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GAS RATIO AND PRESSURE EFFECTS ON THE 6328 
TRANSITION OF THE HELIUM -NEON GAS LASER 

INTRODUCTION 

The intent of this paper is to investigate the mechanisms and 

processes which link variations in total pressure and gas mixture 

ratios to the output power of the He -Ne gaseous laser. Attempts 

are made to correlate the findings with published data. 

Continuous lasing action in the visible region of the spectrum 

(6328 R) was first achieved by White and Rigden with a d. c. - excited 

He -Ne gas laser (27). The discharge tube was filled with a 10:1 

mixture of helium and neon at a total pressure of two torr. Since 

that time some work has been done with the He -Ne gas laser and the 

effects of gas mixture and total pressure on the optimal power output 

of this visible transition (22). 

After three years of study and many varied experimental 

results it was finally concluded by Mielenz and Nefflen that general 

rules for optimal lasing action as functions of total pressure and gas 

mixture were too difficult to establish (13). Mielenz and Nefflen, 

along with other authors currently studying gas lasers, have made 

no attempt to qualitatively explain the connections between pressure 

variations and output power; even though most of their data is 

somewhat consistent, considering the variety of discharge tubes 

Á 
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used in their experiments. 

The purpose of this thesis is not to attempt to establish the 

general rules which govern pressure variations and laser output but 

to explain why pressure and output power are linked in the manner 

that they are. Many of the conclusions need not be limited to just 

the helium -neon system but may be applied to many of the two -gas 

lasers. 
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THE HELIUM -NEON GAS LASER 

Overall Description of System 

All gaseous lasers consist essentially of two separate systems 

which together act as an oscillator. The combination is made up of 

the physical construction of the lasing system and the active medium 

contained in this physical system. 

The active medium is gaseous. This medium interacts with 

all frequencies of electromagnetic radiation but may absorb only 

certain discrete frequencies which are dependent on the medium. 

This gaseous medium is usually, but need not be, a mixture of two 

or more gases. A single -gas laser has been demonstrated, but the 

lasing action is extremely difficult to obtain (15). Predominant 

among laser media used is the two -gas system. In such a mixture, 

one of the gases produces the output oscillation while the other gas 

stores energy from the electrical power supply. This stored energy 

is transferred to the oscillating gas as required. 

Both of the gases may acquire energy by collisional processes 

occuring between the gas atoms and electrons as well as by collisions 

occuring between the two separate gas atoms. A collision is said to 

have taken place when any physical change can be detected after the 

distance between the two colliding particles has been first decreased 
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and then increased. Physical changes of the two colliding particles 

include angular deflection, kinetic energy and momentum changes, 

and internal energy changes in the two colliding particles (7, p. 3). 

The rate at which collisions occur is described by the collision 

frequency, which is the number of detectable collisions per unit 

time and has the dimensions of sec-1. 

The medium under consideration will be a large collection of 

gas atoms. This collection of atoms will be distributed in various 

energy levels with the relative population of each level dependent 

on the temperature of the system. The distribution within the energy 

levels will be maintained constant if the collection stays in thermal 

equilibrium. If a photon (a quantum of electromagnetic radiation) 

with the proper frequency enters this collection of gas atoms and is 

annihilated (absorbed), the atom with which the photon interacts will 

absorb the energy of the photon and translate to a higher energy 

state. The original distribution of the atoms is disturbed and tends 

to return itself to thermal equilibrium by returning the excited atom 

back to its original energy state. When the atom does return to its 

original state, a photon of the original frequency is radiated away 

from the atom. This absorption -emission process is known as 

f 1 o u r e s c e n c e and t h e translation of the atom from one energy 

state to the other accompanied by a photon change is defined to be an 

optical transition. A transition between energy states does not 
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have to be an optical transition. The excited particle can collide 

with another particle or the wall of the container and lose its energy. 

When the probability of spontaneous emission is much smaller 

than the probability of stimulated emission, the probability that an 

atom in a lower level will be excited to an upper level by an incident 

photon is equal to the probability that an atom in the upper level will 

be stimulated to emit and fall to a lower level by an incident photon. 

In order for a medium to be used to produce gain, the number of 

atoms in the upper level must be larger than in the lower level; so 

that more photons are emitted to than are absorbed from the incident 

radiation. 

These processes will be discussed in full detail later. 

The helium -neon gas laser consists of a glass or quartz 

discharge tube with external mirrors for the end reflectors. These 

end mirrors are concave in shape. Concave mirrors proved much 

easier to align, because the tolerance of alignment for lasing action 

is much larger than for plane mirrors. The mirrors are placed 

normal to the central axis of the discharge tube. When external 

mirrors are used, the discharge tube is normally terminated with 

end plates or windows placed at an angle known as the Brewster 

angle. This Brewster window terminates the discharge tube in such 

a way that no reflected light will result from light scattering at the 

end interface. Without the window placed at the Brewster angle, 



6 

losses might be too great for the laser to operate. 

A voltage applied between the electrodes of a discharge tube 

will produce a field in the discharge tube. Ionization of the gas will 

result if the field strength is large enough to cause the gas to break 

down. With free ions and electrons present in the gas, there results 

a discharge current in the tube. A gaseous discharge can be created 

by eigher d. c. or r. f. excitation. If the excitation is d. c. , the 

electrodes producing the discharge are internal to the tube. With 

r. f. excitation, the electrodes are generally spaced at equal intervals 

on the outside of the tube with all adjacent electrodes having opposite 

polarity. When the excitation is d. c. , there is a tendency for the 

ions of the two gases to drift towards the cathode, which produces a 

gas mixture which is not uniformly distributed throughout the dis- 

charge tube. The cathode of a d. c. - excited gas laser is often 

heated to provide an abundant supply of electrons to help sustain the 

discharge. 

Although the dimensions of gas laser discharge tubes which 

have been used vary over a large range, the tubes are somewhat 

consistent in their shape. Figure 1 shows the general shapes used 

for discharge tubes with internal and external electrodes. 
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.`&11%%..11" 11.... .Sill 

Brewster 
Angle 
Window 

(a) 

Figure 1. Discharge tubes showing external and internal 
electrodes. (a) external electrodes with r. f. 
excitation (b) internal electrodes with d. c. 
excitation. 

Dependence of Lasing Action on Energy and Matter 

Much literature concerning the process by which nearly 

coherent and monochromatic radiation is produced by a gas laser, 

an acronym for Light Amplification by Stimulated Emission of Radia- 

tion, has been published recently; therefore the entire process will 

just be summarized. This summation will cover all the mechanisms 

of the lasing action. Those segments of the process which are 

affected by pressure variations will be discussed later in greater 

detail. 
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The Helium -Neon Mixture 

In the helium -neon system, the gas which produces the useful 

radiation gain is neon; while helium acts to excite the neon atoms to 

those levels from which the radiation occurs. The operation of a 

gaseous laser can best be understood with the use of partial energy - 

level diagrams of helium and neon. The diagrams appear in Figure 

2. It should be noted that the standard spectroscopic notation is 

used to denote the energy levels of helium while the Paschen nota- 

tion is used to designate the energy levels of neon. This notation 

will be used throughout this paper and is consistent with all present 

gaseous laser literature. 

When a discharge is established in a helium -neon mixture by 

application of voltages between the electrodes, the free electrons 

and ions produced in the discharge are accelerated by the electric 

field. Since increase in velocity from a constant electric field is 

inversely proportional to the mass of the particle being accelerated 
dv (F /m = a = 
dt ), the low mass electrons gain a greater velocity per 

unit time than do the high mass ions. The motion of the ions relative 

to that of the electrons will, therefore, be considered negligible when 

computing collision frequencies. Since the atoms which are not 

ionized are not accelerated by the electric field, their relative 
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velocities can also be neglected. However, for some later proc- 

esses, thermal motion will have to be considered. 

In a discharge in two gases, the accelerated electrons collide 

with all the different types of gas atoms (excited, unexcited, and 

ions). The collision of an electron with a gas atom can be of two 

types. The most prevalent collision is the elastic collision in which 

a small amount of the kinetic energy of the electron is transferred 

to the gas atom in the form of kinetic energy. Of more importance 

to the helium -neon laser are the inelastic collisions in which the 

kinetic energy of the electron is transferred to the colliding particle 

in the form of internal energy. 

Consider the inelastic collisions of moving electrons and 

ground state helium atoms. Assuming that the average electron 

energy is sufficient to excite any of the helium levels, inelastic 

collisions then result in a variety of energy states being excited. 

This should not be interpreted as meaning that all collisions between 

moving electrons and ground state atoms result in internal excitation 

of all the atoms. The probability that an inelastic collision will 

result when energetic electrons and ground state atoms collide is 

much smaller than the probability that elastic collisions will result. 

The population density of the excited (but not ionized) atoms will 

therefore be much smaller than that of the ground state atoms. 
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Helium Metastable Atoms 

After the discharge is established, the helium ions and atoms 

will be redistributed in allowable energy levels in a new equilibrium 

distribution. When an ion combines with an electron, the excited 

atom can cascade to the lower energy levels by emissive resonant 

and optical transitions. Some of these atoms will cascade to the 

ground state while others will be caught in the metastable levels, 

which are long -lived energy states. The lifetimes of the metastable 

states in a pure helium discharge are primarily governed by the 

collisions of the atoms with the walls of the discharge tube; since 

resonance transitions of these states to ground state are prohibited 

by the selection rules of quantum mechanics. These metastables 

may also be de- excited by collisions with slow electrons. The ions 

in the discharge will be replenished as fast as they recombine 

with electrons and the ground state levels will be populated by emit- 

ting atoms and depopulated by ionization. The equilibrium distri- 

bution is shifted from that just described by the effect of inelastic 

energy transfer from collisions with other particles, primarily 

electrons. 

The helium metastable atoms can lose their internal energy 

by collisions with other particles. If an excited helium atom 
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collides with a neon ground state atom, an inelastic collision may 

result, with the helium metastable atom losing its internal energy 

to the neon atom. Due to the near -energy coincidence of the 21S 
1S 

helium metastable and the 3s neon energy levels, most of the 21S 
15 

helium atoms raise the neon atoms in the ground state to the 3s 

levels when the inelastic collision occurs. In collisions of this 

type, even though the helium metastable may excite any neon level 

below the energy level of the helium metastable, the probability of 

energy transfer is greatest for those energy levels which lie closest 

in energy to the helium metastable. The larger probability of 

internal energy transfer when two colliding particles have a nearly 

coincident energy level results because a minimum of energy remains 

to be transformed into kinetic energy (19, p. 22). Inelastic colli- 

sions between helium metastables and neon ground state atoms will 

result in an excitation of that neon energy level which converts the 

1 

least metastable internal energy to neon kinetic energy. The 21S 

metastables will, therefore, primarily excite the 3s neon levels 

while the 23S metastables will primarily excite the 2s neon levels. 

Population Inversion in Neon 

In the discharge tube before a discharge has been established, 

the neon atoms are distributed in energy levels according to a 

distribution dependent on the ambient temperature of the system. 
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When the number of atoms excited to the 2s and 3s neon levels is 

enhanced by inelastic collisions, the most critical point in the lasing 

process has been reached. The possibility of population inversion 

between the various energy levels of the neon excited states exists. 

As discussed previously, when atoms change energy levels, 

photons can either be absorbed or emitted depending on the direction 

of the radiative transition. The frequency of this emitted or 

absorbed radiation is given by 

AE v- h 
(2. 1) 

where A E is the energy difference between the energy levels of the 

transition and h is Planck's constant. 

A large collection of atoms in thermal equilibrium with the sur- 

roundings will have its atoms occupy energy levels according to the 

Boltzmann distribution. If N1 and N2 are the populations of the 

energy states with energies El and E2 respectively, then the 

Boltzmann distribution is 

N2 

N1 
= 

-(E2 - El) 

E kT 

where k is the Boltzmann constant and T is the absolute 

(2. 2) 

temperature of the system. This distribution states that there are 
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always more atoms at the lower energy levels than at the higher 

levels. Equilibrium requires that the average population of these 

energy states remain constant with time. Individual atoms in any 

energy state can, however, continually change energy levels by 

either emitting or absorbing photons of the frequency given by 

equation (2.1). 

There are two types of radiative transitions by which an 

excited atom can go from a higher energy level to a lower level. 

These are spontaneous transitions and stimulated transitions. In 

the spontaneous transition, the photon is emitted randomly independ- 

ent of any forcing radiation field. Stimulated emission of photons 

results when an electromagnetic field of frequency v interacts 

with an atom in an upper energy state whose lower energy level lies 

by below that of the upper level. The incoming energy then stimu- 

lates the emission of a photon in phase with that energy which 

stimulated the transition to the lower level. 

If a collection of excited atoms could somehow be produced 

such that there were more atoms in the upper energy levels than 

there were in the lower energy levels, then the emission of photons 

would be more prevalent than the absorption of photons when acted 

on by incident photons. Amplification of photons of the proper fre- 

quency will result. The inversions of the populations of the lower 

and upper energy levels of neon in the helium -neon system is 
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necessary for amplification. 

Excited States of Neon 

Both the 3s3 and 3s5 neon levels are effectively long -lived 

since they are not optically connected to the ground state and are 

considered metastable. The 3s2 and 3s4 neon levels are optically 

connected to the ground state and are short -lived. If the appropriate 

gas pressures, temperatures, and enclosure geometry are used, 

then these resonant ultraviolet transitions may be trapped (see 

Appendix IV). This resonant trapping can make the 3s2 and 3s4 

neon levels effectively long -lived and these levels can be considered 

quasi -metastable. If these neon 3s states can be produced faster 

than they are destroyed by wall and electron collisions or cascade 

down to the lower levels, then a population inversion can result. In 

particular there will result an inversion between the 3s and 2p neon 

levels. In order to insure population inversion of these states, the 

3s levels must not only be excited faster than they cascade down to 

the 2p levels, but care should be taken to prevent the 2p energy 

levels from becoming populated by other means of excitation, such 

as excitation by electron collisions. Assuming that a population 

inversion does exist, there will be a larger than normal continual 

production of spontaneous emitted photons between the levels for 

which a population inversion exists. 
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The radiation of the spontaneous emission is given off in 

random directions. Most of this radiation is lost through the walls 

of the discharge tube, but that which is directed down the axis of 

the discharge tube will be reflected back into the tube by the external, 

concave mirrors. The stimulation of emission then amplifies this 

reflected photon, and this process continues as long as a discharge 

current is maintained. The lasing process is now complete. 

Possible Effects of Pressure Variations 

Concentrating on the effects of pressure variations and gas 

mixtures on the output power will require much greater detail than 

that given above but will limit the discussion to only those segments 

of the lasing process which are directly affected by these variations. 

Both the production and destruction of the helium metastable 

atoms (both 21S and 23S) as well as the neon metastable states are 

pressure dependent. The collision transfer rate from the helium 

metastables to the neon upper laser level is dependent on the gas 

mixture ratio. Population inversion between the various neon levels 

is dependent on both total gas pressure and the gas mixture ratio 

since the population of the lower laser level is dependent on 

pressure. An analysis of those mechanisms relating these pressure 

variations to the above processes will be discussed in chapters III 

and IV. 
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HELIUM METASTABLE ATOMS 

The population inversion of the 3s and 2p neon energy levels is 

difficult to accomplish without the energy transfer from the helium 

21S metastable atoms to the neon 3s energy levels (28). This trans- 

fer of helium metastable internal energy to neon internal energy is 

accomplished by resonance energy transfer collisions. The rate of 

production, the lifetime, the total populations of both the 21S and 

23S helium metastables, and the rates of destruction of these helium 

metastable atoms are therefore critical to the lasing process and 

to the output power of the laser. Pressure variations will affect 

these segments of the helium metastable atoms' role in the lasing 

action. 

Production of Helium Metastable Atoms 

The helium 21S metastable is 20. 65 ev above the ground state 

while the 23S metastable is at 19.8 ev. These metastable states 

cannot be directly excited from the ground state by radiation of the 

proper frequency since a direct radiative transition from a singlet 

ground state is forbidden (11, p. 3 -19). Helium atoms may arrive 

at these states by inelastic collisions with excited electrons of the 

necessary energy to raise them to that level. These metastable 

states may also be produced by optical transitions from higher 
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energy levels which are excited by electron collisions. An energy 

level diagram with those energy levels which populate the metastable 

levels by optical transitions is shown in Figure 3. Notice that the 

transition probabilities for the transitions from the singlet p levels 

to the 21S metastable level are much smaller than those probabilities 

from these levels to the ground state helium (11S). If the effective 

lifetimes of the singlet p helium states are increased by radiation 

trapping (see Appendix IV), then the production rate of the helium 

21S metastable level by optical transitions from the singlet p states 

may become substantial. Very little data concerning the production 

of the 21S metastable levels by optical transitions is available so 

that no definite conclusions may be drawn concerning the relative 

effects of production of helium 21S metastables by optical transitions. 

At pressures greater than one torr (see Appendix IV) all the resonant 

transitions from the helium singlet p states are trapped so that 

resonant trapping does effect the production of the helium 21S level. 

The relative production rates of helium 21S by electron collisions 

and optical transitions cannot be predicted from the data available. 

If the primary means of metastable production is to be from 

inelastic collisions with electrons, then it is evident from Figure 3 

that it is necessary that the energy of the collision electrons be 

greater than 19.8 ev. 

In order to describe the electron -helium collision process, 
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an approximation must now be made due to the complex nature of a 

two -gas system. It will be assumed that the density of the gas is 

the same throughout the discharge tube and that the two types of gas 

atoms are uniformily distributed. The collision frequency of the 

electrons with ground state helium atoms which produce helium 

metastable atoms (7, p. 7) can then be given by 

V = o n n v (sec-1- cm-3) 
e e e 2 a 

where va = average velocity of the electrons 

ne = population density of the electrons 

(3. 1) 

n2 = population density of ground state helium atoms 

6 = average collision cross section of the process. 
e 

The average collision cross section can be interpreted as being 

the probability that when an electron of sufficient energy collides 

with a ground state helium atom the collision will result in internal 

energy transfer between the electron and the helium atom. 

Assuming that the discharge current in the tube is made up 

entirely of a swarm of electrons of density n, then n 
e 

can be kept 

constant by maintaining the same discharge current at all times. 

The percentage of electrons capable of exciting some energy 

level is dependent on the average electron energy in the discharge. 

Both n2 and va are dependent on the total gas pressure in the 

a 

e 



discharge tube. If p is the total gas pressure in the discharge tube 

in torr, then the gas population density is given by (7, p. 8) 

n = 3.24 x 1016p (cm 3) 

21 

(3.2) 

The average velocity of an electron can be directly related to 

the total gas pressure in the discharge tube. The increase in the 

velocity is proportional to the electric field strength and the time 

that this field strength acts on the electron (F L t = m Av ). 
e a 

The 

time that the electron is acted upon by the field is considered to be 

the time between the collisions in which the electron gives up its 

energy and returns to its original velocity. This time is inversely 

proportional to the density of the gas since there will be more 

collisions per unit time if the gas atoms are spaced closer together. 

The average velocity v 
a 

is then inversely proportional to the total 

gas pressure in the discharge tube. Since n2 is directly proportional 

and v 
a 

is inversely proportional to gas pressure, the pressure effects 

on collision frequency must to a first approximation only be those 

relating v to pressure. The average collision cross section v 
e e 

is dependent on average electron energy (W) which in turn is pres- 

sure dependent. The dependence of v on W is not one easily put 
e 

into equation form and must be determined experimentally for all 

different types of collisions. Labuda and Gordon have experimentally 

found the average electron energy as a function of total gas pressure 
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in a helium -neon discharge system with a 5 :1 gas ratio and a five mm 

inside diameter discharge tube (10). Their results, which were 

obtained by microwave measurements, appear in Figure 5. Average 

electron energy was found not to be a function of gas mixture ratio 

but only of total gas pressure. 

Figure 5 should not be interpreted as meaning that there exists 

a definite electron energy for some discrete gas pressure. It has 

been found that in the helium -neon system at the normal operating 

pressures that the electrons distribute themselves very nearly 

according to the Maxwellian distribution; while at higher pressures 

there is some deviation from the Maxwellian distribution for the 

higher electron energies (23). The Maxwellian velocity distribution 

(18, p. 24 -27) is used to compute the percentage of electrons having 

energies greater than some given energy. This distribution of 

energies appears in Figure 6. Figure 6 is used to determine the 

percentages of electrons with energies greater than some given 

average energy assuming constant field strength; these percentages 

appear in Figure 5 for various electron energies. It is evident from 

Figures 2, 5, and 6 that for all the operating gas pressures of the 

helium -neon system there exist electrons capable of producing any 

of the higher energy levels of helium or neon through inelastic 

collisions. For different pressures, the probabilities of production 

of the various higher energy states is certainly not the same. 
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observations should be made from Figure 4. The first is that for 

all pressures, most electron collisions only result in a slight 

increase in kinetic energy of the helium or neon atoms due to the 

much larger cross section for the elastic collisions than the inelastic 

collisions. Notice that below 16 ev no excited states can be pro- 

duced and only elastic collisions and deexcitation collisions occur. 

From Figure 5 it is evident (assuming constant field strength) that at 

higher pressures there exist very few electrons (10% at four torr) 

with energies above 19 ev. At high pressures the probability of 

excitation of the helium metastable is lower and therefore the 

probability of the occurence of lasing action is smaller than when 

lower pressures are used. Figure 4 shows that the probabilities of 

production by inelastic collisions of the 21S and 23S helium meta- 

stable atoms are equal within an order of magnitude for all electron 

energies. At electron energies above 25 ev there is of course the 

tendency of the electrons to produce ions of both gases as well as 

excited atoms of the higher energy levels. The probability of pro- 

ducing singlet p helium energy levels by electron collisions is 

greater than that of producing the triplet p levels which leads to a 

higher population of the 21S helium metastable than of the 23S meta- 

stable; since the singlet p energy levels populate the 21S metastable 

level through optical cascading while the triplet p levels populate 

the 23S level of helium. 
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2 
Using equation (3. 1), the relation 2W = m 

e 
v r , and the fact that 

v r = 1.09 va; the collision frequency per cubic centimeter for produc- 

tion of helium metastable atoms becomes 

- i 

ve n 
1.7 W -1 -1 -3) 

e e 
n 

2 
6 (sec -1 -1 cm 

e m 
e 

Figure 7 shows the electron density (n ) 
e 

as a function of discharge 

current in a five mm inside diameter discharge tube (10). At a 

discharge current of 50 ma. , the electron density from Figure 7 will 

(3. 3) 

be 1.2 x 1011cm 3. It has been shown that W is largely independent 

of the discharge current (24) but is very dependent on the total gas 

pressure. For a helium partial pressure of 2 torr, the helium gas 

density n2 will be 6.48 x 1016cm -3. At this pressure the average 

electron energy is about 11 ev but from Figures 5 and 6 it is evident 

that about 13% of the electrons have energies capable of exciting the 

helium metastables. The average collision cross section for electron 

excitation of the helium 21S metastable is about 8 x 10 -18cm2 (12). 

Using the above values in equation (3. 3), a value of 

4.9 x 1017 sec -1 - cm -3 is obtained for the electron - helium 21S 

level excitation frequency. 

A typical equilibrum density of the helium 21S metastable 

atoms has been found to be 2.5 x 1011cm 3 (24). If the destruction 

frequency of the helium 21S metastable atoms is less than 

a 

- 
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25 50 75 100 

Discharge current (ma) 

Figure 7. Electron density versus discharge current in a 
5 mm diameter tube with a 5:1 helium -neon 
mixture. Redrawn from (10). 

4.9 x 1017 sec -1 - cm -3, then the equilibrum density of these 

helium metastables will be reached very quickly. The modes and 

rates of destruction of these helium metastable atoms must there- 

fore be considered. 

Destruction of Helium Metastable Atoms 

The mode of primary concern by which the helium metastable 

21S population density is depleted in the helium -neon laser is the 

resonance transfer collisions with ground state neon atoms. This 

process is represented by 

i 

o 
t 1 t 1 



29 

He(21S) + Ne -He + Ne(3s) + AE 

where tE is the energy difference of the helium metastable state 

and the 3s energy levels of neon. This energy tE may be trans- 

formed into kinetic energy of the colliding atoms which may increase 

the velocities of either the neon or helium atoms. For this inelastic 

collision between helium metastables and neon ground state atoms, 

the energy difference is so small that it can be neglected. 

Helium metastable atoms and neon ground state atoms 

collide with a frequency (12, p. 155) given by 

r12 = 2Nn6 2r RT( M + 
M 

) (sec 1- cm -3) 
1 M2 (3.4) 

where N = population density of the helium metastable atoms 

n = population density of the neon ground state atoms 

M1 = molecular weight of helium 

M2 = molecular weight of neon 

R = universal gas constant 

T = absolute temperature of the system 

o 
2 

= average collision cross section for the process. 

The collision cross section for the above process is 4 x 10 -16cm2 

(4). At present it will be assumed that the helium metastable atoms 

have reached their equilibrum density. Then for a neon partial 

I 
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pressure of 0.25 torr (n = 0. 81 x 1016 cm -3), the production 

frequency (see Appendix I) of the neon 3s levels is 

3.5 x 1017 sec -1 - cm -3. From equation (3.4) it is evident that the 

production frequency of the 3s neon levels is a linear function of 

neon partial pressure (related through n) assuming that there are 

always enough helium 21S metastables available to populate these 

levels. This linear relationship (assuming that the temperature of 

the system remains constant and that the equilibrum density of the 

helium metastables is approximately the same for the pressures 

considered) can be put into equation form. If p ne is the partial 

pressure in torr of the neon in the discharge tube, then the produc- 

tion frequency of the 3s neon levels is (from equation (3.4)) 

v12 = 1.4 x 1018pne (sec-1 - cm-3) (3. 5) 

There are four 3s energy levels of neon but for reasons not well 

understood (22) the level predominately excited by helium metastable 

collisions is the 3s2 energy level. The excitation frequency v12 

will therefore be considered the excitation frequency of the 3s2 neon 

level only. 

If destruction by neon ground state atoms is only considered, 

the lifetime of the helium 21S metastable is inversly proportional to 

the neon partial pressure; since the rate of destruction of helium 

metastable is directly proportional to neon pressure. The time 
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constant (that time required for the metastable population density 

to become 1/E of its initial value assuming no reproduction of these 

metastables) for this inelastic collision process is given by (as 

calculated in Appendix II) 

Tm = 0.2 x 10 
6 sec./p ne 

(3.6) 

The time constant associated with the reverse process (des- 

truction of neon 3s2 atoms by collisions with ground state helium 

atoms) can be related to the partial pressures of the two gases and 

the energy difference between the metastable helium state and the 

neon 3s2 state. Thus the time constant for the reverse process 

can be given by (see Appendix II) 

-DE 
kT 

pne Tm' =Tm( )e 
phe 

(3. 7) 

At 300o K and AE = 0.05 ev, the exponential factor is approximately 

1/6. For a partial pressure ratio of 9:1, the time constant of the 

reverse process is at most 1/50 that of the forward process. This 

means that the reverse process occurs 50 times faster than the 

forward process, which implies that the 3s2 neon population density 

is at most 1/50 that of the helium 21S metastable population density. 

This fraction of neon 3s2 density is only a function of the gas 

mixture ratio (25). 
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Destruction of the helium metastables by collisions with 

ground state neon atoms is not the only means by which the meta- 

stable density can be depleted. The 21S helium atoms (16) may be 

converted into 23S helium metastable atoms by the reaction 

He(21S) + e - He(23S) + e + 0. 79 ev. 

The left hand side of the above reaction is a super -elastic collision 

(part of the internal energy of the helium metastable is transformed 

into electron kinetic energy) with slow electrons with energies below 

5 ev. Above electron energies of 5 ev the collision cross section 

of the above process becomes essentially zero. Below electron 

energies of 5 ev the average cross section (16) is 3.0 x 10-14 cm2, 

which is quite large compared with the average cross sections of the 

processes previously mentioned. Using equation (3. 3) with an 

average electron energy of 5 ev, the collision frequency for the 

conversion of 21S helium atoms to 23S metastable atoms is 

1.2 x 1015 sec -1 - cm -3. This is assuming that all the collision 

electrons have an average energy of 5 ev. At these operating 

pressures it is evident from Figures 5 and 6 that only a small 

fraction of the total electron population have energies of 5 ev and 

below. Notice from Figure 4 that at these low electron energies 

there is the possibility that both the metastable states of helium 

may be deexcited to ground state by giving up all their internal 
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energy to collision electrons. It can be assumed then that at low 

pressures these destruction collisions can be neglected but at higher 

pressures where lower energy electrons are more prevalent, this 

type of collision is important to the lifetime of the helium meta - 

stables. 

Other modes of metastable destruction do exist but are 

negligible due to their small collision cross section and the small 

range of electron collision energies for which these reactions may 

occur. Among these reactions (4, 5, 16) are: 

He(21S) + 2He- He2(21 E) + He 

He(21S) + He(21S or 23S)- He + He+ + electron 

The collision cross sections for the above reactions is between 

10 -20cm2 and 10 
-21cm2 

which result in destruction frequencies of 

helium metastables of the order of 106 sec -1 - cm 3. There is not 

any pressure variation for these reactions for discharge currents 

less than one ma. (16). 

As mentioned previously, the lifetime of the helium meta- 

stable is partially determined by the rate of helium atom diffusion 

to the walls of the discharge tube. The rate of diffusion is depend- 

ent on the total wall area per cubic centimeter volume. The 

measure of this diffusion rate is given by a diffusion coefficient (D) 

which varies for the different metastables of the various gases. 
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The number of destructive wall collisions per unit area is the 

product of the diffusion coefficient and the gas density. Phelps (16) 

has found this product of diffusion coefficient and helium atom 

density to be 1.5 x 1019 (cm2 /sec) (atom /cc) at 300o K. For a total 

gas pressure of one torr (n = 3.24 x 1016cm -3), the diffusion 

coefficient becomes 4. 63 x 102cm2 /sec. If the inside diameter of 

the discharge tube is five mm, then the destructive wall area for 

one cubic centimeter is 8.0 cm2. This gives a wall destruction 

frequency for the helium 21S metastable of 3.70 x 103 sec -1 - cm -3. 

This is quite small compared with the other modes of destruction at 

intermediate pressures and can therefore be neglected as a primary 

source of destruction. Notice that the destruction wall area per 

unit volume is inversely proportional to the radius of the discharge 

tube while the diffusion coefficient is inversely proportional to the 

number of atoms per unit volume. This indicates that there is some 

combination of pressure and tube radius which would insure an 

optimal helium metastable lifetime and a minimal destruction 

frequency. 

The dependence of helium metastable production and destruc- 

tion on pressure variations can be summarized as follows: 

1. At low pressures the energetic electrons will ionize the 

helium ground state atoms or excite them to levels higher 

than the metastable levels. 



35 

Z. At intermediate pressures the probability of metastable 

production is higher than for other pressures so that more 

metastable atoms will be produced. The destruction of 

helium metastables at intermediate pressures is relatively 

small. 

3. At high pressures (low electron average energy) there is 

relatively little metastable production since most electrons 

do not have sufficient energy to excite the ground state 

helium to the metastable level. Destruction of metastable 

population by slow electrons is more prevelent at higher 

pressures. 
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THE EXCITED NEON STATES 

Spontaneous and Stimulated Emission Rates 

Since the population inversion process which produces the 

6328 X transition is dependent on the relative populations of the 3s2 

and 2p4 neon energy states, the lifetimes and transition probabilities 

of the neon levels is important. Denoting (ll,p. 3 -19) the upper 

laser level as 3 and the lower level as 2, the total probability that 

the transition 3 2 will occur per unit time for a single atom is 

P32 = A32 
+ uvB32 

where u 
v 

is the radiation density (Watts /cm2) at frequency y 

(4.1) 

corresponding to the 6328 X wavelength. A32 is the spontaneous 

transition probability and B32 is the stimulated transition probability. 

If an incident photon stimulates the 2 3 transition in an atom, the 

probability of this transition is 

P23 = uvB23 (4. 2) 

The A's and B's of equations (4.1) and (4.2) are known as the 

Einstein coefficients and, if no degeneracy of energy levels exists, 

are related by (ll,p. 3 -19) 

--- 



B32 
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(4. 3) 

Combining equations (4. 1) and (4.2) with the results of equation 

(4. 3) will give the total transition probabilities for the 2 3 and 

3 2 transitions in terms of one of the Einstein coefficients. These 

probabilities are 

P23 - uvB32 P32 = (8Trhv3 /c 3 + uv) 
B32 

(4. 4) 

Notice that the probability for the downward transition is always 

greater than that of the upward transition and that both of these 

probabilities are linear functions of the radiation density. If the 

radiation density is much larger than 8Trhv3 /c3 (8Trhv3 /c3 = 

6.55 x 10 -14 @ 6328 R) then the population densities of the two laser 

levels will tend to be equal when only interaction between photons 

and a collection of atoms occurs. 

Assuming that a population inversion exists, the number of 

downward transitions exceeds that of the upward transitions; since 

the number of transitions is proportional to the population density 

and the probability of the transition. It will be assumed throughout 

this chapter that the radiation density of the incoming light is large 

enough to insure that the total probabilities of the forward and 

reverse transitions are equal. The number of radiative transitions 

-- 
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will be considered entirely dependent on the populations of the two 

laser levels. 

Upper and Lower Level Population Densities 

For a partial pressure ratio of 9:1, the upper laser level 

population density (neon 3s2) can be at most 150 that of the helium 

metastable density (See Appendix II). Assuming that the helium 

metastable 21S population density reaches an equilibrium density of 

2.5 x 1011cm -3, the density of the neon 3s2 atoms will not exceed 

5 x 109cm -3. This density is time independent since the production 

frequency is very large (3.5 x 1017 sec -1) and the helium density 

which produces the neon 3s2 by inelastic collisions 

is constant with time. The lower level population density must be 

kept as small as possible to insure population inversion. The rate 

of production of the lower laser level relative to the rate of deple- 

tion of the upper laser level is therefore critical to the population 

inversion process. 

An analysis of these production and destruction rates necessary 

to insure population inversion has been given for a two gas system 

by Basov and Krokhin (2). A detailed description of their analysis 

appears in Appendix III. 

If it is assumed that the population densities of the helium 

metastable atoms, the neon 3s2 atoms, and the 2p4 neon atoms have 
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reached a steady state value, it is proposed that a criterion for 

sustained population inversion be given by an equation of the form 

UX > Y (see equation (4) of appendix III) where U = 813 /tba. 

1/013 is the rate of excitation of the neon upper laser level by 

electron collisions and l /tba is the rate of resonant transfer of 

energy to the neon by inelastic collisions with helium metastables. 

X and Y, using equation (4) of appendix III, are defined as 

where 

X = 821( ,T l - T ) N1 E-E2/kr -1 
2 32 N2 

E3-E2 
y = lE kT 

) + 1 - E 

3 2 32 

(4 5) 

E3-E2 
3 2 

k T (4. 6) 

N1 = Population density of helium ground state atoms 

N2 = Population density of helium 21S metastable atoms 

E3 = Energy level of the neon 3s2 energy state 

E2 = Energy level of the neon 2p4 energy state 

1/831= Rate of neon 3s2 destruction by electron collisions 

1/821 Rate of neon 2p4 destruction by electron collisions 

1/T3 = Total transition rate from neon 3s2 arising from 

all sources other than electron collisions 

(essentially the radiative lifetime of this state) 

1/T2 = Total transition rate from neon 2p4 arising from 

all sources other than electron collisions 

(essentially the radiative lifetime of this state) 

- 021(T - T 

- 
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= Transition rate from neon 3s2 to neon 2p4 by 

radiative transition. 

The approximations which must be made to establish the relation 

UX > Y as valid (see appendix III) are: 

1. The excitation rate from the lower laser level to the upper 

laser level by electron collisions is very small compared 

to the excitation rate of the upper laser level resulting 

from resonant transfer excitation of neon ground state 

atoms by collisions with helium metastable atoms. 

2. The population density of the neon ground state atoms is 

much larger than the population density of the neon 2p4 

states. 

3. The energy distribution of the electrons in the discharge 

is Maxwellian. 

4. The transition rate of de- excitation of the 3s2 neon levels 

to the 2p4 neon level by electron collisions is much 

smaller than the radiative transition rate. 

5. The transition rate of de- excitation of the 3s2 neon level 

to ground state is approximately equal to the total transi- 

tion rate of the de- excitation of neon 3s2 by electron 

collisions. Resonance trapping of the 3s2 level is assumed. 

U may be considered to be the rate at which neon 3s2 atoms are 

1/132 
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excited by the helium metastable atoms. 

The inequality UX > Y has different meanings in the different 

regions of the variables 021(1/T2 - 1/T32) and 031/`3. The 

ranges of these variables are divided by two straight lines into four 

regions, the equations of these lines are obtained by equating X and 

Y to zero. This results in the four regions which appear in Figure 

8. The regions in Figure 8 are labeled according to the relative 

magnitudes (> 0 or < 0) of X and Y. The probability of population 

inversion is extremely small in the regions to the left of the vertical 

line in Figure 8 since the inequality cannot hold in region IV, and 

increasing the excitation rate (U) will impede the formation of a 

population inversion in region III. In region I, since X > 0 and 

Y < 0, the inequality UX > Y will hold for all values of U (U is 

always > 0) so that a population inversion may result without 

excitation by helium. In region II both X and Y are greater than 

zero so that excitation of the upper laser level by helium at some 

rate U is required to satisfy the inequality UX > Y. Population 

inversion in region II will exist only if helium is present and the 

excitation rate of the neon is large enough to satisfy UX > Y. 

Figure 8 shows that as 1/T is decreased (keeping 021 and 

1/T32 constant), it is possible to enter regions III and IV in which 

the probability of population inversion becomes very small. 1/`T 

(the transition rate of the lower laser level) can be affected by a 
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Figure 8. The diagram of Basov and Krokhin showing equations 
(4.5) and (4. 6) as functions of transition rates. 
Redrawn from (2). 

process known as radiation trapping. Radiation trapping (19, p. 

18-27, 28) occurs if the neon 1 s metastable population (the neon 1 s 

levels are the primary means of de- excitation by radiative transi- 

tions from the 2p4 neon levels) becomes too high and the 2p is 

transitions re- excite is levels back up to the 2p neon levels. This 

process tends to increase the lifetime of the 2p neon states, which 

in turn decreases the transition rate 1 /T2. It is necessary, 

- 
1 2 



43 

therefore, to destroy the is neon metastables so that radiation 

trapping does not occur. The neon is metastables, like the helium 

metastables, can be destroyed by collisions with the walls of the 

discharge tube. The rate of diffusion to the walls by the metastables 

is inversely proportional to the density of the gas atoms in the 

container; so that if radiation trapping is to be prevented the total 

gas pressure must not become too high. 

High pressures also result in relatively smaller average 

electron energies. These slower electrons tend to excite the is 

and 2p neon level which increases the population density of the 

lower laser level and the effective lifetimes of the 2p neon levels. 

Collisions between is neon atoms and slow electrons may result in 

de- excitation of the is neon atoms which would decrease the 

probability of radiation trapping occuring. 
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population density of the lower laser level 

frequency of the oscillation 

incremental length through which radiation travels 

T1 = transition rate from the upper laser level to the lower 

laser level, with incident monochromatic radiation 

Ku 
v 

, where K is the effective transition probability 

at the frequency v 

11 

Replacing ri with Ku 
v 

in equation (5. 1) results in 

(duv )+ = hv (n2-n1)dzKuv (5. 2) 

Consider only the attenuation of this monochromatic radiation 

as it travels the same length dz. If a represents the total loss 

occuring for a beam traveling some distance L, then the radiation 

density as a function of distance (z) is u = u exp(- a /L)z, where 
v vo 

u is the radiation density at z =- O. The differential decrease 
vo 

du /dz is then u (- a /L)exp( -a /L)z which is ( -a /L)u . The 
v vo v 

decrease in the radiation density while traveling an incremental 

length dz,, is then 

(du 
v 

) = (-a/L)u dz 
v 

The total differential change in the radiation density is the 

( 5. 3 ) 

sum of the differential increase and the differential decrease, that is 

v 
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du = (du l+ + (du 
y) v v v 

(5. 4) 

Using equations (5.2) and (5. 3) in equation (5. 4) results in 

du /dz = [ hv(n2 - nl)K- a /L ] uy (5. 5) 

The solution to equation (5. 5) is 

u = uvoexp {z[ hv(n2 - nl)K - a/L] } (5. 6) 

The gain per pass is u /u ; vo 

gain /pass = exp {z[ by (n2 - nl)K - a /L)} (5. 7) 

From equation (5. 7) it is evident that for the gain per pass to be 

greater than one, the exponential factor must be greater than zero. 

This demands that 

hv(n2 - nl)K - a/L > 0 (5.8) 

From equation (5. 8), the requirement for sustaining oscillation in 

a discharge tube by stimulated emission is 

hv(n2 - nl)K> a/L 

which simply states that the incremental gain must exceed the 

average incremental loss. Equation (5. 9) is the criterion for 

sustained oscillation; while the criterion necessary to obtain a 

population inversion is given in Figure 8. 

9) 

V 

V 
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Since most data is presented in terms of relative power out- 

put, the relationship between relative powers and change in popula- 

tion densities is required. Knowing that the power output is propor- 

tional to the gain per pass and using equation (5. 7), the relationship 

between some measured power (P1) and some population difference 

(D1 = n2 - n1), is then 

P1 = Kéxp(AD1-B) (5. 10) 

and for some power P2 at some population difference D2 the relation- 

ship is 

P2 = Kéxp(AD2 - B) (5.11) 

where K, A, and B are constants. Relative power is P 2/P1 so that 

P2/P1 = exp(A(D2 - D1)) 

or, taking the log 
e 

of both sides 

(5. 12) 

Loge(P2/P1) = A(D2 - D1) (5. 13) 

The conclusion to be drawn from this section is that the differences 

in the population densities of the upper and lower laser levels is 

logarithmically proportional to the relative powers measured at 

these population differences. 
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For a population inversion to exist in a mixture of two gases, 

the transition rates and population densities must be in some proper 

proportion (2) so as to be in region II of Figure 8. Under normal 

operating pressures, the rate of neon 3s2 destruction by electron 

collision (1/031) will be relatively small compared to the total 

transition rate (1 /T3) of the neon 3s2 arising from all sources other 

than electron collisions. The ratio 031/T3, therefore, will always 

be large enough to insure that population inversion will not be 

dependent on 031/T3. 

The approximate criterion for population inversion, if only 

variations along the abscissa of Figure 8 are considered (see 

appendix II), is 
-E2 

021( r ,rl 
) > N1 kT 

- 1 

2 32 N2 
(5. 14) 

The product of the exponential factor (see appendix I) and the density 

ratio is very nearly zero. Relation (5. 14) can then be written 

approximately as 

621( lr ,r ) >- 1 

2 32 

which requires that 

(5. 15 

(5.16) 1 1 

a21 T 
> 

2 1-32 
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Since the lower level destruction rate by electron collisions (1/021) 

is generally much smaller than the total transition rate arising 

from all other sources (1 /T2), the inequality (5.16) can be written 

1 - > 

T1 T2 
T32 

(5.17) 

Relation (5. 17) states that if the effective transition rate per atom 

(1 /T2) from the lower laser level is not larger than the effective 

transition rate from the upper laser level to the lower laser level 

(I /T32) then a population inversion cannot exist. The radiative 

transition rate (radiation trapping present) of the 2p4 to is neon 

transition is approximately 108sec -1 while the transition rate of the 

3s2 to 2p4 transition is about 107sec -1 (27). It is evident then that 

a population inversion between the 3s2 and 2p4 neon levels can exist. 

Selective excitation of the upper laser level is still, however, 

required to produce the population inversion. 

The transition rate 1 /T2 can be affected by radiation trapping 

as discussed earlier. If radiation trapping re- excites the is neon 

atoms back to the 2p levels, the lifetime of the 2p neon levels will 

increase and hence decrease the transition rate of the lower laser 

level. This re- excitation of the lower laser levels may occur at 

such a high rate that inequality (5.17) is no longer satisfied and the 

population inversion will not exist. 

- 
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Assuming that the transition rates of equation (5.17) are 

satisfied, including the effect of radiation trapping, it is still 

necessary to prevent the over -population of the lower laser level. 

Direct excitation of the neon levels by electron collisions can occur 

and this inelastic excitation is less discriminant than that of the 

resonant transfer excitation by helium metastables (28). The cross 

section for the excitation of the 2p neon levels by means of electron 

collisions with the 1 s neon atoms is much larger than the collision 

cross section of excitation of the 3s neon levels (19, p. 18 -27). 

Inelastic collisions with helium metastable atoms provides the neon 

with a discriminant means of excitation of the upper laser level. 

Since the cross section for excitation of the lower laser level by 

electron collisions is larger than the cross section of the upper 

laser level, the relative population density of neon compared to 

that of helium should be kept small in order to insure that the 

selective excitation of the upper laser level is not exceeded by 

excitation of the lower level by electron collisions. If the relative 

population densities of the two gases becomes too small, production 

of the lower level will exceed the production of the upper level and 

a population inversion will be prevented. 

From the previous discussions, some predictions about the 

behavior of the output power as the total gas pressure is varied can 

be made. If the gas ratio is held constant and the total pressure, 
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varied the output power should be dependent on the pressure at which 

the lasing action is occuring. At low pressures the average velocity 

of the electrons will be relatively large. The electrons, upon col- 

lisions with the helium and neon atoms, will predominantly excite 

these atoms to the ionization levels. If ions of helium are produced 

instead of helium metastable and resonance trapping of the helium 

singlet p states may not be complete and will therefore radiate to 

the groung state and not to the metastable level, a reduction in the 

excitation rate of the neon atoms by helium metastables will result. 

Low pressures should therefore be avoided. At low neon partial 

pressures, the density of these atoms will be less than at higher 

pressures, so that the possibility arises that a beam of light passed 

through the mixture, even though a population inversion may exist, 

will not be amplified enough by stimulated emission through inter- 

actions with excited neon atoms to overcome the losses of the 

system and lasing action will not occur. As the pressure is 

increased, the condition for population inversion and for the gain 

to exceed the loss become more favorable. The energies of the 

electrons will become smaller than at low pressures; so that the 

relative probability for metastable production becomes greater. 

At these intermediate pressures the destruction of the helium meta - 

stables and the neon laser levels by electron collisions are minimal 

as compared to higher pressures. It is expected, therefore, that as 
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the pressure is increased the relative output power will also 

increase. At higher pressures, however, radiation trapping of the 

lower laser level and destruction of the helium metastables by slow 

electrons will tend to decrease the population inversion and thereby 

decrease the output power. Also, at higher pressures, the effect 

of pressure broadening results in an increase in the width of the 

atomic resonance line which effectively reduces the gain per pass 

by decreasing the number of atoms which absorb radiation at some 

frequency v 
0 

. The number of times a photon is reinforced by 

stimulated emissions as it passes through the discharge tube is 

then decreased by the effect of pressure broadening. The conclusion 

from the above discussion is that at relatively low and high pres- 

sures, the power output will be less than at some intermediate 

pressure for a given discharge tube under the same operating 

conditions. Some experimental data is available to demonstrate 

these conclusions and will be presented and analyzed briefly. 

The relative output power of an r. f. excited helium -neon 

gaseous laser was measured as a function of total gas pressure, 

tube diameters, and partial pressure ratios by Mielenz and Nefflen 

(13). Their results are summarized in Figure 9. They also noted 

that the data obtained for a d. c. excited tube was the same as when 

the same tube was r. f. excited with the internal electrodes. 

Several observations should be made from Figure 9. Notice 
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Figure 9. Relative output power versus total gas pressure 
for different gas mixtures and tube diameters. 
Redrawn from (13). 
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that for a given tube the relative power output is much more depend- 

ent on the total gas pressure than it is on the partial pressures. 

The relative peak output powers for the three mm tube are the 

same for all the partial pressures while for the five mm tube this 

is not the case. As the total pressure is increased, the higher 

partial pressure mixtures have a larger operating range than does 

the 4:1 mixture. Since no data was given for partial pressures less 

than 4:1, it is suspected that no oscillation could be produced for 

these lower partial pressures. 

As noted previously, the higher partial pressures will sustain 

oscillations up to higher total pressures. This indicates that at 

high pressures (low electron average energies) the excitation of the 

lower laser level by collisions with low energy electrons exceeds 

the population rate of the upper level for the lower mixture ratios 

(higher percentage of neon present). At low mixture ratios and 

high total pressures the occurence of radiation trapping of the is 

neon levels exists, which reduces the power output. 

Gordon and White (24), on the basis of experimental results 

(these results and the conditions under which the experiment was 

conducted were not published), have proposed that the pressure at 

which optimal power will occur in a helium -neon system can be 

given by 

pd = 2.9 to 3.66 torr -mm (5.18) 
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where p is the total pressure and d is the inside diameter of the 

discharge tube. It was also proposed on the basis of their experi- 

ments that the optimal power output will result when a partial 

pressure of 5 :1 was used. 

From Figure 9 it is evident that the 5 :1 gas ratio for the five 

mm tube of Mielenz and Nefflen does not give optimal lasing condi- 

tions and that for the three mm tube no conclusion can be drawn 

since the optimal power is not dependent on the gas mixture ratio. 

If equation (5.18) is used to compute the pressure at which the 

optimum power output will occur for the five mm tube and a gas 

ratio of 9:1, the curve for this case should peak up at 0.58 torr 

but the data gives a value of two torr. Although these quantitative 

answers are not consistent with equation (5.18), the data presented 

in Figure 9 does show a decrease in the pressure at which the peak 

power occurs as the diameter of the discharge tube is increased. 

Smith (19) has proposed that for a tube of a given length, L, 

the maximum incremental gain (the largest possible gain per pass 

which may result) is given by 

Gm = 3.0 x 10-4L1d (d in mm). (5. 19) 

Equation (5.19) predicts a gain increase (for a 4:1 ratio) of 1.67 as 

the tube diameter is decreased from five mm to three mm, whereas 

Figure 9 shows for the 4:1 ratio at 1.5 torr an increase of 5.5 in 

the relative output power (the relative output power is proportional 

m 
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to the gain per pass). Again the quantitative answers do not agree 

exactly with equation (5.19) but the data does show an increase in the 

relative power output as the diameter is decreased. Equation (5.19) 

does not give a limit for the diameter variations so that for small 

tube diameters it is possible that the effective radius of radiation 

trapping (see Appendix IV) may play an important role in the power 

output for small diameter discharge tubes. 

The inconsistencies resulting from using equations obtained 

from experimental results signifies that not all the variables are 

being considered when these equations are proposed. Certainly 

the losses resulting from the tube and the mirrors were not the 

same for the above experimental procedures. Placement of the 

electrodes and the actual physical shape of the discharge tubes was 

probably not the same so that different field patterns existed in the 

different discharge tubes if the shape and placement of the electrodes 

was quite different. These differences in experimental results 

indicate the need for more work to be done in this field with the 

final objective being a set of equations which could predict the power 

variations for gas lasers in general and not just one tube from which 

some data has been obtained. 
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SUMMARY 

Several processes have been considered as having an effect on 

the relative power output of the 6328 R neon transition. Among these 

are helium metastable production by electron collisions and by optical 

transitions due to resonant radiation trapping of the singlet p states, 

resonant energy transfer from the helium metastable atoms to the 

neon ground state atoms, trapping of the ultraviolet transition from 

neon 3s2 to ground state, and over - population of the lower laser level 

by various means. 

Radiation trapping of the various transitions seems to be a pre- 

dominant factor and involves most of the processes listed above. 

The 3s2 neon level would not be quasi -metastable without the effect of 

radiation trapping and a population inversion would generally not be 

possible. The lower laser level may be populated by radiation trap- 

ping of the 2p4 -ls transition and the probability of a population inver- 

sion would be decreased. If optical transitions are to be a predomi- 

nant mode of production of the helium metastables, then radiation 

trapping of the singlet p helium levels must increase the effective 

lifetimes of these states and thereby overcome the high transition 

probabilities of these singlet p states to the ground state. 

Average electron energy (approximately inversely proportional 

to the pressure in the discharge tube if the field strength is held 
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constant) determines the number of electrons having energies 

capable of producing a particular energy level by inelastic collisions 

between the electrons and ground state atoms. Low average electron 

energies will prevent a large production rate of helium meta stables 

by inelastic collisions but can deplete the metastable population 

density by collisions between slow electrons and the metastable s. 

These low electron average energies may also populate the lower 

levels of neon which might upset the population inversion. High 

average electron energies (low pressures at which the probability of 

radiation trapping is lower than at higher pressures) will result in 

an ionization of both gases and a tendency for a lower production 

rate of helium metastable atoms. 

From the above remarks it is suggested that there exists some 

pressure range at which the production rates of helium metastable 

atoms and neon 3s2 atoms is greater than at either higher or lower 

pressures and that for some pressure range there is a minimal pro- 

duction rate of the lower laser level. 

The data presented agrees qualitatively with the above conclu- 

sions and is somewhat consistent with some of the general laws pro- 

posed by various authors from data which they have collected. Since 

so many variables are involved in a lasing system of this type, it 

should not be expected that the laws derived by other authors from 
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their observed data be applied to give quantitative answers; but that 

these laws just predict a trend in the output power as pressure is 

varied. 
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APPENDIX I 

Sample Calculations 

Collision Frequency for Helium Metastable and Neon Ground State 
Atoms 

The collision frequency of inelastic collisions between helium 

21S metastable atoms and ground state neon atoms is given by 

v21 = 2Nn6 
e 

21rRT(1/M1 + 1/M2) (sec-1- cm-3) (1) 

N = population density of helium metastable atoms 

n = population density of neon ground state atoms 

6 
e 

= average collision cross section of the process 

(4 x 10- 16cm +2) 

R = universal gas constant (8. 317 x 107 erg /(gm- mole) -oK) 

T = temperature at which the above process occurs, assume 

300oK 

M1 = molecular weight of helium (4) 

M2 = molecular weight of neon (20) 

Assuming the helium metastable population to be saturated, N will 

be 2. 5 x 1011cm -3 . The population density of neon, n, is related 

to the partial pressure of neon through equation (3. 2). If neon's 

partial pressure is 0. 25 torr, then n = 0. 81 x 1016cm -3 . 

Using the above values in equation (1), the collision frequency 



is 

64 

v= 2(2. 5x 1011)(0. 81 x 1016)(4x 10-16)(2(3. 14)(8. 3 x 107)(300)(6/20))2 

v = 3. 5 x 1017 sec icm -3. 

Calculation of N1 /N2 exp(- E2 /kT) in Equation 5. 4) 

The term N1 /N2 exp(- E2 /kT) in equation (5. 4) is calculated 

using the values of 

N1 population density of helium atoms at one torr 

(3.24 x 1016cm-3) 

N2 saturated population density of the helium metastable 

(2. 5 x lO11cm-3) 

E2 energy of the lower laser level (18 ev or 2. 88 x 10- 18.oules) 

k Boltzmann's constant (1.38 x 10-23 joule /molecule -oK) 

T temperature of the exciting electrons (assume 104 °K) 

N1 /N2 is approximately 105, while the exponent of "e" is -208. 

208-90 
, so that the product of N1 /N2 and exp(- E2 /kT) is 

essentially zero. 

e 
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APPENDIX II 

Time Constant Calculation and Derivation 

The time constant for the decay of helim 21S due to the inelas- 

tic collisions between helium metastable and neon ground state is to 

be calculated. The reverse process will also be considered. 

The time constant of a process will be defined as that time 

measured from t = 0 for which the population density of the initial 

colliding particle decays to a value of 1/e that of its initial value 

assuming that there are no means of production of these particles. 

Assume an initial population density of the helium 21S meta- 

stable of M 
0 

and that the only means of metastable destruction is by 

inelastic collisions with neon ground state atoms. The differential 

equation governing destruction by neon ground state atoms is 

dM( t) / dt = v21 

where v21 is the collision frequency for the above process and is 

given by 

(1) 

v21 = 2M(t)n6mI 2rRT(1/M1 + 1/M2)(sec-1- cm.3) (2) 

N 

where M(t) is the population density of the helium metastable at 

some time t and the other terms are defined as in Appendix I. The 
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right hand side of equation (2) can be written as k'Q M(t) where k' is m 

some constant. The differential equation becomes 

dM(t) /dt + k'M(t)o- = 0 (3) 

The solution of equation (3) is 

M(t) = M E 

-k l o mt 
o 

(4) 

The time constant (Tm) for which M(t) is 1/E that of Mo is deter - 

mined by equating k'o- mT m to 1. That is 

T mk'o-m = 1 or Tm = 1/k'crm (5) 

The value of k' is dependent on the partial pressure of neon and is 

related by 

k' = 2(3.24 x 1016 
e 

2TrRT(1 /M1 + 1 /M2) (6) 

Using values given in Appendix I the value of k' becomes 

k' = 1.4x 10 
22 

p 
ne 

With a collision cross section of 4 x 10-16 cm2, a value of ko- 

is obtained. 

k'6 = 5. 6 x 106p 
ne (sec-1) 

(7) 

m 
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Using this value in equation (5), the time constant for this process is 

T = 0. 2 x 10 6 sec -1 /p ne 

The time constant for the reverse process (Tm') is not so 

easily calculated since the population density of the neon 3 s2 

(8) 

level is depleted by other means than just collisions with ground 

state helium atoms. The method of detailed balancing permits the 

calculation of the time constant of the reverse process in terms of 

the time constant of the forward process. The principle of detailed 

balancing states that the transition probabilities for some process 

and its reverse are equal (7). In a system of two gases where the 

population densities of any two energy states is not related through 

some distribution, a model for this two -gas system must be derived. 

Assume that the helium -neon system can be represented by 

what is known as a pseudo -molecule. The energy states in this 

pseudo -molecule can be represented by any of the energy levels 

of the two gases but the population densities of these energy levels 

must be proportionally the same that they are in the actual two -gas 

system. The pseudo -molecule for the helium -neon system must 

contain energy levels of the same energies of the helium 21S meta- 

stable and neon 3s2 state. In the pseudo -molecule, state 1 will 

represent the helium 21S metastable level while state 2 will repre- 

sent that of the neon 3s2 energy level. o- will be the cross 
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section of the forward process (1 -2) ands will be the cross 

section for the reverse process (2 -0-1). Assuming that there are no 

energy levels in helium or neon which have exactly the same energy 

that the 21S helium metastable or the neon 3s2 energy state do, then 

the principle of detained balancing requires that 

f2 

fl (9) 

where f2 and f1 are the population densities of the neon 3s2 atoms 

and helium 21S metastable atoms respectively. 

If the helium -neon system is in thermal equilibrium with its 

surrounds, then the atoms of both gases will distribute themselves 

in energy states according to the Boltzmann distribution. The 

Boltzmann distribution is 

N 

- (Ea - Eb) 

a kT 
= E 

Nb 
(10) 

where Na and Nb are the population densities with energies Ea and 

Eb. If Na is the population density of the helium metastable and Nb 

is the population density of the ground state (Eb = 0), then Na in 

terms of Nb and Ea is 

a- 

At- 
v 
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-Ea 

Na = 
kT 

The population density of the neon 3s2 energy levels can be related 

to that of the ground state neon atoms in a similar manner; if N 
c 

is the population density of neon 3s2 atoms and Nd is the population 

density of the neon ground state atoms, then 

-E 
c 

Nc = NdE 
kT 

(12) 

where Ec is the energy of the neon 3s2 level relative to ground 

(Ed = 0). Nb and Nd are directly proportional the partial pressures 

of the helium and neon respectively and are related by equation (3. 2). 

Since the population densities of the ground state atoms of both gases 

is approximately 105 times as large as the metastable or excited 

states, then the population densities of these two gases are given by 

Nb = (3.24 x 1016)phe (cm 3) 

Nd = (3. (3.24 x 1016)prie (cm-3) 

(13) 

(14) 

The population densities of the helium metastable atoms and neon 

3s2 atoms can be written (combining equation (11) and (12) with 

(13) and (14) ) 

Nb 



-E /kT 
Na = (3.24 x 1016)phe E 

a 

Nc = (3.24 x 1016)prieE 
-E/kT 

70 

(1 5) 

(16) 

Equating Na to f1 and Nb to f2 and using equation (9), the ratio of 

cross sections of the forward and reverse processes is 

o- 

41- 
v 

(3, 24 x 101 )".peE-EckT 
= pne E 

-(Ec - Ea)/kT 

(3.24 x 1016) E 

-Ea/kT phe 
phe 

Using equation (5) to relate cross section to the time constant gives 

T m 1 1 
and T'm - (18) 

k'v k' cr 

Equating the cross section ratio and the time constants of equation 

(18) will then relate the time constants to the partial pressures by 

Tm' = 

Tm 
6 = pne 

o- phe 

- (Ec - Ea) /kT 

Equation (19) appears in essentially this form as equation (4. 8). 

(19) 

c 

) ( 

= 

c a 
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APPENDIX III 

Criteria for Population Inversion 

The process by which the upper laser level is populated through 

excitation by resonance energy transfer from metastable atoms is 

outlined here. This process was developed by Basov and Krokhin (2) 

and will be presented for a general case. 

The two gases are distinguished by the letters a and b. The 

atoms of the gas in which the population inversion is to take place have 

three relevant energy levels: E1 = 0, the ground state, E2, and 

E3. Gas b has two relevant energy levels, E1 = 0 and E3. The 

near -coincidence of the level three energy is essential for the 

resonance transfer. 

The rate of change of the number of atoms of gas a in level 

E3 is 

dN3a 
= Nla(e 1 + t1 ) - N3a(el + tl + r ) 

dt 13 b a 3 ab 3 

(1) 

where N3a and Nia are the population densities of gas a that are in 

energy levels E3 and El, respectively. 1/013 is the rate of excita- 

tion from level El to level E3 by electron collisions, 1 /tab is the 

rate of resonance energy transfer and equals N3b6 bav(N3b is the 
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population density of gas b in level three, o- is the average collision 

cross section, and v is the average relative velocity of the collision). 

1 /tba is the rate of the reverse process. 1/03 is the total transition 

from level E3 resulting from electron collisions and 1 /T3 is the total 

transition from level E3 arising from the remaining relaxation pro- 

cesses and is essentially the radiative lifetime of this transition. 

The rate of change of the number of atoms in energy level 

E2 is 

dN2a 

dt 
a 

- -glá + N ( + -g 
1 

) - N2a (g- + -r ) ( 2) 
12 32 32 2 2 

where 1/012 is the rate of excitation of this level by electrons and 

1/6 is the rate for the reverse process. 1/032 is the transition 

rate from level E3 to level E2 arising from electron collisions and 

1/T32 is the rate of the same transition by all other processes. 

1 /T2 is the transition rate from level E2 in the absence of electron 

collisions. 

Assuming that no time variations of these population densities 

are present after the density has been reached, then dN3a /dt = 

dN2a /dt = O. The condition for population inversion in gas a 

between levels E3 and E2 is 

N3a/N2a > 1 (3) 

1 1 

ba 
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Assuming a Maxwellian energy distribution of the electrons in 

the discharge, requiring that the right hand sides of equations (1) 

and (2) be zero, and applying the inequality (3) results in 

013 Nib -E2/kT 
6 tba N3b 21 T2 T32 032 

1 1 E3- E2 1 1 1 
> 631 ( + 

T 
3 

)e kT - 1 + 
821 

( T32 + 832 - ,T2 

where T is the electron temperature. 

(4) 

The inequality (4) has a different meaning in different regions 

of the variables 621 (1 /T2 - 
1/T32 

) 
and 031/T3. The range of these 

variables is divided by two curves into four regions. The equations 

of these two curves are obtained by setting the expression in the 

brackets and the right side of the inequality equal to zero. The 

rate 1632 may be neglected in comparison with 1/T32 and the 

assumption may be made that 63163 = 1. 

The two curves can now be described 

lb 

by the equations 

(5) kT - 1 
T 

e 
NN 

031 

2 32 

021 

3b 

1 ( T - T ) + - F(T) 
2 32 (6) 

T3 F(T) 

where F(T) = e (E3 - E2) /kT. 

These equations are represented in Figure 8. 

-E2 
021 ( - 

T 
) - 

+ 
( 

) 

03 

= 
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APPENDIX IV 

Resonance Trapping 

The effect of radiation trapping on the effective lifetimes of 

several of the helium and neon energy levels is to be investigated. 

Since data relevant to all of these energy levels considered is not 

available, some approximations and assumptions will be made in 

order to give a relative effect of resonance trapping on the energy 

levels considered. 

A photon emitted by an individual atom when it changes energy 

levels does not necessarily escape the medium unimpeded. After 

traveling a short distance the photon may be absorbed by another 

atom, thereby raising that atom to the original level. This process 

of emission and reabsorption (known as radiation trapping) results 

in the transfer of excitation energy from atom to atom and acts to in- 

crease the effective lifetime of the atoms in this excited state. 

Consider a photon of frequency vo emitted by an atom. The 

probability of this photon penetrating a distance z in the gas before 

being absorbed is proportional to exp [ -k(vo)z]. The term k(vo) is 

defined to be the absorption coefficient of the particular transition of 

frequency vo and is characteristic of the gas used in the discharge (8). 

For pressures at which Doppler- broadening is of primary 

importance, the absorption coefficient k(vo) is given by (6) 



k(vo) _ó M NA 
3/2 

8.7 
2RT 

75 

(1) 

where Xo= wavelength of the transition 

N = gas atom concentration 

A = radiative transition probability 

M = gram -molecular weight of the gas 

R = universal gas constant 

T = absolute temperature. 

Since N in linearly proportional to the pressure of the gas, k(vo) can 

be written in termsof the gas pressure. 

Consider the effect of radiation trapping of the resonant transi- 

tion from helium 31P energy level. Using equation (1) to calculate 

the absorption coefficient in terms of the gas pressure (k(vo) /p, p in 

microns), a value of k(v0)/p is found to be 0. 573 cm -1-microns. It 

has been found (17) that complete trapping of the 31 P helium level 

occurs at approximately 300 microns. 

The calculated value of k(v0)/ 21P o) for the helium level is 2. 29 

cm -1- microns. Assuming that the absorption cross section of the 

21P and 31P helium levels are relatively equal, a rough estimate of 

the pressure at which the 21P helium level will be completely trapped 

can be made. Using the ratio of the calculated values of k(v0) /p for 

the 31P and 21P helium levels and the experimental value of 300 

microns for complete trapping of the 31P resonant transition, a 

- _ 

-microns. 
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pressure of 75 microns is found to be that pressure at which approxi- 

mately complete trapping of the 21P resonant transition occurs. This 

value of 75 microns is only an estimate based on the assumption that 

the absorption cross sections of the 21P and 31P are equal. Assum- 

ing that this estimate may be in error by as much as an order of 

magnitude, then the pressure at which complete trapping of the 21P 

helium resonant transition can be as low at 7. 5 microns or as high 

as 750 microns. It seems reasonable to assume that at a pressure of 

one torr (1000 microns) complete trapping of the 21P resonant transi-. 

tion is present. 

Consider the 3s neon levels. The 3s2 and 3s4 neon levels have 

allowed transitions to the ground state. The 3s3 and 3s5 transitions 

to ground state are not allowed and are considered metastable. If 

the effective lifetimes of the 3s2 and 3s4levels could be increased by 

radiation trapping of the ultraviolet transitions to ground state then 

these states could be considered long -lived or quasi -metastable. 

Assuming that the transition probabilities of these short -lived neon 

states are relatively equal to the transition probabilities of the 

singlet p helium levels, then an order of magnitude approximation 

may be made concerning the approximate pressure at which radiation 

trapping of the 3s neon states occurs. Using the same type of argu- 

ments employed for the trapping of the helium singlet p states, a 

pressure of 75 microns seems to be adequate to trap the resonant 
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transitions from the short -lived 3s neon states. It should be empha- 

sized that these estimates are only accurate to an order of magnitude. 

The above approximations were made assuming that the gas is 

in a large container. If the dimensions of the container are decreas- 

ed, some of the radiation may escape the gas before it is absorbed. 

An effective radius of radiation trapping is then defined to be that 

distance which a photon must travel before the probability of total 

trapping becomes 1/e its original value (8). A cylindrical discharge 

tube with a radius smaller than the effective radius for a given 

transition will, therefore, not trap as much of the radiation as a 

tube with a radius greater than the effective radius of that transition. 


