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ABSTRACT 

A system was designed and constructed to experimentally determine the ion 

species present in a small bore ( 2 millimeter diameter ) helium-neon discharge operated 

in a bypass configuration. Measurements of the ion · species present were made at 

discharge pressures of 1 to 10 Torr at 1 Torr increments in a 99% helium-1% neon 

mixture at 2.5 mA, 5 mA, 1 0 mA and 15 mA. Similar measurements were made in a 

95% helium-5% neon mixture and 90% helium-10% neon mixture at pressures from 1 to 

3 Torr at similar currents. The experimental observations indicates that the dominant ion 

species present changes from He+ to Ne+ as the pressure increases. The dramatic 

change in the ratio of species present implies that besides impact ionization, the 

production of ions through metastable and ion interactions in the positive column must 

also be considered. 
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I. INTRODUC110N 

A large volume of theoretical and experimental work has been accomplished 

over the past 30 years concerning volume forces in direct current gas discharges. 

These volume forces lead to neutral gas pressure gradients and flows which can 

significantly affect the discharge characteristics. In general, a number of simplifying 

assumptions have been necessary in order to make the modeling of the discharge more 

tractable. One common assumption has been to ignore the importance of the sheath 

region on the bulk plasma parameters. While appropriate for discharges in unconfined 

regions or containers of large diameter, in small bore discharges the larger ratio of 

sheath thickness to bulk plasma thickness may have a significant impact on a number of 

parameters central to many of the discharge processes. Surprisingly, considering it's 

popular use in helium-neon lasers, many characteristics of small bore helium-neon direct 

current discharges have not been experimentally measured. For example, the relative 

concentration of ion species in the plasma, as examined in this experiment, has 

previously not been measured. However, such measurements can have a significant 

impact on models describing pressure gradients and gas flow patterns in small bore 

helium-neon discharges. 

A. BACKGROUND 

The genesis for this research has been an anomaly noticed in one particular 

application of helium-neon lasers, the ring laser gyroscope. To appreciate the specific 

nature of the anomaly, it is worthwhile to examine the operation of helium-neon lasers 



and laser ring gyroscopes. Helium-neon lasers are usually constructed by filling a tube 

with a mixture comprised of approximately 95% helium and 5% neon at a pressure of 

approximately 5 Torr. The ends of the tube are then mirrored to direct light beams 

longitudinally down the tube. Finally, a pair of electrodes are inserted into opposite ends 

of the tube and a de voltage of 1 to 1 O kilovolts is impressed across the electrodes to 

excite the gas mixture. Once the discharge is initiated, the gas mixture exhibits a 

dynamic resistance and considerably less voltage is necessary to sustain the discharge. 

In essence, the tube with mirrored ends acts as the resonant cavity for the laser, with the 

electrical discharge being the pumping mechanism which creates the population 

inversion necessary for lasing. 

In a helium-neon laser it is the neon which actually experiences a thermal 

population inversion. The electrical discharge excites helium atoms which then 

selectively transfer energy to the neon atoms through collisions, preferentially exciting 

only certain neon excited states. The probability of such a transfer of energy is 

approximately proportional to exp(-AE/ kT), where AE is the energy difference between 

the excited states of the atoms involved 1. Fortunately, two of the excited helium states 

match closely with two groups (each consisting of four closely spaced energy levels) in 

neon and so the transfer of energy is quite efficient. To maintain a population inversion, 

the lowest energy level of the excited neon atoms ( the 1 s level ) involved in the lasing 

transition must be quickly depopulated, with one of the two primary depopulation 

mechanisms being collisions with the vessel walls. As a fundamental mechanism of the 

helium-neon lasers, this wall collision depopulation process means that the rate of 

diffusion of the excited neon atoms to the walls must be kept high. A good measure of , 

this rate is the ratio of mean free path for momentum transfer (since this essentially is a 

measure of how far an ion will travel before it loses velocity in a particular direction due 
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to collisions) to the square of the tube radius. The diameter of the tube containing the 

lasing medium is therefore limited by the ability of neon ions to reach the vessel wall. An 

expression for the mean free path for momentum transfer can be obtained 2 from the 

mobility as 

L = 1.27 um M vr / ( e [ 1 + M/m ]112) , (1) 

where Lis the mean free path for momentum transfer, um is the ion mobility, M is the 

molecular mass of the neutral, m is the ion mass, vr is the rms velocity of the molecules 

and e is el~ctronic charge . For the range of pressures examined in this experiment (1 to 

10 Torr) , the mean free path for momentum transfer is from .0439 to .00439 millimeters 

respectively. 

In an electrical gas discharge a variety of mechanisms can be responsible for 

volume mass flow of the gas . In one case, electrons flowing from the cathode to the 

anode collide with neutral molecules in the gas mixture, leading to a net flow of gas 

neutrals toward the anode as a result of momentum transfer from the electrons to the 

neutral gas . These collisions can also ionize the atoms, which are then attracted to the 

cathode. This represents a net flow of the gas ( at least in ionized form ) from the anode 

towards the cathode . In addition , the flow of ions towards the cathode imparts 

momentum to the neutrals through collisions, resulting in a generalized flow observed in 

the neutral lasing gas toward the cathode. If an alternate path exists for the gas to flow 

between the electrodes other than through the portion of the tube carrying the discharge 

( commonly referred to as a bypass configuration) as shown in fig. 1, a generalized flow 

will occur around the path directed through the discharge from one electrode to the other 

and then back through the bypass. Additionally, if the gas discharge consists of a 
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mixture of gases, the different gases will in general display a concentration gradient 

along the axis of the discharge. 

If the gas discharge is being used to provide the lasing medium in a gas laser, 

the interaction of the stimulating beam and the emitting atoms must be considered. As 

the stimulating beam passes an excited atom, it induces the atom to emit a photon of 

the same frequency. If the excited atom has a velocity component parallel to the 

stimulating beam, the emitted photon will be doppler shifted by an amount dependent on 

the magnitude of the atoms velocity parallel to the stimulating beam. Since the gas 

molecules are constantly in random thermal motion, the velocity component parallel to 

the stimulating beam reflects this thermal velocity distribution of the gas molecules, 

which in turn determines the degree of doppler broadening exibited by the laser. All 

lasers which use an excited gas as the lasing medium can be expected to exhibit a 

frequency spread due to the thermal velocity distribution of the emitting atoms. On the 

other hand, volume forces impose a unidirectional axially directed velocity on the gas 

molecules which results in a bimodal frequency shift in the emitted beam of light. For a 

beam propagating in the direction of the molecular drift, it's frequency will be increased 

due to doppler shifting, whereas the beam propagating opposite the drift will have its 

frequency decreased due to doppler shifting. 

In a ring laser gyroscope, three or four tubes are generally connected end to end 

with mirrored corners to produce a coplaner optical circular path which functions as the 

resonant cavity for the beam to propagate along (see fig. 1 ). Inserted into one of the 

tubes are a pair of leads which act as the electrodes to excite the lasing gas, usually a 

helium-neon mixture. The resulting configuration operates in a bypass mode, creating 

two laser beams propagating in opposite counter rotating directions. A pair of optical 

beam splitters samples the two beams and then combines them to create an 
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interference pattern. If the beams are of the same frequency , a static fringe pattern is 

created. When the device is rotated about an axis perpendicular to the optical plane, 

the beam rotating in the same direction as the device rotation has its frequency 

increased due to doppler shifting and the beam rotating opposite the device rotation has 

its frequency decreased due to doppler shifting. When the beams are recombined, the 

resultant fringe pattern then displays a moving pattern of bright and dark lines due to the 

difference in beam frequencies . The speed at which the fringe pattern changes is 

proportional to the frequency difference between the beams, which in turn is proportional 

to the rate of the device rotation causing the doppler shifting. It can thus be seen that 

any volume forces which result in a generalized gas mass flow around the resonant 

cavity, such as the collision processes previously discussed, will also cause a doppler 

shift equivalent to the doppler shift resulting from rotation of the gyroscope. Although a 

variety of schemes have been utilized to minimize or mask the effects of volume forces 

acting in ring laser gyroscopes, most suffer from vexing problems in complexity and 

reliability. Consequently , a more thorough understanding is needed of the volume 

forces in gas discharges characterized by parameters similar to those found in helium

neon lasers if alternate means are to be found for minimizing this illusory rotation. 

B. PREVIOUS STUDIES 

In gas discharge tubes the volume forces discussed previously lead to pressure 

gradients along the tube axis, as well as axially directed flows. Theoretical explanations 

for the axial pressure gradients observed in high current discharges were being 

published as early as 19233_ These early attempts often predicted pressure gradients 

well below those actually observed. Later, Lieby and Oskam4 utilized the conservation 

of momentum equation to derive a general expression for the volume forces in a 
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monoatomic direct current discharge. This effort was subsequently expanded to 

encompass multiple ion species discharges5 by including the conservation of particle 

number density. More recent work by Ecker et. al.6 and by Ingold and Oskam7 have 

brought the predicted gradients into much better agreement with experimental 

observations made by Kenty8. 

These early theoretical studies predicted neutral gas flow in only one direction in 

the plasma, the on-axis flow being directed from the cathode toward the anode. 

Contrary to this prediction, there is evidence of a flow reversal resulting in an on-axis 

cathode directed flow in small bore discharges with a bypass tube (such as those used 

in laser gyroscopes)9. In most of these previous studies the plasma was considered 

quasi-neutral (i.e. there are approximately equal numbers of negatively and positively 

charged particles), resulting in a plasma free of space charge. However, if the plasma 

contains unequal numbers of oppositely charged particles, then the plasma has a net 

volume charge which is acted on by the axial electric field. This force, known as the 

space charge imbalance force, has usually been considered small with respect to the 

other volume forces and consequently was ignored in most previous theoretical work. In 

a large bore discharge tube this approximation may be justified due to the small 

pertubations in particle densities resulting from the relatively small size of the sheath 

region with respect to the bulk plasma. In small bore discharge tubes, however, this 

may not be the case. Recent work by Pekker and Ernie9 analyzed the effect of retaining 

the space charge imbalance force in both monoatomic and binary gas discharges with 

good results in predicting the on-axis cathode directed gas flow reversal. Central 

assumptions in their analysis included assuming that the charged particle radial density · 

distribution was shaped like a zero-order Bessel function and that only one ion type ( 

Ne+) was present in the helium-neon discharge. 

6 



The radial structure of charged particle densities in direct current discharges 

have been examined with varying degrees of success. Recently, Metze, Ernie, and 

Oskam 13 developed a more comprehensive model which indicates that the radial 

charged particle distribution closely resembles a zero-order Bessel function over a wide 

range of discharge conditions. It was noted that deviations from this distribution were 

mainly the result of a "thin sheath region near the wall" . While appropriate for large bore 

discharges, it is not clear that a small bore discharge will exhibit properties consistent 

with these models for several reasons. In particular, the sheath region may become a 

significant part of the whole discharge volume for a small bore discharge. 

Along these lines, work by Kaneda et. at.14 in helium neon discharges, indicate 

that for the tube diameters typically used for helium-neon lasers (approximately 1 

millimeter), relatively small changes in the typical operating pressures (1 to 10 Torr) can 

result in axial electric field strengths changing by an order of magnitude. Additional work 

by Kaneda et. af.15 reports electron temperatures varying by close to an order of 

magnitude for the range of pressure-radius product ( pR ) examined in small bore pure 

noble gas discharges . At the low end of the pR range (pR = 10-2 Torr cm) , 

temperatures were as high as 2 x 105 °c, which is an order of magnitude higher than 

usually seen in large diameter tube discharges at similar pressures. These experimental 

results are significant with respect to determining the sheath thickness. 

The sheath thickness can be calculated from the Child-Langmiur law as 16 

(2) 

7 



where d is the sheath thickness, Ji is the ion current density to the wall, mi is the ion 

mass and Os is the electric potential at the wall with respect to the bulk plasma. Here Ji 

is given by 16 

(3) 

where n0 is the bulk plasma ion density, o1 is the plasma potential at the interface 

between the sheath and the bulk plasma and Te is the electron temperature. Os is 16 

Os= - ( kT e / e) In ( 0.659 [mi/me ]112) , (4) 

where me is the electron mass. Assuming 0 1 = -kTe / 2e, the minimum value required 

for a stable sheath solution, the above equation yields 

(5) 

where 

(6) 

From this result, it can be seen that the ten fold increase in electron temperature 

measured by Kaneda implies that the thickness of sheath can be expected to be three 

times larger in a small bore discharge than in a large bore diameter discharge. 

Consequently, for a small bore discharge, the sheath region may constitute a 

considerable percentage of the total cross sectional area of the discharge. As a result, 

significant deviations from the electron and ion density distribution predicted from 
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previous modeling work can clearly be expected, along with large changes in the 

electron energy. 

In examining the ion production processes in the helium-neon discharge, the 

above factors may dramatically alter the production rate of various ion species, leading 

to relative ion concentrations significantly different in small bore tubes from those 

expected in large bore tubes. One of the most obvious mechanisms that could be 

affected is the production of atomic helium ions and atomic neon ions due to direct· 

electron impact ionization. At higher electron temperatures, a significant increase in the 

number of electrons with sufficient energy to ionize both gases can be expected. 

Additioinally, as the electron temperature increases, the average energy of the 

Maxwellian electron temperature distribution increases. As this increased average 

energy approaches the ionization potentials of the two gases, the difference in ionization 

potentials may correspond to a significant difference in electrons with sufficient energy 

available to ionize the gases. It should also be noted that a reaction chain such as 12 

(7) 

followed by 

(8) 

where Hem(23S) is a long lived excited metastable state, may have an impact on the 

number of molecular He2 + ions present. This may subsequently also have an effect on 

the number of Ne+ ions present through the reaction 

(9) 
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Another consideration is the effect of the increased size of the sheath region on 

various reaction rates in the discharge. As the sheath region increasingly takes up a 

larger percentage of the volume in the discharge tube, the bulk plasma shrinks. In a 

small bore discharge operating within the prescribed pressure and diameter parameters, 

the bulk plasma region diameter rapidly approaches to within an order of magnitude of 

the mean free path. In such an environment, many of the ionic and excited state 

species in the discharge may be lost due to ambipolar diffusion to the walls before 

reactions of the above kind can occur. This may result in a significant change in the 

chemistry of the discharge, with a concurrent change in the ratio of ion species present. 

The effect small bore discharges might have on the ratio of ion species present is 

not clearly evident from previous studies. Early measurements by Pahl and Weimar 10 

provided the first experimental measurements of ion ratios found in the positive column 

of the helium-neon discharge. Later studies by Sauter, Gerber and Oskam 11 were 

made of decaying plasmas produced in a helium-neon afterglow utilizing an optical 

spectrometer and a quadrapole mass spectrometer to establish ion number densities 

and production processes in the discharge . From these and similar studies, the 

predominant ion production and loss processes have largely been defined, although 

Ernie 12, modelling the helium-neon afterglow, demonstrated that discrepancies between 

experimental data and the theoretical model indicated some unknown processes must 

still be present. However, as these experiments were of a decaying afterglow plasma in 

large radius tubes, they provide little insight into what effects the high axial fields and 

large sheaths might have in a small bore active discharge. 

C. PRESENT STUDY 
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As indicated previously, present models of helium~neon small bore discharges 

are hampered by a lack of experimental data validating many of their central 

assumptions. The experiments discussed in this thesis were performed to help 

determine which types of ions are present (and in what relative concentrations) in an 

active small bore helium-neon discharge operating in a configuration similar to that 

utilized in ring laser gyroscopes. The method of determining the relative concentrations 

was the same as that utilized by Fitzwilson and Chanin 17 when they examined ion ratios 

in small bore discharges. However, in the Fitzwilson and Chanin study, only the relative 

ratio of ion species in discharges of pure argon, krypton and xenon were examined. 

Mixtures of rare gases were not investigated. Additionally, the discharge in their study 

was not operating in a bypass mode. In our studies, similar to the Fitzwilson and Chanin 

experiments, a small amount of the gas in the discharge tube was sampled and 

analyzed with a quadrapole mass spectrometer, where the charged ion species present 

were sorted by mass to charge ratio. The number of ions present at each charge to 

mass ratio was then detected by an ion multiplier and counted using a multichannel 

scaling system (MCS). A number of measurements were made throughout the range of 

pressures typical of those used in ring laser gyroscopes both in order to make the study 

applicable to a variety of applications and also because previous work by Kaneda et 

a114, 15 indicated significant changes in many basic operating parameters throughout 

this range of pressure-radius product. Additionally, measurements were carried out at a 

number of currents and for a number of different gas mixtures. It was anticipated that 

trend information obtained across the spectrum of pressure, current and mixture ratios 

would provide information on the relative ion species concentrations present in the 

discharge and the processes determining these ion ratios. 
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II. EXPERIMENTAL DESIGN 

A block diagram of this experimental arrangement is given in fig. 2. The general 

approach utilized involved the creation of a helium-neon discharge in a small bore tube 

arranged in a bypass configuration. A portion of the gas within the positive column of 

the discharge was extracted through an orifice in the side of the discharge tube into a 

vacuum chamber maintained by a turbomolecular pump. The extracted "jet" of ionized 

and neutral gas molecules then entered a quadrapole mass spectrometer where the 

relative concentration (ratio) of ion species was determined. Figures 3 and 4 show 

details of the discharge tube design. The discharge tube was constructed from pyrex 

tubing having an inner diameter of 2.0 millimeters and an outside diameter of 6.0 

millimeters. The distance between the anode and cathode was 23 centimeters. To 

assure a good sampling of the constituent ion species in the positive column, the 

sampling orifice was placed midway between the anode and cathode. The bypass 

connection consisted of a loop of the same bore tubing 70 centimeters long, with a port 

midway between the cathode and anode to provide for replenishing of the discharge 

gas. To maintain a constant pressure within the discharge tube, the discharge tube was 

connected through a repleneshment tube to an electronically controlled automatic 

pressure control (APC) valve and a reservoir of the appropriate helium-neon mixture. 

As the helium-neon mixture was lost through the sampling orifice, a capacitance 

manometer sensed the pressure change and an electronic feedback controller altered 

the APC valve setting to maintain a constant pressure within the discharge tube. An 

additional valve (not shown in fig.2) between the replenishment tube and the vacuum 

12 



chamber allowed the discharge tube to be evacuated to the background pressure 

(approximately 1 o-8 Torr) of the vacuum chamber for cleaning and outgasing . 

It was determined, based on previous experience, that the orifice should be no 

more than 100 microns in diameter so as to prevent a pressure gradient and gas flow 

within the discharge tube as gas escaped out the sampling orifice. Additionally, a larger 

orifice and the accompanying increased gas throughput would increase the background 

pressure in the vacuum chamber housing the quadrapole mass spectrometer . Ideally, 

the background pressure in the quadrapole mass specrometer chamber should be kept 

as low as practical to prevent ions exiting the discharge tube and entering the chamber 

from experiencing further collisions with background molecules. To produce an orifice of 

these small dimensions, a diamond cutting wheel was used to file a portion of the 

discharge tube's wall down to a thickness of approximately 1 millimeter. A lead from a 

high voltage source was inserted into the discharge tube and at the same time a fine 

nozzle sandblaster was directed at the spot where the orifice was to be fabricated . As 

the wall of the discharge tube was slowly ablated, its breakdown strength decreased until 

breakdown was achieved between the high voltage lead and the grounded sandblaster 

nozzle. As the spark jumped from the lead to the sand blaster nozzle, it melted a small 

hole through the remaining glass wall. This resulted in a small orifice ( approximately 40 

microns in diameter ) of somewhat oval shape at the bottom of a dimple on the outside 

of the discharge tubes wall. The exact shape of the hole was deemed to be 

unimportant, since previous work by Fitzwilson and Chanin 17 has demonstrated that 

variations in orifice geometry has no appreciable effect on ion ratio measurements . 

The approximate pressure gradients such an orifice might produce in the 

discharge tube can be determined by calculating the flow through the orifice at the 

expe~ed operating pressures. The pressure difference from the replenishment port to 

13 



the orifice is then simply the value necessary to maintain a flow in the discharge tube 

equal that being lost through the orifice. In order to determine the flow rates, the type of 

gas flow has to be characterized as being either viscous, molecular or transitional. An 

accepted criteria for this characterization examines the ratio of the mean free path with 

the characteristic dimension of the structure being examined. With La representing the 

mean free path and D representing the characteristic diameter of the tube or orifice in 

question, the three regimes are characterized as follows 18: 

If La/Dis less than .01, the flow is described by the equations for a viscous fluid. 

If L8 /D is greater than 1, the flow is described by the equations of molecular flow . 

If La/Dis between .01 and 1, the flow has characteristics of both viscous and 

molecular flow and the equations of transitional flow are used. 

Utilizing 2 

La = 1 / (21 /2 1T n D2) , (10) 

where n is the number density and D is the molecular diameter, the mean free path 

varies from 3.55 x 10-5 to 3.55 x 10-6 meters for pressures of 1 to 10 Torr respectively. 

Substituting the appropriate values for the mean free path of helium and the diameter of 

the orifice yields an L8/D ratio of 4.4 to .44, indicating that the flow through the orifice is 

largely within the molecular flow regime. When the mean free path values are utilized 

along with the diameter of the discharge tube, a L8/D range of .088 to .0088 is realized, 

demonstrating that flow through the discharge tube is primarily described by transitional 

flow characteristics. (It should be noted that these criteria for delineating molecular, 

transitional and viscous flow are somewhat arbitrary and vary by author over an order of 

magnitude). Consequently the flow through the orifice is calculated using the equation 18 
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(11) 

where va is the mean velocity of the gas molecules ( determined from 1/2 mv2 = 3/2 kT), 

a0 is the radius of the orifice, P1 is the pressure in the vacuum chamber and P2 is the 

pressure in the discharge tube at the orifice location. Flow through the discharge tube 

can be calculated from 18 

(12) 

where P3 and P2 represent the discharge tube pressure at the replenishment port and 

orifice respectively, Fv and Fm are the viscous and molecular conductances, and f is the 

. slip factor which characterizes the degree to which gas molecules interact with the tube 

walls (which are assumed smooth) . f is assigned a value between .8 and 1. The 

expression for viscous conductance is 18 

Fv = ( Tr at4 Pa )/( 8 n L ) (13) 

where at is the tube diameter, Pa is the arithmetic mean of P3 and P2, n is the viscosity 

coefficent and Lis the tube length. Finally, the molecular conductance for a long tube is 

given by18 

Fm = ( 2 Tr at3 v8 )/( 3 L ) (14) 

Substituting in the appropriate values for helium and solving for the ratio of P3/P2 yields 

a value of 1.0114 for the range of pressures used in this study. This indicates a 1.14 % 
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pressure drop from the replenishment port to the orifice due to gas escaping out the 

orifice. In reality, since these studies are dealing with a helium-neon mixture, all these 

equations would have to be modified to reflect this fact. However, since the fact neon 

was never present in concentrations greater than ten percent and considering the 

impact of other variables ( the exact shape of the orifice, the length of the orifice 

channel, etc.) it was felt that the corrections would have a negligible effect on the 

usefulness of the calculations. In fact, experimentally measured flow through the orifice 

was found to be less than the theoretical limit, and with the replenishment port closed it 

took 30 minutes for the pressure in the discharge tube to drop from 5 Torr to 4 Torr. 

Given the small volume of the discharge tube, this implies an insignificant pressure 

gradient within the discharge tube. 

An early concern arose in the planning of the experiment with regards to 

mechanical alignment irregularities. In particular, it is neccesary to align the jet of gas 

emanating from the orifice with the centerline of the quadrapole mass spectrometer. If 

the jet is not concentric with the centerline, a significant fraction of the ions will miss the 

quadrapole aperature and be lost by recombination when they strike the quadrapoles 

walls. In particular, it was suspected that the orifice construction technique described 

above might produce an orifice whose gas outflow was not radially directed away from 

the discharge tube. Since only trial and error could determine how much adjustment 

was needed in the discharge tube orientation in order to aim the extracted ions into the 

quadrapole mass spectrometer, a system had to be designed which allowed 

considerable flexibility in positioning the discharge tube. 

To facilitate aiming flexibility, the discharge tube was to operate within a large , 

vacuum chamber whose bottom end opened into the quadrapole mass spectrometer ( 

fig. 3 ). Vacuum was maintained in both chambers by a turbomolecular pump backed 
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by a two stage rotary vane pump, achieving background pressures of 1.8 x 10-8 Torr 

with the discharge tube evacuated and from 9 x 10-7 to 3.8 x 10-6 Torr with the 

discharge tube filled with helium-neon mixtures at pressures from 1 to 10 Torr. The 

discharge tube was mounted on a stainless steel plate and held in place by stainless 

steel clamps. Teflon "O" rings around the the discharge tube were used to create a 

friction grip between the pyrex discharge tube and stainless steel · clamps. The 

discharge tube could then be moved longitudinally or rotated as necessary to aim the 

orifice outflow into the quadrapole mass spectrometer. 

The large linear dimensions of the discharge and bypass tube configuration with 

respect to the size of the exterior access ports in the vacuum chamber meant that the 

discharge and bypass tube had to be built in parts and assembled inside the vacuum 

chamber. To connect the parts, stainless steel compression fittings (Cajon fittings) 

utilizing teflon "O" rings were used. The teflon compression fittings therefore seperated 

the discharge tube (10 Torr maximum) from the background vacuum (10-8 Torr) for a 

maximum differential pressure of approximately 10 Torr, well within operating limitations 

for that type of fitting. The discharge tube itself was a single continuous pyrex structure 

extending from cathode to anode, with the compression fittings utilized only in the 

bypass portion of the tubing . 

The discharge tube design presented some additional unique challenges. Since 

the discharge tube was located in a vacuum, the cathode and anode could only 

dissipate the heat accumulated from electron and ion collisions radiatively. If the 

cathode or anode reach too high a temperature, thermal stress beween the metal 

cathode/anode and pyrex interface would shatter the pyrex tubing and destroy the , 

discharge tube. To facilitate radiative cooling, the cathode and anode were each 

constructed from a piece of 6 inch by 2 inch nickel sheeting that was joined at the ends 
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and folded to form a highly corrugated tube ( fig . 4 ). The corrugated cathode and 

anode were then attached to tungsten rods, which passed through the pyrex walls of the 

discharge tube . In order to monitor voltage within the positive column in the vicinity of 

the sampling orifice, a tungsten probe was located approximately 2 centimeters from the 

orifice . The probe location was displaced from the orifice to prevent sputtered material 

from the tungsten probe from creating a metallic coating on the inside of the discharge 

tube around the orifice. Such a coating would collect charge from the plasma and 

interfere with ion transmission through the orifice. 

Ion analysis was accomplished using a quadrapole mass spectrometer 

proceeded by a set of electrostatic lenses which served to collimate the entering ions . In 

addition, in order to analyze neutrals exiting the discharge tube , the electrostatic lens 

assembly incorporated an electron impact ionizer at its entry aperture . This allowed for 

the analysis of the ambient background gas for determination of possible contaminents, 

as well as sampling of the neutral gas composition of the discharge tube prior to initiation 

of an electrical discharge . The quadrapole mass spectrometer acts as a filter , 

discriminating on the basis of mass to charge ratio. Ions with a particular mass to 

charge ratio may only traverse the quadrapole during a small portion of its sweep cycle. 

Ions passing through the quadrapole produce a series of pulses when they enter an 

electronic ion multiplier, which are then summed by a MCS system. 

The ions produced by the electric discharge and extracted through the orifice 

come from a region at a fixed potential with respect to the anode and cathode by virtue 

of the orifice position within the positive column. Operating specifications for the 

quadrapole and lens assembly require that ions entering the quadrapole should , 

originate from a region biased at 1 O to 20 volts above the quadrapole center axis ( which 

was grounded ) for optimum results. By constructing a floating discharge circuit for 
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exciting the discharge, and adding a de voltage source between the circuit and ground, 

the region in the positive column near the orifice could be held at a constant 1 O to 20 

volts above the mass spectrometer axis potential. A slight complication arose because 

the probe, which was to measure the potential at the orifice, was not located at the same 

position within the positive column as the orifice itself. This was overcome by 

interchanging the anode and cathode electrical connections to the discharge tube, 

knowing the distance of the probe from each electrode, and then calculating the voltage 

gradient within the positve column ( experimentally determined to be about 10 volts/cm) . 

Additionally, experience with identically dimensioned discharge tubes having a probe 

collocated with the orifice indicated that examination of the mass spectral lineshape 

could be used to determine the bias voltage of the orifice region with respect to ground. 

As the discharge was biased to bring the orifice region below 1 O volts, the overall signal 

dropped off dramatically. As the voltage increased much above 20 volts, the "width" of 

the peaks produced in the mass spectra increased, i.e. the peaks of the spectrogram 

"smeared" out. 

Another problem which arose in biasing the orifice region with respect to the 

quadrapole axis was the presence of striations, which often occur in d.c . discharges 

operating in the pressure and current ranges of interest for this experiment. Striations 

are moving ionization waves within the positive column which are often accompanied by 

visible spatial fluctuations in the brightness of the discharge and large potential 

variations along the discharge. A moving wave generating voltage fluctuations of some 

tens of volts would profoundly alter the biasing at the orifice. One way to manage 

striations is to measure the voltage near the orifice and use a charged screen as an 

electrostatic filter or gate to stop the influx of ions when the orifice biasing voltage 

exceeds a preset threshold. Unfortunately, if the striation frequency is on the order of 
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the sweep frequency of the quadrapole or any associated harmonic, it is possible for a 

voltage striation to improperly bias the orifice potential during some portion of the time 

the quadrapole is sweeping from its minimum to its maximum mass value . This would 

prevent the ions with the corresponding mass from transiting the quadrapole , and being 

detected. The overall effect, if the sweep and striation frequencies are synchronized, is 

to blank out certain ion masses. 

An additional complication arises if the striations occur at higher frequencies. 

The distance between the orifice and the entrance to the electrostatic lenses attached to 

the quadrapole spectromete was about 5 centimeters. Assuming an orifice bias voltage 

of 10 volts, the transit time for ions crossing this gap can be calculated from 

t = (( 2 d m )/( e V)) 1/2 , (15) 

where d is the distance between the orifice and the electrostatic filter ( 5 centimeters ) , m 

is the mass of the ion, e is the charge carried by the ion , and Vis the voltage between 

the orifice and the entrance to the electrostatic lenses. For singly ionized neon the 

transit time is approximately 1 o-5 seconds, or a transit frequency of 100 kilohertz. For 

singly ionized helium the transit time is over twice as fast. Assuming that improper 

orifice biasing adversely affects the ion ratio count, a problem develops when the 

striation frequency approaches or exceeds 100 kilohertz. In that situation, one must 

decide on what lag time to use between detection of the striation voltage and "closing of 

the electrostatic gate" to the quadrapole. If the gate is closed immediately when the 

striation is detected, some of the ions that exited the orifice prior to the striation will still , 

be in transit and be lost. If the gate is activated with a delay designed to allow helium to 

transit into the quadrapole, some of the neon ions will be prevented from entering the 
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quadrapole. Likewise if the gate is adjusted to allow neon ions time to transit to the 

quadrapole after the striation is detected, some of the helium ions produced when the 

orifice was improperly biased will be allowed to enter the quadrapole. At low striation 

frequencies the ion loss arising from this effect would be insignificant, but as the striation 

frequency approaches 100 kilohertz, a significant preference begins to develop towards 

one ion species as a result of the gate delay chosen. In the safest mode, where the 

gate is closed as soon as the striation voltage is detected and not opened until a fixed 

time after the striation voltage has subsided, as determined by the transit time of the 

slower neon ions, a continuous series of striations at or above 100 kilohertz would 

prevent any transmission of ions at all. 

21 



Ill. EXPERIMENTAL METHOD 

The intent of this experiment was to provide qualitative data on the relative 

concentration of the ion species present in a small bore helium-neon direct current 

discharge as a function of discharge parameters. To provide an understanding of the 

effect of the helium to neon neutral gas mixture ratio on the ion species concentrations, 

samples from the positive column of a de discharge were obtained at three different 

helium to neon ratios; 99% helium with 1% neon, 95% helium with 5% neon and 90% 

helium with 10% neon. This spread of mixture ratios encompassed the normal range of 

mixtures used in laser ring gyroscopes, providing applicability to the understanding of 

volume flow in these devices. To provide information on the effects of current and 

pressure, an attempt was also made to sample each mixture ratio at pressures from 1 to 

1 O Torr in 1 Torr increments and at 7 current values from 0.1 milliamp to 15 milliamps. 

These values also fell within the normal range of laser gyroscope operation and 

provided sufficient resolution to identify trend information with respect to variations in 

pressure and current. Unfortunately, it was not possible to obtain the full set of data 

desired due to experimental constraints. It is thus worthwhile to explore the reasons for 

the experimental shortcomings as a caution to future investigators and to provide a 

context for some of the results obtained. Additionally, a discussion is warranted 

regarding sources of error intrinsic to this use of mass spectroscopy for the 

determination of the on-axis plasma ion concentrations. 

A. SOURCES OF ERROR 

There are several sources of error intrinsic to this method of mass analysis. One 

key source of error is a mass dependency inherent in the ion extraction process due to 
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radial divergence of the ions as they leave the orifice, with the divergence being larger 

for lighter ions. Consequently a larger fraction of the extracted low mass ions will miss 

the enterance aperature of the quadrapole resulting in enhanced detection of heavier 

ions. Details of this process can be discussed by noting that for the jet of gas emanating 

from the orifice, the solid angle or "width" of the beam is determined by the ratio of the 

radial velocity of the ions in the quadrapole on-axis direction to the lateral velocity of the 

ions in the direction perpendicular quadrapole on-axis direction. The radial velocity is 

determined by any directed velocity obtained by the ion as it transits the sheath plus the 

component of it's thermal velocity in the quadrapole on-axis direction. The lateral 

velocity is determined by the component of the thermal velocity of the ion perpendicular 

to the quadrapole on-axis direction plus any component of the directed quadrapole on

axis velocity that has been converted to lateral velocity due to collisions. The resulting 

lateral velocity for a ion species is largely a function of it's mean free path for momentum 

transfer in the discharge tube, since the more collisions a species undergoes, the more 

randomized it's velocity becomes as it traverses the plasma and sheath . This mean free 

path for momentum transfer can be obtained from the collision frequency by 

L m= va /um, (16) 

where Lm is the mean free path for momentum transfer, va is the average velocity and 

um is the collision frequency for momentum transfer ( obtained from the positive column 

simulation developed by Ernie and Pekkar 22). At an estimated ion temperature of 

3200K and calculated collision frequencies for momentum transfer of 1.494 x 108 and. 

1.6095 x 107 for helium and neon respectively at 5 Torr, a comparison of Lm for helium 

and neon indicates that the neon ion mean free path for momentum transfer is 4.125 
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times as large as helium's. This would indicate that the jet of helium ions subtends a 

much larger solid angle then the jet of neon ions. Consequently, one might expect to 

lose a larger percentage of helium ions with respect to neon ions. However, a further 

complication arises due to the higher velocities obtained by the lighter He+ ions as they 

traverse the potential drop inherent in the sheath and the potential drop in the region 

between the orifice and the quadrapole (due to the biasing voltage applied to the 

quadrapole). This effect would result in a larger velocity for the lighter ions, leading to a 

mass discrimination favoring the detection of lighter ions over heavier ions. Since both 

effects are directly proportional to the ion mass, they tend to cancel. Although 

quantifiable analysis is difficult (requiring information on the electron temperature, sheath 

thickness and potential), it has been noted from past experience that the bias towards 

enhanced detection of heavier ions is small. Once inside the quadrapole these effects 

are eliminated by electrostatic lenses which collimate each species of ion for optimum 

transmission. 

The quadrapole and ion detector can also introduce mass dependent biases into 

the collected data. As ions transit through the quadrapole, those with a mass to charge 

ratio which corresponds to an unstable trajectory will diverge from the quadrapole 

centerline and collide with the quadrapole sides before they can exit and reach the 

detection apparatus, while those with a mass charge ratio corresponding to a stable 

trajectory will be detected. The resolution obtained by the quadrapole is dependent on 

the length of time it takes for the ion to transit the quadrapole. For a given entrance 

energy of the ions into the quadrapole, the heavier ions will be travelling slower and 

hence experience higher resolution and a lower transmission. Consequently, the mass' 

bias is proportional to the mass being detected and the length of the quadrapole. The 

relationship between the resolution and mass being detected is given by 23 
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M /AM= K/ T2 (17) 

where AM is the mass resolution at mass M, K is an empirically defined value for the 

device, and T is the transit time of the ions through the quadrapole. If needed, this mass 

discrimination effect can be corrected for by using standard quadrapole mass 

spectrometer calibration procedures. 

Ignoring any mass discrimination effect, one must also consider how well the 

detected ion fluxes reflect the actual ion concentrations in the positive column itself. Any 

interactions occuring after the ions have left the orifice and before detection at the 

electron multiplier may alter the type and number of ions detected. The mean free path 

in the vacuum chamber is a reasonable indicator of the likelihood of interaction in this 

region and can be approximated from Eq. (10). Since the highest background 

pressures obtained were 3.3 x 1 o-6 Torr when the discharge tube was pressurized to 1 o 

Torr, this equation yields a mean free path in excess of 30 meters for all the ion species 

of interest. Consequently the chance of interaction in the vacuum chamber is 

exceedingly small. 

However, the possibility of interactions caused by the nature and shape of the 

orifice must also be considered. Due to the small dimensions of the orifice, it was 

extremely difficult to accurately define a three dimensional characterization of the orifice 

shape. Fitzwilson and Chanin 17 expressly tested this possibility by comparing the 

results of two different orifice construction methods. Using an orifice produced by the 

scheme used in this experiment and a machined orifice of known shape and dimension, 

identical results were obtained, indicating a low sensitivity to orifice shape. 

A final consideration is the type of interactions occuring as the ions transit the 

sheath itself. This is a more problematic issue because of the number of unknowns 
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involved. To analyze this situation we would need to know the density of neutrals, 

metastables and charged particles in the sheath region, as well as their energy 

distributions. This information would then need to be used in a simulation of the 

interactions involved. Athough the neutral density can be determined, the metastabie 

density was unknown. The charged particle radial distribution has usually been modeled 

as a zero-order Bessel function shape, with an acceptably small deviation near the tube 

wall corresponding to the sheath. As discussed previously, the relatively large sheath 

with respect to the bulk plasma region in the small bore tubes may cause significant 

deviations from this charged particle radial distribution shape. For this reason the 

assumed distribution shapes may be inappropriate for this application. 

For these reasons, the experimental results obtained in this study are considered 

valid for demonstrating trend information, although caution should be exercised in relying 

on the accuracy of the absolute numbers contained herein. 

B. EXPERIMENTAL CONSTRAINTS 

Additional constraints and sources of error arose from the design of this 

apparatus and selection of components used in this experiment. The gas mixtures used 

were obtained from research grade premixed samples contained in sealed glass storage 

flasks. While commercially available samples of this sort are somewhat less pure than 

can be obtained utilizing catephoretic purification schemes ( i.e. obtaining the individual 

gases, using catephoresis to obtain purified single gas samples and then mixing the 

samples to obtain the desired gas ratios ), the small amount of contaminents involved 

are predominantly other noble gases and would not significantly interfere with the results . 

obtained. A far bigger issue was the vacuum integrity of vacuum chamber and 

discharge tube themselves. The use of teflon "O" rings in the construction of the 
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discharge tube presented some operational problems. Since the "O" rings were located 

in the bypass section of the discharge tube, it was improbable that hydrocarbon 

contamination might result from chemical decomposition of the "O" rings during 

operation of the discharge. However, the presence of the "O" rings did mean that the 

cleaning of the system would be limited to a bakeout of 1so0c . This lower bakeout 

temperature was chosen to prevent the localized heating of the "O" rings from 

approaching 300°c ( the temperature at which Teflon starts to degrade ). Normally; 

high vacuum systems are baked at higher temperatures ( 3oo0 c to 400°C) to minimize 

subsequent outgasing and the contamination that can result. The lower bakeout 

temperature prevented elimination of contaminents to the degree desired. An 

examination of mass spectra obtained at various pressure and mixture ratios ( figs. 4 

through 11 ) display the expected presence of He+ at an atomic mass of 4 amu, He2+ 

at an atomic mass of 8 amu, and Ne+ through it's two isotopes Ne20 + and Ne22 + at 

atomic mass 20 amu and 22 amu. The additional significant undesirable peaks are 

identified as follows; 

ion atomic mass 

H+ 1 

H2+ 2 

HeH+ 5 

c+ 12 

o+ 16 

OH+ 17 

H2O+ 18 

N2+ and co+ 28 
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Although, in absolute terms the amount of contaminents was relatively small after 

bakeout , they had a disproportionately large visibility in the ion spectra because their 

parent molecules have lower ionization energies than helium or neon atoms and hence 

are preferentially ionized. In general however, the contaminants have little overall effect 

on the measurement of the ion ratios of interest, since their peaks are distinct from the 

helium and neon peaks to be measured. The one notable exception is hydrogen, which 

probably results from the disassociation of water molecules. Atomic hydrogen binds to 

atomic helium producing the peak at the atomic mass 5 amu. There are three 

processes which contribute to the production of HeH+19: 

H2 + He2 + -➔ HeH+ + H + He 

H2 + Hem -➔ HeH+ + H 

H2 + He+ ➔ HeH+ + H 

(19) 

(20) 

(21) 

Reaction (20), which has a reaction rate at least ten times less than reactions (19) or 

(21) removes helium metastables, which might otherwise create He2 + through the 

reaction 

(22) 

Reaction (19) also reduces the rate of He2+ by tying it up directly in HeH+ production . 

Both of these processes are limited by the available density of hydrogen , and the , 

hydrogen density would have to be known both in order to calculate the total loss of 

He2 + due to these competing mechanisms. In fact, due to processes such as 
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He2+ + e -➔ 2Hem 

He2 + + e ➔ Hem + He 

(23) 

(24) 

which have high reaction rates ( k= 1 x 10-7 and 7 x 10-9 cm3/sec respectively), a 

feedback loop is formed which is very difficult to analyze without a complete simulation 

utilizing all the relevant reactions (of which only a few have been mentioned here). 

Additionally helium metastables and He2 + contribute to the production of Ne+ ions, 

which further complicates a detailed analysis of the effect hydrogen has on the relative 

ion ratios. However, since the hydrogen density can be assumed to have remained 

relatively stable throughout these measurements, the overall trend data is still valid, 

although the absolute values may contain small errors. 

As mentioned previously, the initial desire was to collect data from all three 

mixture ratios in 1 Torr increments from 1 to 10 Torr. In collecting the data, a problem 

developed for 95% helium-5% neon mixtures above 3 Torr, 90% helium-10% neon 

mixtures above 1 Torr and the 99% helium-1% neon mixture at 4 Torr. In these 

pressure and mixture ranges the discharge was characterized by large voltage 

fluctuations at the orifice of up to 50 volts. Additionally, the fluctuations (observed on an . 

oscilloscope) were extremely random in shape with frequencies extending above 100 

kilohertz. As previously discussed, due to the presence of at least two ions with 

significantly different masses and hence, transit times from the orifice to the quadrapole 

entrance, it was impossible to design an effective aperture detection and ion deflection 

system for voltage fluctuations at this high of frequency. The exact cause of these 

voltage fluctuations, which are higher in frequency than striations generally described in 

the literature, is not known. A study by Andrews and Allen20 indicated that obstructions 
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in the positive column create double sheaths that control the flow of charged particles. 

Phelps and Allen21 observed oscillations in double sheath plasmas, some of which 

operated up to one third the electron plasma frequency. This would equate to about 6 

Gigahertz in our experiment. It was speculated that these oscillations may be due to 

extreme electron temperature changes as the effective cross sectional area decreases 

near the obstruction, causing high wall losses and the accompanying high local electric 

field strength. It should be noted that in a similar manner the discharge tube used in this 

experiment should exhibit dramatic electron cooling as the electrons move from the 

small bore tube to the expanded region containing the cathode and anode, with the 

small bore tube playing the role of the obstruction. 

Another limitation that became evident during this study was the inability to obtain 

discharges at currents less than 2.5 milliamps. This was apparently caused by the 

structure of the cathode assembly, since when the voltage probe near the orifice was 

utilized as a cathode to produce a discharge in the discharge tube, currents down to .2 

milliamps were easily obtained. Normally, as current is changed in a discharge, the 

surface area of the cathode covered by the cathode glow changes in direct proportion to 

the change in current. In this experiment, as the glowing plasma from the positive 

column effused from the small bore portion of the discharge tube into the large bore 

cathode region, it appeared to spread out diffusely and no distinct cathode glow region 

was observed on the cathode itself, irregardless of the current. The reason for this 

behavior is currently unknown. 

C. DATA ANALYSIS 

Samples of typical ion mass spectra produced during this experiment are seen in 

figures 5, 7, 9, 11 and 13. These spectra cover a representative range of pressure, 
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current and mixture ratios. Each peak represents the number of ions detected during 

operation of the quadrapole at each mass to charge ratio ( the duration of the mass 

scan was kept constant for all spectra obtained ). The ordinate of the graphs were 

obtained directly from the MCS system and linearly display the number of ions detected 

at each charge to mass ratio. Although each peak could potentially contain some 

doubly ionized ions that have the same charge to mass ratio as a lighter singly ionized 

ion ( e.g. o++ has the same mass to charge ratio as He2+), the higher ionization 

potential for any doubly ionized ions precludes the production of all but a minute amount 

of such ions under the typical de discharge conditions occuring in this experiment. 

The data presented in Figs. 5, 7, 9, 11 and 13 have all been normalized to the 

He+ ion count, and hence represent the ion ratio between the species examined and 

He+ . This has been done to facilitate comparisons between the different operating 

· parameters of pressure, current and mixture ratio. A comparison of ion counts at 

different pressures reveals differences in total ion counts unrelated to changes in the 

actual concentrations of ions in the plasma. These differences in ion count arise for a 

number of reasons. At higher pressures the flux of ions to the wall ( and consequently 

out of the orifice ) decreases due to the decrease in ambipolar diffusion Da caused by 

increased collisions. This can be seen by noting that24 

(25) 

and noting that D+ = u+kTi , u+ = u0 [1 + A (E/P)]-1/2 , u0 and A are constants. In 

addition an increase in the pressure also contributes to divergence of ions from the , 

quadrapole on-axis direction. This is a result of collisions occuring in the sheath which 

randomize the ion direction as discussed previously. As the beam of ions diverges from 
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the quadrapole's on.axis direction, ions with too large a deviation will not be detected by 

failing to enter the quadrapole aperture or by exceeding the electrostatic lense's ability to 

correct for off axis velocities. 

The magnitude of the current in the discharge also has an effect on the total ion 

concentrations and hence, the detected ion counts. At higher currents there are more 

total ions present in the plasma to carry the current and, consequently, a greater flux of 

ions can be expected out of the orifice. 

The ion counts were therefore normalized to allow easy comparison of relative 

concentrations of different ions over a range of operating parameters. The spectra were 

normalized to He+ instead of another ion species for two reasons. First, as one of the 

dominant ion species, the higher ion count for He+ versus the ambient background 

noise maximized the signal to noise ratio. Second, since helium constituted the 

dominant neutral atoms, it was presumed that electron impact ionization would be a 

dominant production mechanism, varing over the range of operating parameters in a 

predictable way. 

Figures 6, 8, 10, 12 and 14 are reproductions of Figs 5, 7, 9, 11 and 13 with the 

ion counts given on a logarithmic scale. The purpose of this format is to accentuate the 

low count impurities. Examination of Figs. 6, 8 and 1 O ( for discharges at 1, 5 and 1 o 

Torr respectively ) indicates a decrease in the signal to noise ratio as the pressure 

increases. As previously discussed, the ion signal can be expected to decrease with 

increasing pressure. Assuming the background noise is relatively independent of 

discharge tube pressure, the result is a decrease in signal to noise ratio for increasing 

pressure. 

A comparison of the impurity peaks to the primary rare gas peaks in Figs. 6, 8 

and 1 o reveals an increase in the relative impurity signal as the pressure decreases. 
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This is a consequence of the fact that the electron temperature increases as the 

pressure decreases. Assuming a Maxwellian temperature distribution, the impurities are 

preferentially ionized at higher electron temperature because, along with their lower 

ionization potentials, there are significantly more electrons available with sufficient 

energy for impact ionization of the impurities than for the higher ionization potentials of 

helium and neon. 
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IV. RESULTS 

Figures 15 through 18 show the resulting variation of the Ne+ to He+ ratio as a 

function of discharge pressure for a 99% helium and 1 % neon mixture at four different 

discharge currents ( 2.5 mA, 5 mA, 10 mA and 15 mA ). An examination of these 

figures reveals an increase in the Ne+ to He+ ratio for increasing pressure. At pressures 

less than 5 Torr He+ is the predominant ion. From 5 Torr to 10 Torr Ne+ begins to 

predominate until it outnumbers He+ at 10 Torr by a factor of between six and forty 

times, depending on the discharge current. This observation can be qualitatively 

explained by noting that as the pressure increases, the mean free path for the electrons 

decreases. Consequently the energy they obtain between collisions decreases as well. 

This implies a decreasing electron temperature, which leads to a decrease in electron 

impact ionization rate. In contrast, the increased pressure leads directly to a larger 

number density of neutrals, increasing the ionization rate due to the higher number of 

collision targets. An approximate expression for the impact ionization rate can be 

derived from these concepts, assuming a maxwellian electron energy and single step 

ionization, yielding23 

vi= 4 (2 /TT)1/2 NA (k T0 )3l2/ m1/2 exp (-ei /k T0 ) [ 1+ (ei / 2kT0 )], (26) 

where vi is the ionization frequency, N is the neutral density of the species being ionized, 

A is an experimentally determined constant for the gas, Te is the electron temperature, 

m is the neutral mass of the species being ionized and ei is the ionization potential of the 
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species being ionized. Although measurements of the electron temperature have been 

made in pure noble gases 15, no data currently exists for the electron temperature in 

small bore helium-neon discharges, and questions exist concerning the applicability of 

the pure noble gas data to helium-neon mixtures. Utilizing the model for the positive 

column given by Pekkar and Ernie 22 and evaluating the Eq. (26) over the range from 1 

to 10 Torr, it is found that the ionization rate for helium decreases with increasing 

pressure as does the ionization rate for neon. The resulting ratio of the neon ionization 

rate to the helium ionization rate is found to increase with pressure. At 1 Torr this 

ionization rate ratio is calculated to be 0.017, increasing linearly to a value of 0.026 at 10 

Torr, for a 52% increase. However, this is much smaller than the order of magnitude 

increase in ionization ratio implied by the experimental data. Consequently, another 

mechanism for Ne+ ion production must be considered. 

One possible explanation results when considering the production of Ne+ by 

metastable reactions. If a primary production mechanism for neon ions is the interaction 

of metastables through 

Hem + Hem ➔ He2+ + e (28) 

He2+ + Ne --➔ Ne+ + 2 He (29) . 

then the density of metastables must be considered in our analysis. Both of these 

processes have. very large reaction rates, making them likely sources of Ne+. For 1 

Torr, the neutral density is 3.54 x 1022 particles per cubic meter, the plasma density was 

estimated at 7 x 1017 particles per cubic meter, with a metastable density on the order of , 

1 x 1019 per cubic meter22_ Since these numbers suggest only one in every one 

thousand molecules is a metastable, a metastable must undergo on average at least 
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1 o3 interactions before it meets another metastable and can complete reaction (28) 

above. In addition, for a mixture of two gases the mean free path for either type 

molecule can be determined by 18 

(27) 

where LA is the mean free path of molecules of type A, NA and dA are the density and 

radius of molecule A, Ns is the density of molecules of type B, dAB is the radius of 

molecule A plus the radius of molecule B, mA is the mass of molecule A and m8 is the 

mass of molecule B. Under the experimental conditions used, the mean free path for 

helium ranges from 1.5 x 10-1 millimeter ( at 1 Torr) to 6 x 10-3 millimeter (at 10 Torr). 

Consequently, for a tube radius of 1 millimeter and at lower pressures around 1 Torr, a 

metastable may not encounter another metastable before it loses it's energy to the 

discharge tube wall, since there are only about 6 mean free path lengths between the 

tube axis and the wall. Thus at low pressures where the mean free path is large, the 

production of neon ions through metastable interactions via reactions (28) and (29) 

would appear to be small. However, this production rate would increase with increasing 

pressure. Examination of Figs. 15 through 18 reveal a nonlinearly increasing ratio of 

Ne+ to He+ with increasing pressure. While these figures lend support to the stated 

hypothesis, the analysis is complicated by noting that He+ is the product of a decreasing 

ionization rate, as discussed above, and a production from metastables through the 

reaction 

Hem + Hem --➔ He+ + He + e . (30) 

However, the decrease in the mass peaks for He+ as pressure increases ( Figs. 5, 7, 9 
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and 11 ) implies that for He+ the dominant production mechanism is indeed electron 

impact ionization. 

Examination of the He2 + to He+ ratio lends some support to this hypothesis. 

Figures 19 through 22 display the resulting variation of the He2 + to He+ ratio as a 

function of pressure for a 99% helium-1 % neon mixture at the same four discharge 

currents as seen in Figs. 15-18 ( 2.5 mA, 5 mA, 10 mA and 15 mA ). These figures 

show that an increase in pressure results in a nonlinear increase in the ratio of He2 + ions 

to He+ ions. It is interesting to note that the shape of the curves is considerably more 

linear than those for the Ne+ to He+ ratio seen in Figs. 15-18. This could be explained 

by the fact that while He2 + is produced by the interaction of metastables through 

reaction (28), it then is utilized in the production of Ne+ ions through reaction (29). Thus, 

the increase in the He2 + density with increased pressure may not be as dramatic as 

those for Ne+, since the He2 + ions are being depleted to produce Ne+. To quantitatively 

determine the importance of these competing production mechanisms as a function of 

pressure would require a simulation incorporating many ion interactions and their 

associated reaction rates, along with an exact understanding of the dependence of 

electron temperature with pressure ( something that is beyond the scope of this study ). 

Figure 23 shows the ratio of Ne+ to He+ increasing as a function of pressure for 

a 95% helium-5% neon mixture at 5 mA. Although the trend is the same as that 

observed in the 99% helium-1 % neon case, the ratio increases at a faster rate and 

appears to be more linear (the reduction in the number of data points precludes a 

positive statement regarding the curves shape and rate of increase). While the increase 

in neutral neon in the 95% helium-5% neon mixture would decrease the production of , 

helium metastables slightly ( by decreasing the chance that an electron will impact a 

helium atom versus a neon atom ), the production of Ne+ should primarily increase in 
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direct proportion to the density of neutral neon atoms due to the availability of neon 

neutrals participating in He2 + mediated production reaction, Eq. (29). 

Figure 24 depicts the variation in He2 + to He+ ratio as a function of pressure in a 

95% helium-5% neon mixture at 5 mA. The ratio of He2 + to He+ is seen to increase with 

increasing pressure as in the case for a 99% helium-1% neon mixture; Normally, with 

an increase in neutral neon, a decrease in He2+ is expected since more of the He2+ is 

lost in production of Ne+ through reaction (29). A possible explanation is in a decrease 

of He+ due to decreased density of helium neutrals for impact ionization, yielding a 

smaller divisor in the He2 + to He+ ratio. An increase in neon neutrals should also lower 

the electron temperature since the neon atoms have a lower ionization potential than the 

helium atoms. Thus, neon effectively consumes more of the high energy electrons in 

the tail of the Maxwellian distribution, leaving fewer electrons with sufficient energy to 

ionize the helium. 

Figures 25 through 27 illustrate the variation in Ne+ to He+ ratio as a function of 

the neutral gas composition for 3 different gas mixtures (99% Helium-1 % Neon, 95% 

Helium-5% Neon and 90% Helium-10% Neon). Figure 25 and 26 are both for 1 Torr at 

currents of 5 mA and 10 mA respectively, while Fig. 27 is for 2 Torr at 2.5 mA. These 

graphs show an increasing ratio of Ne+ to He+ with higher concentrations of neon. This. 

probably reflects the increase in Ne+ produced through electron impact ionization from 

the increase in neutral neon density and, possibly, the decrease in He+ produced 

through electron impact ionization from the decrease in neutral helium density. Figures 

28 through 30 depict the change in He2 + to He+ ratio as a function of neutral gas 

composition for the same 3 mixtures used in figs. 25-27. Figure 28 depicts a non

monotomic change in the He2 + to He+ ratio as the percentage of neon in the neutral gas 

changes, with the ratio first increasing and then decreasing with increasing percentage 
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of neon. Figure 29 shows a monotonic decrease in the ratio of He2+ to Ne+ as the 

percentage of neon in the neutral gas increases. Figure 30 shows the ratio first 

increasing and then decreasing as the percentage of neon in the neutral gas increases. 

Since the production of He2 + is the product of several interactions between ions and 

metastables, the He2 + ion population may have a very complicated dependence on the 

density of neon neutrals. Any analysis attempting to explain the complex behavior 

observed in figs. 28 through 30 would require a simulation using the many relevant 

reaction processes and their associated reaction rates. Such a simulation is beyond the 

scope of this study. 

Figures 31 through 35 display the relationship between the Ne+ to He+ ratio and 

the discharge current for various discharge pressure and mixtures. These figures 

demonstrate no clearly definable trend. Simple models of de positive column discharges 

assume that the distribution of charged particles are largely independent of the azimuth 

position, and that the radial distribution of charged particles can be roughly modeled as a 

zero-order Bessel function independent of current. Consequently, while the overall 

density of charged particles may be higher at higher currents, the ratios of the relevant 

ions would not ordinarily be expected to change. Hence, the reason for the shape of the 

curves in Figs. 31 through 35 is not clearly understandable from the simple models. 

Similar results were obtained for He2 + data, although those graphs are not included. 
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V. CONCLUSIONS AND FUTURE STUDIES 

This experiment examined the ratio of the ion species present in the positive 

column of a small bore helium-neon de discharge in a bypass configuration. The ions 

were sampled by allowing a small flux of ions from the positive column to escape the 

discharge tube through a 40 micron orifice in the side of the discharge tube. The 

escaping ions were then mass analyzed by a quadrapole mass spectrometer. Ions 

succesfully transiting the quadrapole were detected by an electron multiplier and 

counted using an MCS system. The data was normalized to one of the ions present ( 

He+) and ratios of Ne+ and He2 + to He+ were examined as functions of pressure, 

current and helium to neon gas mixture ratio. Data was taken in a 99% helium-1% neon 

mixture at 1 Torr increments from 1 to 1 O Torr and with discharge currents of 2.5 mA, 5 

mA, 10 mA and 15 mA. In addition, samples were taken at several current and 

pressures for mixtures of 95% helium-5% neon and 90% helium-10% neon. 

These results showed that He+ is the dominant ion for low pressure discharges ( 

1 to 5 Torr), with Ne+ becoming the dominant ion at higher pressures ( 5 to 10 Torr). It 

was further determined that the Ne+ to He+ ratio increases with increased neon 

percentage of the neutral gas. Data with respect to variations in ion ratios versus 

current were inconclusive. These results indicate that He+ predominates and is 

produced through impact ionization at lower pressures. At higher pressures it is 

theorized that helium metastables reacting with the neutral neon produce Ne+ as the 

dominant ion in the positive column. 

The ratio of He2+ to He+ was also found to increase with increasing pressure. 

He2 + data were inconclusive for variations in the · He2 + to He+ ratio with respect to 
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increased percentage of neon in the neutral gas mixture and for current. Similar to the 

Ne+, it was theorized higher pressures facilitate the production of He2 + through 

metastable reactions. It was also noted that some of the He2 + is consumed in the 

production of Ne+, and so the increase in He2+ concentration with increasing pressure is 

more gradual than that seen in Ne+. 

An interpretation of the Ne+ and He2 + to He+ data with respect to variation in 

current await a future study as does the He2 + to He+ ratio with respect to variations in 

neutral gas mixture. Noting the design considerations which contributed to our inability 

to obtain the full set of data originally desired, a future study will hopefully provide a 

sufficient data base for resolving these puzzling relationships. 

Current simple models of small bore helium neon discharges such as that used 

by Pekkar and Emie22 assume a single ion species and presume electron impact 

ionization as the principle mechanism for the production of ions in the discharge. 

Additionally, the radially charged particle distribution has often been modelled as a zero 

order Bessel function. Clearly, this study has shown the first assumption to be incorrect. 

An evaluation of the evidence presented in this study also casts strong doubt on the 

second assumption. Furthermore, experimental evidence on electron temperature 

found in small bore discharges in pure noble gases indicates that the electron 

temperature can attain values almost an order of magnitude higher than those found in 

discharges characterized by a larger pressure-radius products. Although the electron 

temperature for small bore helium-neon discharges has not been measured, simulations 

indicate that an electron temperature of 100,000 °K is possible. At a more conservative 

value of 80,000 °K, over 12% of the electrons in a Maxwellian temperature distribution, 

have sufficient energy to ionize neon atoms, and a slightly smaller percentage are 

available for ionizing helium. The depletion of such a large number of high energy 
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electrons from the tail of the distribution brings into question the applicability of using a 

Maxwellian distribution for modeling the electrons in small bore helium-neon discharges, 

as is typically done. 

These results suggest several areas for further investigation. First, the variation 

of electron temperature with pressure needs to be determined for helium-neon mixtures. 

Although data has been obtained for pure noble gases in small bore discharges, data 

specific to helium-neon discharges may show considerable variation from the pure gas 

case. Second, a more complex model of the de positive column incorporating the 

relevant reactions and associated rates should be studied. A necessary prerequisite to 

this exercise would be either experimental or theoretical data predicting the density of 

helium metastables produced through electron impact in the discharge. Finally, many of 

the models developed for calculating reaction rates from the predicted electron 

temperature dependence assume a Maxwellian energy distribution for the electrons. 

Small bore helium-neon discharges, with their high electron temperatures and relatively 

low ionization potentials, bring into question whether a Maxwellian distribution adequately 

characterizes the electron energy distribution. The investigations suggested above 

would provide a more comprehensive basis for explaining the experimental results this 

study has produced. 
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(normalized to He+) 
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Ne+ ion count vs current 
for 99% He-1% Ne @ 2 Torr 

(normalized to He+) 
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Ne+ ion count vs. current 
for 99% He-1% Ne @ 5 Torr 

(normalized to He+) 
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Ne+ ion count vs. current 
for 99% He-1% He @ 9 Torr 

(normalized to He+) 
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Ne+ ion count vs. current 
for 95% He-5% Ne @ 2 Torr 

(normalized to He+) 
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Ne+ ion count vs. current 
for 90% He-10% Ne @ 1 Torr 

{normalized to He+) 
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