance. The 
characteristics are shown in fig 6,6, and the 
configuration and designation of the filaments and 
electrodes are illustrated in fig 6,7. The electric 
field gradient is in the + z direction and the applied 
magnetic field is parallel to the axis of the tube. 
Filaments B and C were used as emitters. The pairs 
of electrodes B 	B', C » C', and D 	DI were 
connected, the other electrodes were floating. The 
outer pair D 	D' were the electron collectors. The 
electron current collected is termed 'anode current' 
or 'tube current'. 
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6.4 	Double emitter characteristics 
••••••••••••••••• • 

While most of the experiments were made using 
a single filament a series of current measurements 
were made using a double filament. In the ion 
source a series of filaments are employed. Results 
of the double emitter are compared with those of the 
single emitter, fig 6.8. The filament currents were 
5,7 amps and the pressure was 0.45p of hydrogen. 
There was no obvious discrepancy between the single 
and double emitter cases, indicating that the single 
filament measurements are relevant to the multiple 
filament configuration. Probe measurement 
variations between the two cases are described in 
chapter 7. 

6.5 rAxial electric field gradient  

The original design of the ion source included 
a double array of electrodes, on both sides of the 
plasma. Later the electrodes opposite the emitting 
cathodes were replaced by an insulating boundary. 
The magnetic field lines should effectively tie the 
appropriate points at the correct potentials, thus 
defining the potential distribution without the need 
for electrodes. Experiments confirm that the 
characteristics are unaltered by changing electrodes 

and D' from the fixed to floating potentials. 
Indeed, applied potential differences of up to 
150 volts produce variations in the tube current 
of less than 10%. Variations of less than 1% were 
observed when changing from the fixed potential 
to the floating potential system, 

6.6 Gas  pressure 

In section 6.2 the effect of gas pressure on 
breakdown voltage has been described. A further 
series of measurements in hydrogen using tube II was 
made and these are shown in fig 6.5. Much higher 
pressures were required for breakdown at a given 
voltage than in argon. At zero and very low magnetic 
fields the presence of gas reduces the pre-ionisation 
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collector current. Table 6,2 shows how the saturation 
current at zero magnetic,field is reduced. Comparing 
figs 6,6. and 6.8 also-shows this reduction at higher 
emission currents. 

TABLE 6.2 

Gas » hydrogen 	Filament (C) current - 4,8 amps 

Magnetic field strength - zero, 

Vd 	Collector current (mA) for hydrogen at 
(volts) 	C 0.25p 0.45p 1p 2.5p 10p 

200 	6.7 	2.3 	2,1 	1.2 	1.1 	0,8 
600 7,1 2,6 2,25 1,3 1,2 0.85 
1000 7,4 2.75 2.4 1.35 1.3 0.9 

At 1000 gauss the effect of increasing the gas 
pressure is very small, and above 1000 gauss the 
collector current is actually increased by an increase 
in gas pressure, This is probably due to the 
collision diffusion term becoming more significant 
at high magnetic fields, 

6,7 Filament heating current 

One of the purposes of the present study was to 
find the electron densities which could be maintained 
in the presence of large electric field gradients by 
means of the transverse magnetic field. The emission 
currents were therefore increased to determine the 
space charge limited emission currents and electron 
densities. The electron densities are discussed in 
sections 7.2 and 7.3, but here it is appropriate to 
record that saturation occurred at the same filament 
current both in emission current and in electron 
density, 	Actual values are given in table 6,3. 
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TABLE 	6,3 

at 0.45p pressure. 
100 volts. 

	

4,8 	5,0 

B 	Og 	1,16 	3,35 

= 1000g 	.09 	.15 

5,2 

7,1 

.16 

5,4 

15 

.17 

5,6 

15 

.17 

5.7 

15 

,17 

Gas - hydrogen 
Collector at 

Filament 
current (amps) 

Collector 
current (mA) 

Space charge 
densities ( x 106  electrons/cms3) 

B= 	Og 3 5 8 20 20 20 

B = 1000g 4 5.5 10 50 50 50 

The calculations of the electron densities 
and the theory of the probe measurements follow 
the well known treatment of Langmuir and 
Mott-Smith (1), 

6,8  Current and magnetic  field relations  

The characteristic current-voltage 
measurements have been described and the results 
plotted. fish 60..6.6. and 6.8. From the results 
it is convenient to replot the curves for constant 
electric field gradients, fig 6,9, where both 
vacuum and hydrogen curves are shown together. At 
low magnetic fields the collector currant 
approaches the temperature limited value for high 
tube voltage gradients. This limit is about 
100 m1 in vacuum and 75 mA in hydrogen at a 
pressure of 0.45u and with a filament heating 
Current of 5,7 amps. 	Fig 6.10 shows this 
temperature limitation more clearly. The limit 
for a filament heating current of 5.4 amps is 20 mA 
and the curios for 2000 V/cm, 1000 V/cm and 
500 V/cm can be seen to approach 20 mA as the 
magnetic field strength is reduced. From 6.9 the 
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slopes of the linear portions of the curves can be 
obtained. Those are between 1,2 and 1,5 and negative. 

In both theoretical approaches, sections 
9,2 and 9,3, the diffusional current across the 
magnetic field lines is (1 + w2T2)-1  times the 
current parallel to the field. If this simple law 
were obeyed explicitly the slopes of the curves in 
fig 6,9 would be -2, since in the range of the 
experiment w2T2>) 1. It is clear that electron 
diffusion is taking place in addition to that 
considered in the theory, 

When temperature limited currents do not appear 
the current reduction is approximately a. (73//B2)--42. 
This amounts to a factor of 200 on increasing the 
magnetic field from 100 gauss to 3600 gauss, 
Transverse currents of the order of I - 2 amps could 
be tolerated in the ion source so that a reduction 
of 500 times is required on the application of the 
magnetic field. In view of the small reduction by 
magnetic fields of less than 100 gauss, see fig 6,6, 
a magnetic field of 6500 gauss would be required to 
keep transverse cuurents below 2 amps during the 
1000 amps current injection, 

(1) Langmuir I and Mott-Smith H 
G. Elec, Rev, XXVI July - Dec 1924, 
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CHAPTER 7 	Probe Measurements  

7.1 Experimental method 

In order to ascertain the electron densities 
in the discharge space under magnetic field limited 
conditions a probe measuring technique was employed. 
The electrode C'. opposite the filament C. was used 
as the probe in both single and double emitter 
measurements. The probe was biassed at various 
potentials with respect to the emitting filament 
C, which was earthed. The probe current was plotted 
against bias voltage. After compensating for the 
saturated ion current the electron current was 
plotted on a logarithmic scale against voltage to 
enable electron temperature and saturated electron 
current to be measured 

All probe measurements were made using tube II. 
In the case of the double emitter conditions  

electrodes B and C were emitting filaments while 
C' was the probe, During each probe current -
voltage measurement the filament heating current, 
gas pressure and magnetic field were maintained 
constant, 

7,2 Double and single emitters 

As in the characteristics, section 6,4, the 
measured currents were only slightly modified by 
the use of two filaments.. Table 7,1 shows results 
obtained for single and double filaments in 
hydrogen. Although several double emitter 
densities are smaller than the corresponding single 
emitter values in no instance is the difference 
significantly greater than the errors inherent in 
the methods of measurement and calculation, 

The electron densities were calculated for a 
range of filament currents, from 4,8 to 5.7 amps, 
The electron densities and the collector electron 
currents are shown in table 6.3. 
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TABLE 	7.1 	Electron densities 	(per cm3) 

current 4.8 amps Gas - hydrogen 	Filament 

Magnetic Collector Single Double 
field voltage emitter emitter 

p=0, 4512 	2p p.0. 45)1 2p 

Zero 100 5x106 	4x106  3.9x108  2.7x108  

500 2.6x108 	1.6x106  1.6x106  7.6x10' 

1000g 100 6.4x107 	1.2x108  6.1x107  9.2x107  

500 3x107 	5,1x107  4x107  4,8x107  

7.3 	Probes in  magnetic fields 

Probe measurements in magnetic fields furnish 
plasma parameters only if certain conditions are 
satisfied. If the probe is large compared to the 
mean free path of the electrons, then so many 
electrons are collected that the volume surrounding 
the probe is depleted of electrons more rapidly 
than can be made up by diffusion across the magnetic 
field, Sugawara and Eatta (1) have found that 
plasma parameters can be determined irrespective 
of the orientation of the probe with respect to the 
magnetic field provided the probe radius is less 
than the electron gyro radius. Probe measurements 
were made up to 1000 gauss only , for this reason, 
and it was noted that above 1000 gauss the probe 
currents were reduced. 

The highest electron density was 6 x 107  cms-3  
for a tube current of 0,17 mA, magnetic field of 1000 
gauss, and a pressure of 0,45 i  in hydrogen. It is 
not unreasonable to suppose that even higher 
electron concentrations may be present at larger 
magnetic fields, 

(1) Sugawara M. 	Hatta Y. 	J.Appl, Phys. 
36, 314 	(1965). 
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CHAPTER 8 	Discussion of Results  

8,1 	Oscillation experiments  

Within the scope of the experimental measurements 
only a general indication of the presence of high 
frequency oscillations was observed. Those oscillations 
which resonate with the cyclotron•frequoncy were 
beyond the range of the instruments employed. The 
cyclotron frequency at 1000 gauss is 2800 'leis. The 
presence of unstable electric fields was confirmed 
by the direct measurement results. The observed 
signal increased steadily with anode current, table 
5,2. No oscillations, however, were measured by the 
silicon diode detector. 

Although no definite pattern is obvious in the 
results it is clear that a magnetic field was 
necessary for the existence of large instabilities. 
At zero magnetic fields negligible signals were 
obtained at a tube current of 10 mA, while for fields 
of 1000 gauss signals of 400 mV were recorded at 
only 0.22 mA. 	The general trend was a rapid 
increase in 'basic' oscillation frequency amplitudes 
with tube current up to the breakdown voltage. The 
amplitudes were greater at larger magnetic fields 
for equal tube currents, The 'ripple' on this basic 
oscillation did not increase in amplitude at the 
same rate. The frequencies of both oscillations 
reached a maximum as the tube current increased. 
The maximum occurred somewhat below the breakdown 
point. The decrease in frequency is quite gradual 
between the maximum and the breakdown point in 
argon, but .a sharp reduction is apparent at breakdown, 

Although only a few measurements wore possible 
in hydrogen a similar trend to that in argon was 
observed. No division into 'basic' and 'ripple' 
frequencies was possible, although the d.c, level 
was not without a few low frequency variations, 
fig 5,5(e). No maximum was found in the oscillation 
frequency. 
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It is surprising that tangible frequencies 
have been observed instead of just noise. The 
electron synchrotron resonance frequencies are 
three orders of magnitude higher than those 
observed 	The frequencies recorded for hydrogen 
were 1,1 - 1.4 Mc/s . 	Now the synchrotron 
resonance frequency for hydrogen ions is 

lx5.3x10/7  B 	= 0.765 x 103  x B c/s 
21r 3680x3x1010  

This gives a value of 1,5 Vc/s at 2000 gauss, 
which is of the order of frequency observed, and 
suggests that we have not electron noise but ion 
oscillations. 

The basic frequencies observed in argon 
are lower by a factor of the order of 20, which 
agrees with the foregoing calculation. Fig 8.1 
shows calculated values of ion frequencies and 
experimentally measured values. 

8,2  D.C.  Characteristics 
The initial results obtained with tube I 

were useful indications of the current 
characteristics, and proved the supression of 
breakdown by the magnetic field. Comparisons 
between the performances of tubes I and II and 
also between the single and double emitter cases 
verified that the investigation into a multi.. 
emitter system using this method was realistic. 

Having established this the first interesting 
result is that the presence of the electrodes A', 
D', C',and D' in the electrode plane opposite the 
emitters, see fig 6.7, is not necessary. An 
insulating boundary would be sufficient. Also, 
apart from giving a different saturation level 
and electron density, the filament current did 
not affect the I - B relationships, To prove this 
in the measurements the 'images electrodes were 
employed and as high a filament current as 
possible was used. 
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The I . B relationships have been discussed 
in section 6,8. The exact law is not clear and is 
affected by impurities and oscillations, both of 
which increase diffusion. However, the results 
show that I is proportional to (WTI 	where n is 
between - 1.2 and - 1.5, 

8,3 Probe measurements 

Electron densities calculated from the probe 
measurements indicate a maximum density at 1000 
gauss of 6 x 107  electrons/cm3, The residual gas 
density is 1,6 x 101°  molecules/cm3  at 0.45 microns 
pressure, Experiments on diffusion across magnetic 
fields by Bohm, Boeschoten and Schwirzke, Bonnal 
et al and others (1) show none  ratios ranging 
from 104  to 10, the above results give a ratio of 
300, The residual gas pressure in the ion source 
will be about 10-6  torr and a high level of 
ionisation is envisaged for the injected gas, see 
chapter 1. The electron densities were largely 
unaffected by the use of one or two emitters, or 
by the variation of the filament heating current 
above the saturation level of 5,4 amps. 

8.4 Conclusions 

The observations on the experimental tubes 
indicate the presence of unstable electric fields. 
Although no exact measure of their frequency was 
possible components in the range 130 kc/s - 3 Mc/s 
were observed. These oscillating fields contribute 
to the diffusion component of electron current 
across the tube, Calculations suggest that the 
oscillations are ionic synchrotron oscillations 
and not electron noise as originally thought, In 
an ion beam a periodic ionic structure, which 
would increase electron diffusion, is less likely 
to be set up, Extrapolations show that the tube 
current would be reduced below 2 amps by a 
magnetic field of 6500 gauss during the injection 
period. However, closer geometrical tolerances 
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in the ion source might reduce this tube current 
still further. The magnetic field required to 
reduce the current to an acceptable level in the 
ion source is within the range, a few kilogauss, 
envisaged in the design. 

The experiments on the 'mirror' electrode 
system show that the modification to the design 
which eliminated these electrodes was justified. 

Electron densities of 6 x 107  per cm3  were 
maintained in the coaxial electrode system. The 
densities in a 1000 amp ion beam are four orders 
higher than this but there are indications that 
these can be bridged. The increase in diffusion 
current is quite small with increase in electron 
densities, At 1000 gauss a 500% density increment 
results in only a 10% diffusion current increase. 
Also the ion oscillatory clouds, present in the 
static case, would not be present in the ion 
beam and electron diffusion currents would be very 
much smaller. There is every reason to suppose 
that the maximum electron densities present are 
higher than those measured, at 1000 gauss, see 
secticn 7,3. 

(1) F. Soeschoten 	Journal of Nuclear Energy, 
Fart C, Vol 6, 358, 1964. 
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CHAPTER 9 	Theory  

9.1 	General discussion 
The conditions in the object of the present 

study represent the familiar magnetron configuration. 
Radial electric fields, axial magnetic fields and 
an electrode geometry with cylindrical symmetry 
produce a system identical to the magnetron. In. 
such a system the anode current ought to be 
'cut-off' entirely by a sufficiently strong 
magnetic field. In a steady, rotationally 
symmetrical electric field there is only a 
vanishingly small probability of an electron 
ever reaching the anode, under conditions where 
quite appreciable currents have been observed. 
There exists evidence that the fields in magnetron 
type configurations are never steady and are 
rotationally symmetrical only in the average. 
Excess heating of the cathode, for instance, is 
attributed to these 'pre-oscillations'. This 
and the shape of the cut-off curve are the most 
convincing evidence of instabilities which set 
in even before the anode voltage has been raised 
to the point where strong oscillations commence. 

Gabor and Sims have investigated azimuthally 
periodic disturbances and found that beyond 
certain frequencies there was always a tendency 
for the electron cloud to start self oscillations. 
The frequencies are near integer multiples of the 
inverse transit time of an electron, from the 
cathode back to the cathode. For each frequency 
many modes are possible, provided that the 
number of periods is large enough. The noise like 
character of the oscillations occurs because no 
mode can be excited in its pure form for any 
length of time, and the energy is constantly 
being exchanged between modes. Oscillations are 
most likely when the transit time resonates with 
the cyclotron frequency or one of its multiples. 
There are certain critical combinations of 
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potential and magnetic field for which the noise 
is a maximum. 

Since the first model of a full-anode magnetron 
by Hall(1) in 1920, the steady state theory has 
remained a challenge to mathematicians. Theories 
which proved reasonably successful when applied to 
the oscillating case were signally unsuccessful in 
explaining the current flow when the magnetron was 
'cut-off', 

Linder (2.3) has found experimentally that the 
extreme width of the cut-off could be accounted for 
by very high electron temperature, of the order of 
10 volts, which were developed in a rotating 
electron cloud. This phenomenon may be connected 
with the inexplicably rapid establishment of an 
electron 'temperature' in gas discharges at very 
low pressures, which was observed by Langmuir (4,5). 
This paradox was explained by Gabor and Ash(6), who 
showed that electrons interacted with each other 
with the aid of the oscillating boundary sheath, 
assuming a 'temperature' far quicker than was 
possible by electron-electron collisions. These 
results do not conflict with the need for the 
existence of pre-oscillation phenomena, discussed 
by Sims and Gabor (7), Stainsby (8) and Sims (9), 
which are required by cathode back bombardment 
and other phenomena. 

The importance of initial velocities was 
first recognised by Gabor (10), and , although 
not particularised to the axially symmetrical 
magnetron case, his predictions were verified by 
Twiss (11,12) in the first full discussion on the 
magnetron steady state. It was then apparent that 
a full solution required the inclusion of all 
initial velocities, and that the two principal 
'steady states' evolved at that time needed 
modification, These states were 

1. The 'single stream' or Brillouin state (13-
17), in which the electrons moved :Ln closed paths 
around the cathode with zero radial velocity. 

2, The 'double-stream' state of Hartree (18) 
and Page and Adams (19), where the electrons leaving 
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the cathode returned to it after a prescribed length 
of time.  

Neither included the effect of initial velocities 
and both were open to objection. A general steady-
state theory of magnetrons, undertaken by Lindsay(20), 
has led to some interesting results. His theory 
predicted correctly the gradual variation in the 
anode current curve, a characteristic associated with 
the initial velocities of the electrons. He also 
showed the greater effect of these initial velocities 
when the electrons move along curved paths. Even so, 
the current-voltage characteristic still cannot be 
accurately predicted for all operating conditions. 

In addition to the effect of initial velocities 
the electrons are also subject to various diffusion 
mechanisms. 	In a strong magnetic field the plasma 
diffusion becomes anisotropic, being unaffected in 
the direction parellel to the field and may be 
greatly reduced in the direction normal to it. 
Diffusion normal to the field would vanish completely 
if inter particle collisions were eliminated. Two 
approaches to the theory of diffusion are presented. 
The magnetohydrodynamic approximation considers 
both partially and fully ionised gases. 

9.2  Magnetohydrodynamic theory 

The magnetohydrodynamic approach, Cowling (21), 
assumes, 

1) The fluid is continuous 
2) The properties of individual particles 

are taken into account only through their effect on 
viscosity and thermal and electrical conductivities. 

In a rarefied ionised gas in a magnetic field, 
the electrical conductivity is anisotropic. Two 
effects have to be considered. 	1. The electric 
currents can flow in an ionised gas because of 
relative diffusion of electrons and positive ions. 
This does not necessarily depend on the presence of 
a magnetic field, 	2. A second effect is wholly 
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dependent on the magnetic field, An electron, charge 
e and mass m will follow a helical path in a 
magnetic field H round a line of force between 
collisions. 	The motion along the lines of force 
is uniform, and the motion in a plane normal to H 
is uniform and circular with an angular velocity 

we  1. ueHim 

/f particles have thermal energies their 
spiralling motion remains unaffected by non-
uniformities in the magnetic field, or by moderate 
electric forces, except for a slow drift across the 
lines of force. When the collision time To  is 
several cyclotron periods 

do > tic  = 27rm / ueH 
the particles are said to spiral freely, and in the 
case of such 'free spiralling' the transverse 
average displacements during a mean free path are 
greatly reduced by the presence of the magnetic 
field. 	However, the expected reduction in the 
electrical conductivity transverse to the field 
which results from this, while in a sense true, 
has a very different significance from that normally 
associated with conductivity. This will be explained 
with the help of the M.H.D. equations. 

Basic Equations 

Curl H 	4 71 ,j 	- 	(1) 
Div 1 	= 	0 	- (2) 

is the current density, 

Maxwell's displacement currents are insignificant 
as we ignore in this treatment very rapid oscillations. 

Curl E 	• u aa 	• (3) 

at 
Div H 	0 	• (4) 

If the material has a velocity v the electric 
field which it experiences is 
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El = ( E 4- u.v x H ) 

and thus, if cr is the electrical conductivity, 

I = tr(E -f- u,v x H 

The continuity equation is 

22 	div 
d t 

	(f z) 

where 
	

is the density, 

Fullz ionised gas 

The gas is considered as consisting wholly of 
electrons, mass m and charge - e , and positive 
ions 	mass 14 and charge e , 	The gas is 
electrically neutral 

ni 	no 	 (a) 

The electrons and ions are regarded as two 
gases moving independently. 	If the electron gas 
has a velocity V with respect to the ion gas, the 
current density 

	

— n,o,V 	(9) 

Interactions between the two gases is such that 
the electrons lose, on average, their mean momentum 
me  V relative to the gas at each collision with 
ions. If r is the mean electron - ion collision 
time , the total momentum lost by the electrons per 
unit volume and time is 

n.m.V.T-1  

Thus the electrons can be regarded as subject to 
a force — ne m,V e rl 	per unit volume, 
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The Electron Gas Equation of Motion 

Equation obtained by balancing the forces on 
the electron 

0 — grad pe 	n.e.(E1 -1- u.V x H) 

n.m.V.T-1 	(10) 

where — grad pe  is the gradient of the electron 
pressure Pe 
Equation (10) becomes 

grad pe 	ne....E1 
	

1 x uH 	mil 

eT 

In the absence of grad pe  and H this would be 

I = q-  E' 	(12) 	where Or= ne2T 
ra • 

In terms of conductivity equation (11) gives 

(E1 	grad pe  = I1,7, u.e.T 	j x H 	(13) 

 

n.e 

The electric energy is dissipated by doing 
work against the collision drag — n.m.V.T-1  to 
maintain the relative velocity V. 	Thus the rate 
of dissipation is n.m.V2.T-1  and is equal to 
3 2/a- 	as in the absence of a magnetic field. 

Esuations of current and conductivit1 
From the equation of motion of the gas as a 

whole 
p (av) = 	grad p-f- fka 	u,,, x H 	(14) kT.17  

the relative importance of terms in equation (13) 
can be estimated. If gravity is important term 

P,R is included, if it is not then equation (14) 
indicates that 	u,j x H is compara,le with grad p, 
provided inertial and electromagnetic forces are 
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comparable. 
Thus 	1 . grad p is comparable with 

n.e u.e.ec 1 x H 

Both the above terms are small with respect 
to 1 and cr E' . and the equation then 
differs only slightly from 1 = 0-E' 
which is normally used, 

wT >> 1 	Grad pe  and u.1 x H terms are large, with 
CrE' of the same order, Thus for 'free 
spiralling' E" = grad pan is comparable 
with E' and cannot be ignored. 

Substituting E" and w in equation (13) 

( E 	E" ) = 3 + ws'. 	x H 	(15) 
H 

If E' 	E" is parallel to H, 

(E E"‘ / and x H 

and conduction along lines of force is unaffected 
by the magnetic field, 

If E'  4. Ell is .1  to H equation (15) can be 
solved to give 

1(1 ÷-w2T2) = dr( E'71- E" 	w'r (E"F E") xH) ••• 	 ON.1 

---(16) 

Hence the current in the field direction is 
reduced in the ratio of 

1 	1 + w2rc2  

by H , and a current w'r times as strong as this 
flows in a direction at right angles to E' 	E" 
and to E. The effects of the magnetic field on c 
currents transverse to it are large , especially 
in the'free spiralling' case. 

vrc  
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Partially Ionised Gases  

In addition to n positive ions and n electrons 
as in the fully ionised case na  neutral atoms per 
unit volume are present. The mass N is that of 
the positive ions, 

The velocities of the ion gas is v-f- Vi 

and that of the electron gas is v HE VOHV 

The momentum/unit volume of the mass as a whole is 

(n 	na) M.v 	hence the velocity of 

the neutral gas is 	neVi/na  

In addition to the electron-ion collision time T, 
as in the fully ionised gas , we must now specify 
tie and Ti for collisions of electrons and ions 
with neutral atoms. The equations of motion must 
now include a 'drag' force due to the collisions 
of electrons with neutral atoms, If at each 
collision the electrons lose their velocity 
relative to the neutral gas, this 'drag' force is 

n.m (V 	Vi  (1 	n,na)) T
o
-1 

The electron equation of motion is 

0 	grad pe 	n.0 (E'i7u(V 	Vi) x H) 

n.m.V.T."1  n,m (V + Vi (1+ n/na)) T0-1  
OOP 

	(17) 

and 10 n.e.ya  ---(18) then 

n,e. 	u (1 — Ii) N H 

HI i-u (wTa)-1  H(1 — 	n/na)) 

	 (19) 
and 	(wTa)-1    (20) 

atoms not'ionised is denoted 

Since I = 	n.e,V 

0 	grad 1)0  

u (INT)-1 

Let (eT)-1 = K  

The fraction of 
by f= na  / 	n 
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With these substitutions the electron equation 
becomes 

0 = — grad pe 	n,e,E' 	(1 — ii) x H 

+ u(K 	Ke).H.i 	u.Ke.f-1  ,H,1i ---(21) 

The equation for ions is 

(1 — 	dv 	— grad pi  + (1 — f)ez + n.e.E' 

	

u(ji x H) 	uKH1 	1 tHvi 
—(22) 

The equation of the gas as a whole is 

(dv) : - 	grad p + f).a 	+ 	( u,1 x H) --(23) 
P ut 

Eliminating li  from (21) and (22) 

n,c,E' + (1 — fOgrad pe  .1. u(K + 3Ki)H1 

u(1 	2f(3)1 x H + f2H-1(Ke  + 	grad pex H 

 

(24) 

 

where p = Ke  / (Ki  + Ke). 

Since electrons are more free to spiral than ions 
Ke  + Ki , hence 13 is small. 
Equation (24) includes a term (1 x H) x H , which 
affects currents at right angles to H. and if f is 
appreciable and K. Ki, Ke, are small ( which is the 
case if ions as well as electrons spiral freely), 
it is the largest of terms involving 1, Thus a 
reduction in the transverse conductivity can be 
expected, 
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2± 3 	Calculation of Electron Drift Velocity 
( Collision time approximation) 

w2s-21 ---(1) 

collision time approximation. 
Y = angle between E and B. 

If v is now averaged with respect to the anisotropic 
part of the velocity distribution and n is 
substituted then 

Now 

are 

Using the method of Ching - Sheng Wu (22) the 
following expression can be obtained for the 
electron velocity distribution function from the 
Boltzmann equation. 
f(v) = f°(v)r.1 	erc(E 	wT(B x E)/B 

Pm. 	 •••• 	Wm. 

2 2, w T b(B.E)/B)v 

f

l.M(w22)E .(1 ♦ cos2Y(w2T2 )) 
3 	B2 

where f °(v) - A expf- mv2/ 2 Mw2T2E2  1 	cos2Y(w2T2 )) 
3 BA 	w2T2 

2kTi)..”-- (2) 

wt — eB, 	and T 	1/v m constant , the 
m 

u = <v 	GT [B 2E 	wrcB(B x E) 	Iv2T 2B (B. p)] ( 3) 

B2 m (1 	w22) 

J « n,esu 	---- (4) 	and the components 

J1 = n.e2  ,T 	1 ♦ NV
22cos211') ( 5 ) 

m 	1 .1- w2T2  

J2 u la4 c2 ,T 	wTsinY 	(6) m . 	1 1,  w2T7- 
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J3 EG2124 	w2T2sinYcosY 	E   (7) 

These components are tabulated below and shown 
in fig 9,1. 

TABLE 9.1 

J2 .J 	0,35 

vir 	20 5 
31.3. 0.14 

1 0  

0,1 

171-1- 0,99 
i0  

J2.1 0,099 

I 

current component for E parellel to B. 

current component for E at right angles 
to B, 	Put 10  = ne2TE/m. 

0,25 0,5 0.75 1 

0,94 0,80 0,64 0,5 

0,235 0,40 0.48 0,5 

3 4 5 	10 20 
0.1 0,06 0.04 	0,009 

0,0025  

0,3 0,236 0,099 
0,19 0,05 

10 	J2 i/ = 0 J3 	= 0, 

The Hall conductivity is affected by the value 
of Y and J3 vanishes when Y = 0, in/r. 

2 
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The two special cases (a) m 	J. r. a- E 	(8) 

(b) EIB 	J *a. 0-E 	; weccr(B x E) 	(9) T  
1 +77;2 	(1.  + w2T2) 

This result ties up with section 9,2 , 
The mean electron energy may be obtained from the 
collision time approximation 

3.kT (10) 
7 	2m2 	1 + wT/ 	2 

The electron temperature ,is obtained 

3kTe  = 1 m (v
2 	1 mu

2 

2 	2 	2  
2 	2 

3kT 	(M — m),e2 T
2  E. 1 	w T cos

2
Y
) (11) 

' 	217- 	+ w2T2  

Hence the increment of electron temperature when 
fields are applied 

Te 	T = (N 	m) e2T2E2 ( 1 + w
2
T
2
cos

2
Yi)(12) 

T 	 1 w2T2 —5;7—  kT 

When /3.1„E the increm t 	1 	and when 
1. 4-777c2  

w2T 2Ns/7, 1 this is negligible. 	Therefore, no 
error is involved over the range of the 
.experiments in assuming Te  constants 

1 za <v2> a Me21 2E2 	1 -1- w2T2 co  s2"ir 
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CHAPTER 10 	Gas  Flow Measurements, 

10.1 Introduction 

The basic elements of the ion source have been 
described in Chapter 1, To produce one coulomb of ions, 
which is the sfgllest charge for a feasible nuclear 
reaction, 3,10 	molecules of hydrogen must be broken 
up into protonsand electrons. This number occupies 
0.11 cm at atmospheric pressure. To estimate the high 
frequency energy needed for the ionising process certain 
assumptions were made with respect to the pressure, 
duration and velocity of the gas pulse admitted to the 
annular discharge chamber. In order to establish whether 
the basic design of the gas channel enabled gas pulses 
of the correct size and density profile to be produced 
measurements have been made in a discharge chamber. 

Original energy calculations, in which 95% of 
molecules would be ionised, were based on a pulsed system 
operating for 1 ms, A 10Mc/o high frequency generator of 
1 Mw would have a reasonable margin of safety(0.3 Mw is 
required for 1 coulomb of ions, allowing 300 volts/ion), 
It is essential that while the h.f. power is on all the 
molecules admitted to the discharge chamber shall pass 
through the ionising field. 

The pulse characteristics are measured for air and 
hydrogen and comparisons between theoretical and practical 
values are made, 

10.2 Apparatus  

The experimental set-up is shown in fig 10.1, The 
gas discharge chamber was a replica of that in the ion 
source and is enclosed in a steel vacuum chamber. A gas 
entry valve was located on the axis of the assembly on 
top of the vacuum chamber, The probe, to measure the gas 
pressure, was fitted in the wall and was free to move in 
a radial direction. The vacuum chamber, gos discharge 
chamber, inlet channel and valve were all cylindrically 
synimetrical. The vacuum pumping system was that described 
in Chapter 4. 
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10.3 Gas Admittance Valve  

The gas admittance valve was similar to that 
described by Gorowitz(1), A polished aluminium disc 
sealed against an '0' ring and was opened by discharging 
a capacitor bank through a coil located very close to 
the disc,fig 10,1, The disc was returned to the seat by 
a coil spring, on which it was mounted. 

The electrical circuit is shown in fig 10.3. The 
capacitor bank, eight luf high voltage capacitors in 
parallel, was charged on closing switches 1 and 2, 
allowing 10 seconds delay to keep the current below the 
limit of the 2kv Solartron supply, The 0,251441. 
potentiometer was then reduced to zero. Before discharge 
the bank was disconnected from the charging circuit, A 
triggering pulse was taken from the circuit via a 0.1uf 
capacitorto the oscilloscope. 

The disc was lifted by the eddy current repulsion 
when the capacitor bank was discharged and the 'open' 
time depended on the coil spring compliance and setting 
of the disc. tOpent times of 80-110us were recorded for 
capacitor voltages of 1750-2000. For the air experiments 
the gas was admitted at atmospheric pressure using the 
spring and disc assembly in fig 10,1. To enable the 
hydrogen to be used in a reasonably pure state a 
modified asselrbly was used, fig 10.1b, The spring 
retaining pin screws into the brass insert B, which seals 
to the retaining perspex cover with an 'o' ring sliding 
seal, As indicated by the arrow in the diagram the insert 
can be rotated while sealed and raise or lower the disc 
and spring, The complete hydrogen line could be evacuated 
and the valve reset before filling from the cylinder. 
The pressure was read from the cylinder gauge, 

10,4 	Probe  

In order to investigate the characteristics of the 
gas pulse as it passes through the discharge chamber a 
small pressure measuring device with a very fast response 
was required. A sub-miniature pentode valve was converted 
to a tetrode ionisation gauge by removing the glass 
envelope and linking the supressor and the anode(2), The 
electrical circuit is shown in fig 10,2. The screen 
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draws a steady electron current from the cathode. This 
current, controlled by the grid voltage, creates an ion 
current, proportional to the pressure of gas at the 
probe, which is collected by the anode, The probe was 
calibrated by comparison with a standard vacuum gain e. 
The ion current flows through a lI resistor and the 
resultant voltage is displayed on an oscilloscope. 

10.5 	Annular Discharge Chamber 

The gas admitted by the valve flows down the axial 
channel into volume Vb of the discharge chamber via four 
3/16" holes cut in the axial tube, The gas enters through 
slot S into the discharge chamber proper . Both the axial 
tube and the upper and lower plates were of brass. Slot 
S is defined by spacers. A brass disc fits into volume Vb 
to vary its size. Details of the plates and annular 
spaces are shown in fig 10,4, together with the positions 
of the probe at which measurements were taken, 

10,6 	Components 

Valve sealing disc; Polished Aluminium 20 swg x 0.1" 
diameter, 

Coil spring: Steel 0,1" dia., 5 turns of 3/4" dia. 
with a pitch of 7/32". 

Discharge coil: Insulated Copper 21 swg, 23 turns 
of mean diameter 3/4", 

Probe shaft: Glass tube of 5/16" outer diameter. 
Total volume of vacuum chamber : 4 litres, 
Total volume of gas path to chamber: Va+Vb = 36.4cc. 
Volume of brass disc : 18 -c-c. 

(1) 	Gorowitz et al, Rev Sci Inot 	31., 146 	1960. 

(2) Pentode conversion suggested by Dr. Co  J. Powell. 
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CHAPTER 11 	ExEerimental Procedure and 
Results 

11.1 Gaud  Calibration 

The gauge was calibrated at a screen current of 
10 mA, The screen was held at 150 V with respect to the 
cathode and the ion collector at -20 V. The gauge 
calibration was done using Ary air, The conversion 
factor of 2,5 was used when making measurements in 
hydrogen. The calibration curve is shown in fig 11.1. 

11,2 Definitions  

(a) Rise time: The time interval for the pressure 
to rise from 0,1 to 0.9 of its maximum value, 

(b) Decay time: The time interval for the pressure 
to fall from its maximum value to 0,5 of its 
maximum value. 

(c) Peak time: The time interval between the 
triggering pulse and the pressure maximum. 

(d) Open time: The duration that the gas valve is 
open. 

11,3  Measurement of Open time  

The open time of the gas valve was measured for air 
at atmospheric pressure over a range of capacitor bank 
voltage, The slot S was 1.5 mm wide. A simple electrical 
circuit was used, fib; 11.2, which enabled the Open time 
to be measured using an oscilloscope. When shut the 
valve disc made contact with a 0,01" x 0.002" nickel 
tape inserted in the axial tube. The contact was broken 
as soon as the disc left the seat. This is recorded as a 
discontinuity on the ocsilloscope trace, A typical 
trace is shown in fig 11.2b. The large initial signal 
is the result of the capacitor bank discharge and is a 
common factor in all the traces, 

11.4 Measurement  of gas Eulse characteristics 
•••••=•• 	 m••••••111.MINIMIONAIIIINIM•11.••••• WM./WM 

The measurement of the gas pulse characteristics 
was made under several different conditions. In all 
cases the pressure at the gauge as the gas passed 
through the discharge chamber was recorded on the 
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oscilloscope and photographed, The oscilloscope sweep 
was triggered from the gas valve circuit. The probe was 
moved in a radial direction and measurements were taken 
at four positions, the distances from slot S being 5 mm, 
11.25 mm, 17,5 mm, and 23.75 mm (fig 10.4). From the 
voltage trace on the oscilloscope photographs all the 
gas pulse characteristics were calculated, corrections 
being applied for pick-up from the gas pulse circuit, A 
set of oscilloscope photographs is shown in fig 11,3. 

11.5 	Results 

A minimum quantity of gas, 3x1018 molecules. is 
required to pass through the annular discharge chamber 
in a time of the order of 1 ms, A few preliminary 
measurements were made on the gas flow to ensure that the 
correct quantity of gas was entering the system in one 
pulse.The results in table 11,1 were obtained using air 
at atmospheric pressure. The slit S was 0,5 mm wide 
and the probe was 5 mm from the slit, 

TALE 	1111 	Characteristics vs. coil voltage. 

Valve coil voltage (V) 1300 1850 1900 1950 2000 
Air at N.T.P. 	_admitted. 

x10 	(cms ) 
1.5 3 8.5 16 .  25 

Valve Open time (us) 84 86 91 .99 108 
Rise time (ms) 2.6 2,3 2.35 2.25 2.4 
Decay time (ms) 14 15 13 14 13,5 

NB. 3x1018 molecules of hydrogen at N.T.P. 12  2 9x10-2cc 
of air%  assuming an equal pressure gradient. 

Several conclusions can be drawn from these figures. 
1. For the particular valve used coil voltages of 2000 
volts are adequate for admitting 3x1018 molecules of 
hydrogen. 
2, Rise and decay times are independent of the coil 
voltage, and therefore of the open time. This is 
important , enabling pulse characteristics to be 
ascertained without accurate definition of the pulse size 
being required, 
3. At this particular setting the rise and decay times 
are too large. 
4, The open time of the valve is very much smaller than 
the rise and decay times. 
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As a direct result of 3. a series of measurements 
on the pulse characteristics for different slot widths 
was made • 
TABLE 	11.2 	Times vs, slot widths 

Gas - Air at N.T.P. 
Slot width (mm) 
Rise time 	(ms) 
Decay time (ins) 
Peak time 	(ms) 
8
1
/S 

The reduction in rise and decay times should be 
considered in relation to the fractional restriction 
presented by the slot rather than the slot width alone, 
It is clear that further opening of the slot will 
result in only small improvements in the characteristic 
times, and subsequent experiments with hydrogen were made 
with a slot width of 1.5 mm, 

Early measurements with hydrogen were disappointing 
until the reservoir pressure was increased behind the 
gas valve, Later the volume Vb was reduced by the 
insertion of a brass disc(see section 10,5) and a 
further set of results obtained. Those are presented in 
tables 11.3 and 11.4. 

There seems little difference between air and 
hydrogen at its lower pressure, which justifies the 
earlier gas equivalence calculation for air, However, 
both rise and decay times are reduced by an increase in 
the reservoir pressure of the hydrogen, even though this 
resulted in a larger mass of gas being admitted, The 
decay time is increased by this pressure increase but is 
reduced again on halving the volume Vb, table 11,4. The 

2 shortest times were recorded for hydrogen at 28,5 lbs/in  

pressure with Vb at 18 cc, This shows that the required 
mass of hydrogen is admitted and flows through the 
chaMber in about 4 ms. The decay time is dependent on 
the volume Vb and also the probe impedance. This is an 
unknown and means that all results are pessimistic, 

Velocity calculations were somewhat inconclusive. 
Because of the shape of the pulse it is difficult to 
attach any great meaning to the velocity of the peak of 
the pulse, although it offers a means of comparison of 
different results. 

Valve coil voltage 	2000 volts, 

0,25 0.5 1 1.5 
2,45 1.93 1.27 1.0 

21.8 10.7 6,04 4,35 
5.5 3,8 3.15 2.2 

19 10 5,5 4 
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TAELEAW Rise, Decay and  Peak times. 

Slot width 1.5 mm, 	Cn1 voltage 2000 volts 
Gas admitted E 3 x 10 	molecules of hydrogen 
a Hydrogen 28.5 ibs/in2 	Vb - 18 cc 
b - Air 15 lbs/in 	Vb - 36.4 cc 

Probe 
position 

 

Rise 	Decay 	Peak 
time 	time 	time 
(ms) 	(ms) 	(me) 

a 

b 

b 

b 
b 

	

0,52 	2,30 	0,80 

	

1.00 	4,35 	2.20 

	

0.54 	3,20 	0.84 

	

1,16 	5.45 	2,65 

	

0,56 	4,26 	0.91 

	

1.25 	6.15 	2480 

	

0,64 	5.30 	1.25 

	

1,74 	8,10 	4.00 

TABLE 11,4 	Effect  of Volume Vb on characteristic 
times. 

Slot width 1,5 mm. Coil voltage 2000 
Gas - Hydrogen at 22 lbs/in 

Probe 	Rise Decay Peak 
positions time time time 

(ms) (ms) (ms) 

volts, 

Rise Decay Peak 
time time time 
(me) (ms) (ms) 

Vb:18cc 	 

0,93 3,2 1,75 0.58 2,16 1,0 

1.06 5.4 1.96 0.62 2,76 1.,1 

1,23 549 2.42 0.63 3.50 1,2 

1.60 11 3.30 0.68 4,93 1,6 

Final pressure 4.5x10-3torr 
in chamber 

N.B. 3x1018 hydrogen molecules produces a.5inal 
pressure in the chamber of 3.36 x 10' torr. 

7x10-3torr 
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The hydrogen velocities were much larger than 
those for air and near the slot the errors in the time 
were of the same order as the time interval being measured. 
This is why the figure quoted in table 11.5 is only 
approximate. 

TABLE 11.5 	Gas Yelocities.  

Velocity 	Velocity 
between 	between 
I & II 	III & IV 

Air 15 lbs/in2 
	

15 m/s 	5 m/s 

H2  28.5 lbs/in2 	"1 150 m/s 	10 rn/s 

11 6  Conclusions,  

Although the hydrogen velocity measurements are 
subject to error it seems reasonable to assume that the 
average speed of flow through the discharge chamber is 
A.120 m/s. This is less than the velocity of sound in 
hydrogen (300 m/s at N.T.P.), The air velocity is also 
below the velocity of sound in air (30 m/s), although 
preliminary measurements in air had indicated velocities 
as high as 70 m/s for air in a linear channel. If the 
gas flow had been as fast as this in the discharge 
chamber then the high frequency field would have been 
less efficient. 

A system of turbine grooves cut into the slot at an 
angle to the gas flow was envisaged to reduce the speed 
of flow below the velocity of sound. This was not required. 
In order to reduce the characteristic times, so that 
more than 95% of the gas 'charge' admitted passed through 
the discharge chamber in 1 ms, a certain amount of 
impedance must be removed from the gas flow channel. The 
results achieved by reducing the volume Vb by half, see 
table 11,4, show that a further reduction in volumes Va 
and Vb would produce suitable characteristic times. In 
particular the resiting of the gas valve nearer to the 
discharge chamber would achieve this without any 
restriction in the gas flow. 
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CHAPTER 12 Theory 

12.1 Numerical calculations  
Let us assume that the gas has a Maxwellian distribution 
of velocities in one'direction, 

n(u) du n/2(m/kT) 	
u e-mu 
	du 	- (1) 

3/2  2 	2/2kT 

Let us also assume that the distance from the gas valve 
to the pressure recording probo is X cm and that this 
path has a negligible impedance. The moat probable 
velocity of hydrogen molecules is 5 x 10 cm/s, from 
the Maxwellian curve, Since X is 10 cm, see fig 10.1, 
then the time taken for molecules with the most probable 
velocity to traverse this distance is 200 s, 

The pressure at the probe is iven by 

Px a n/F(m/kT)
3/2 

(X/t)2e
-mX72kTt 	

- (2) 
vir 	2 

or Px m Po (t
1
/t)2 e

-(t
1
/t) 	

- (3) 

where t1 - - 200 busand the curve has been normalised 
to give Pmax as unity. 

We can calculate a theoretical pressure curve at the 
probe for various Open times of the gas valve. These 
curves have been plotted in fig 12.1 from calculations 
made at intervals of t/t, u 0,1 , the values of Px are 
given in table 12.1, The pressure is normalised , 

12.2  Discussion 

The actual Open time of the gas valve is 100 ps, 
see table 11,1 . so that the theoretical limit for the 
gas pulse is between the two curves of fig 12.1. This 
theoretical curve shows that all the gas passes through 
a point in the discharge chamber within 0.8 ms, 
assuming t

1 
u 200ms as before. If now we compare the 

hydrogen and air curves we can see the large decrease 
in characteristic times which the reduction of volume 
Vb produces,?  (Air has nearly the same curve as hydrogen 
at 22 lbs/in , see section 11,5) 

A reduction in the path length X will result in 
a corresponding reduction in the characteristic times 
and a final pressure curve within the 1 ms criterion, 
This pulse would contain sufficient gas molecules and a 
velocity less than the velocity of sound in the gas, 
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TABLE 12.1 
time 	10 /18 	Open time 

Px 	 P 
(normalised) 

200 ps 
Px 

(normalised) 
tit, 

Open 

P 

0.3 0.0 0,005 0.0 0.0 
0.4 0;01 0,032 0.005 0.005 
0,5 0,07 0,20 0,025 0.03 
0.6 0,13 0.35 0.071 0.08 

0.7 0.265 0,72 0.145 0.16 
0,8 0.328 0,89 0.236 0,27 

0.9 0,367 0.99 0.335 0,38 

1.0 0,368 1,0 0,435 0,50 

1,1 0.362 0,98 0.533 0,61 
1.2 0,342 0,93 0,627 0,72 
1.3 0,328 0,89 0.716 0,82 
1.4 0,306 0,83 0,794 0,90 
1.5 0,285 0,77 0.851 0,97 
1,6 0.258 0,70 0.876 1,0 

1,7 0,253 0,66 0.868 0,99 

1.8 0,224 0,61 0,838 0.96 

2,0 0.195 0,53 0,749 0,85 

2.2 0,165 0,45 0,652 0,74 

2,4 0.562 0,64 

2,6 0,488 0,56 

The treatment is an extreme casa entirely neglecting 
collisions with the gas channel boundaries, which would 
greatly reduce the gas velocitiesi 
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