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AN ABSTRACT OF THE THESIS OF Fahad Saleh Al-Mashaabi for the Master 

of Science in Electrical Engineering presented May 18, 1988. 

Title: DC Excited cw C02 Metal Waveguide Laser 

APPROVED BY THE MEMBERS OF THE THESIS COMMITTEE: 

Lee W. Casperson, ( 

Richard Morris 

arl BaChhuber 

A novel design for a DC excited cw C02 metal waveguide laser has been 

developed in which a slotted hollow-cathode in a transverse discharge also dou­

bles as a metal waveguide. This design has been implemented in a compact design 

that produces up to 1 watt of cw, 10.6 µm radiation. The discharge characteris­

tics, laser gain and laser output has been studied as functions of various discharge 

parameters. The advatages of the new transverse discharge of the slotted hollow 
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cathode geometry include low voltage, positive impedence and high optical gain. 

Overall efficiency is comparable with those of conventional longitudinal C02 

lasers. The output laser modes were very clean low order Gaussian modes. 
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CHAPTER I 

INTRODUCTION 

Demand for the development of infrared optical waveguides to deliver C02 

laser beams to a target, has led researchers to investigate two types of waveguides, 

the flexible metal [l,2,3] and the infrared fiber-optical [4,5] waveguides. There are 

often clear advantages to using a fiber optic waveguide for low power application, 

but for high-power applications metallic waveguides have proved to be the best 

choice. 

A metallic waveguide could be a hollow tube [1] or a concave strip [2]. In 

order to efficiently couple laser beams into either type of waveguide, Marhic [3] 

proposed a laser whose output modes match the waveguide modes. This is done 

in such a way that the walls of the laser active medium are made up of a portion of 

the waveguide itself or has a similar shape to it. Resonators of this type have been 

experimentally studied, and examples are the cw C02 laser with a slightly bent 

glass tube [3] and the transversely RF-excited metal waveguide laser [6] with a 

concave metal strip waveguide. Although the output modes of both lasers have 

been shown to agree well with the expected Airy-Hermite-Gaussian functions, 

there are practical differences between the two schemes. The glass tube laser 

suffers from very inefficient use of the gain medium. The second laser is more 

efficient but is more expensive because it requires a RF power supply, which com­

plicates matters because it requires impedance matching between the RF power 

supply and the laser discharge which is hard to obtain. These problems may be 
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simultaneously eliminated by carefully designing a new type of waveguide 

discharge that is able to generate a relatively high gain medium using DC excita­

tion. 

The focus of this thesis is to develop a novel design of high gain transversely 

DC excited metal waveguide laser. This new type of waveguide laser has been 

constructed and investigated. The design of this waveguide laser device is 

described in the next section of this chapter. 

In chapter II, a brief discussion of the molecular spectra and the excitation 

processes is presented. Understanding these processes is a prerequisite for finding 

the right discharge conditions for laser gain which demands knowing the role of 

each gas and their interactions in an electrcal discharge. Chapter III will introduce 

the low pressure glow discharge and finally focuses on the discharge characteris­

tics of our slotted hollow-cathode waveguide. 

In chapter IV, the gain measurement, which is a necessery step in assessing 

the suitability of our new waveguide discharge for laser excitation and in obtain­

ing the optimum discharge conditions for laser action, is presented. Next, the 

above amplifier is turned into a laser medium by placing it inside an optical reso­

nator. In chapter V, The operation of this laser is studied by observing the 

transverse output modes and measuring the output power as functions of different 

discharge conditions. 
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DESCRIPTION OF THE DEVICE 

A new slotted hollow metal tube which serves both as a cathode and a 

waveguide in a transverse discharge has been developed in this work. The new 

waveguide discharge is unique and has almost the same characteristics of both 

plane-cathode and hollow-cathode discharges. The discharge voltage is low being 

on the order of 370-450 volts. Also, the discharge exhibits a positive impedance. 

As a result, the over-all efficiency is increased, since very small or zero ballast 

resistance can be used. The optical gain measurements revealed a substantial gain 

available and lasing has been achieved. 

This novel DC transversely-excited metal waveguide laser consists ( as 

shown in fig. 1-1 ) of three main parts, the cathode (waveguide), the anode and the 

resonator structure. 

The cathode material and shape is a simple copper tube ( ID = 1.1 cm ) 

which is being slotted along its center axis with a slot width of .9 cm. The cathode 

is also bent manually along the optical axis to have the desired radii of curvature. 

Copper is chosen for its excellent 10.6 µ m optical properties, low work function 

and low susceptibility to sputtering [24]. The polished inner surface of the cathode 

has also retained its surface cleanliness during the whole operation, thus, lowering 

even more the susceptibility to sputtering and eliminating the need for the toxic 

and expensive BeO ( Berylium Oxide ) or other materials such as Al2 0 3 ( 

Aluminium Oxide ) and BN ( Boron nitride ) which are used as waveguide walls. 

Cooling of the copper cathode in our design is provided by tap water that flowes 

through a small diameter copper pipe ( ID = .5 cm ) attached to the outer surface 

of the cathode. 
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The anode material of this device is not critical and no noticeable differences 

in the V-1 characteristics were observed when different metals were tested. The 

anode principally used during the experiment was a 3 mm diameter brass rod. The 

anode is supported by another three rods through hinged connections that allow 

the matching of the anode's radius to the major radius of curvature of the cathode. 

The resonator structure was inclosed in a vacuum tight plexi-glass tube (ID 

= 3.5 in, OD = 4 in ) that is 0-ring sealed at both ends with plexi-glass plates. 

These two boards hold the two adjustable mirrors mounts. 

This device was connected to a power supply of ( 1.0 kV, 1.5 A) to sustain 

the discharge. Although the discharge has a positive impedance, a low 1 k n bal­

last resistor is used to stabilize the discharge and to protect the power supply from 

sudden arcs caused by any defects on the cathode surface. The ratio of the input 

gas mixture of C02 : N2 : He was controlled by three (1 standard cubic foot per 

hour [ SCFH ]) Dwyer flow meters. The flow rate of the gas mixture was kept con­

stant at approximately 1 SCFH. 

APPLICATIONS 

The compact size, rugged structure, positive impedance and good model 

quality makes this metal waveguide laser suitable for many applications, such as 

laser surgery, laser machining and laser radar. Further, this design could be used in 

all applications where dielectric waveguide C02 lasers or conventional longitudi­

nal C02 lasers are current! y in use. 



CHAPTER II 

C02 LASER 

INTRODUCTION 

The C02 laser is one of the most efficient and most studied of all lasers 

demonstrated to date. Cw C02 lasers with output of 50 kw have been reported, 

and pulses as short as 1 nsec have been measured. The C02 laser efficiency can 

be as high as 30 percent. The laser medium of C02 laser usually consists of either 

flowing C02 : N2: He or sealed-off C02: N2: He: CO: Xe gas mixture. These 

mixtures can be excited by either a DC or an RF electrical discharge or in some 

cases by e-beam bombardment. Because of the number of different gases involved 

in the discharge, the C02 laser discharge is very complicated, however, many 

types of C02 laser discharges are now fairly well understood. In order to under­

stand our particular waveguide discharge, it is first necessary to briefly review and 

discus the molecular spectra and the excitation processes of the gases involved. 

More detailed discussions of this subject is found in [7,8]. 

MOLECULAR SPECTRA 

The lasing transitions of the C02 laser depend ultimately on the electronic, 

vibrational and rotational states of the linear triatomic C02 molecule. In this 

study of the C02 laser, we are mainly interested in the C02 and N2 molecules 

and their interactions, due to the near-perfect match of C02(001) and N2(v=l) 
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levels. The low-lying vibrational levels in the ground electronic states of 

C02 , N1 and He are shown in fig. 2-1. 

C02 Normal Vibrational Modes 

The C02 molecule is a linear symmetrical molecule which has an internu­

clear axis and a plane of symmetry perpendicular to the internuclear axis. Since 

C02 is a triatomic molecule, it can execute three basic internal vibrations. These 

vibrations are called the normal modes of vibration, v1 , V2 and V3 , and they 

are [7,12]: 

a. Symmetric stretch mode ( 100, 200, etc. ): In this mode, the oxygen atoms 

vibrate symmetrically along the inter nuclear axis. The energy spacing 

between these levels is 0.17 eV. 

b. Bending mode ( 010, 020, etc. ): The atoms move symmetrically along an 

axis perpendicular to the internuclear axis. The energy spacing between 

these levels is 0.08 e V. 

c. Asymmetric stretch mode ( 001, 002, etc. ): In this mode the atoms move 

asymmetrically along the internuclear axis. The energy spacing between 

these levels is 0.29 eV. 

Therefore the state of the C02 molecule is described by three integers ( v1 

, v2 , V3 ) which represent the number of vibrational quanta of each mode. 

Equations 2.1 through 2-7 is taken from refrence [9]. The frequencies of the three 

vibrational modes were found by consideration of the valence force, to be 

coy ki 

Mo l 2Mo 
= [I+ M, co~ 

2k2 

Mol2 

(2.1) 

(2.2) 
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2 -- --
[ 

2M0 ] ki 
C03 = 1 + Mc Mo (2.3) 

where the valence force constants k 1 and k111 2 have units of dyn/cm, M0 and 

Mc are the masses of the oxygen and carbon atoms respectively, and l is the inter­

nuclear distance between them. These constants are given in [7, p.119]. The quan­

tized energy levels can be calculated from the energy of a harmonic oscillator 

Ei = hcoi(ni+l/2) 

where ni = 0, 1, 2, ... 

C02 Vibrational-Rotational Spectra 

(2.4) 

In addition to the vibration of the oxygen and carbon atoms with respect to 

one another, the C02 molecule is free to rotate. the energy levels of the rotational 

modes are given by 

Er = hcBJ ( J + 1 ) (2.5) 

where J is the rotational quantum number and B is a rotational constant ( B · = 

.387 cm-1 at 400° k). The total energy of the C02 molecule can be approxi­

mated by adding the vibrational and rotational energies given by the equations 

(2.4) and (2.5). The rotational levels are very closely spaced. The population of the 

rotational level Nj with respect to the total population N1 is given by the Boltz­

man distribution 

[~ [~ Nj = Nr( 2J + 1) kTJ exp kTJ (2.6) 

From eq.(2.6) the maximum population is found to exist in the rotational 

quantum level J m which is equal to 

]
~ 

lm = [ ~~B (2.7) 
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where lm = 19 at T = 400° k or lm = 29 at 1000° k. Since the C02 molecule 

has no permanent dipole moment, radiation transitions between rotational levels in 

the same vibrational state are forbidden. 

Over 200 oscillating C02 laser lines have been reported, resulting from the 

vibrational-rotational transitions and covering the spectral range from 9 to 18 µm . 

The strongest emission lines, occur in the 001-100 and 001-020 bands, at 

wavelengths of about 10.4 and 9.4 µm respectively. 

Each vibrational state is labeled with a symbol giving the symmetry as 

shown in fig. 2-2 for C02 molecule. Two of these symbols are Lg for symmetric 

state ( even J ) and Lu for antisymmetric state ( odd J ). Because of this symmetry, 

odd rotational levels of the g type state such as Lg and even-rotational levels of 

the u type states such as Lu and Ilu are missing. The vibrational levels denoted 

with IT , Ll , etc., have two sub levels, positive and negative, for each value of J 

at slightly different energies, whose signs alternate 

+ -,- +,+ -, · · · or - +,+ -,- +, · · · . These sublevels are the result of the 

equivalence of two directions of the angular momentum l . The selection rules for 

the vibrational-rotational transitions are as follows [10] 

vibrational transitions: Llv =1, Lll = 0, ±1 , g ~ u, u ~ g 

rotational transitions: Af = 1,±1 , + ~~ - , s ~~a 

where+ and - represent even and odd J respectively, s and a represent 

the symmetric and antisymmetric eigenfunctions respectively. Laser action has 

been obtained from the P branch ( Af =-1 ) and the R branch ( Af =+ 1 ) of each 

band, the strongest lines are P( 20 ) and R( 20 ) which correspond to the two 

wavelengthes 10.4 and 9.4 µm respectively. The Q branch ( Af =0 ) is prohibited 
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because such a transition would occur between two :r. states of zero angular 

momentum. 

Vibrational energy levels of Nitrogen 

Since, nitrogen is a homonuclear diatomic molecule, it has only one degree 

of vibration. The lower vibrational levels of N2 , from v=l to 8 are spaced to 

have an excellent match with ( 000 ) to ( 001 ) separation of C02 ,therefore, 

these levels can be used to efficiently populate the upper laser level of C02 . The 

nitrogen molecule has no permanent dipole moment in the ground electronic state, 

so the only way that these exited vibrational levels can decay in a discharge is 

through nonradiative collisions with other species. As a result, the vibrationally 

excited levels of nitrogen have a finite but very long effective lifetime of about 

100 ms [7]. 

Helium 

Helium is the dominant species in most C02 laser mixtures. Also, He has 

the highest ionization potential. The lowest electronic level in He occurs at an 

energy level of 19. 7 e V. The beneficial role that He plays in a C02 laser discharge 

is to cool the gas by aiding in the depopulation of the lower laser level. He also 

plays a very important role in maintaining the energy distribution of electrons in 

the proper range [9,38]. 

EX CIT A TI ON PROCESSES 

The two most important processes that populate the ( 001 ) upper laser level 

are: (1) direct electron impact, and (2) resonant transfer of energy between vibra­

tionally excited N2 ( v =1-8 ) and ground state C02 ( 000 ). 



" 

13 

en l·Z ..... ·-c 
;:J 1·0 

..0 .... 
< 0·8 

c 
0 0·6 ·-..... (.) 
~ 

(/) 
0-4 

en 
en 
0 .... 

0·2r 1 u 0·58 1V LOSS 

I 
----...1.. I d 

1·0 2·0 3·0 4·0 

Electron Energy, e V 

Figure 2-3. Energy dependence of elastic and inelastic cross sections in C02 
( ref.[12] ) 

10-14 
,~-........,~::::·:~· :·~--ir----r--r-.-,---..,----r--y-T'"l----y---....---~ I I I I I I I I I I I I I I I 

....-.. 
<:'I 

E lo-15 
\..) . 

'-" 
c:: 
0 ·a 
(.) 
~ 

(/) -16 
en IO 
en 
0 .... u 

l0-17 

0. 1 l 10 100 

Energy ( ev) 

Fic§ure 2-4. Momentum transfer and inelastic cross sections for electrons in 
C 2 derived from electron transport coefficients ( ref.[38] ) 



14 

1.6 -('I 
E 
(.) 

1.2L fl 6 \ N2 (v = 1) 

'° -b -II 
'-" 0.8 

c:: 
0 ·-~ (.) 
0 0.4 v.i 

v.i 
v.i 
0 u 

1.5 2.5 3.0 3.5 4.0 

Electron Energy ( ev ) 

Figure 2-5. Cross section for vibrational exitation of N2 (v = 1) by electron 
impact ( ref.[13] ) 

- ! 
('I 

E 
(.) 

'° ..... 
b 
.._, 
c 
0 ·.:: 
(.) 
0 
::I) 

::I) 
::I) 

e 
u -:"j 
~ 

z 

l.O 2.5 i.o !-' 

Electronic Energy ( ev ) 

Fi§ure 2-6. Total effective Cross section for vibrational exitation of N2 (v = 
1- ) by electron impact ( ref. [ 13]) 



1.01 
'T 

0.6 

0.5 

0.4 

0.2 

0.1 

\ 
\ 

(OOl)p 
\ 
\ 

\ 

\ 

' ' (noo-omo)""\.-. 

/ ' / ' / (010)~..<.., 
/ 

/ 

/ 

/ 
/ 

/ 

Nl 

co----
2 

/ 

/ 

..,,, _,.,­
/ 

/(ELECTRONIC 
/ EXCITATION 

IONIZATION 
(C02+N2) 

15 

1 

O'~~ I I -~-.,-..,__.--+ !::1 
10-16 2 3 4 5 6 7 8 9 10-15 

E/N V-cm2 

0.6 0.75 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
AVERAGE ELECTRON ENERGY e V 

F~ure 2-7. Fraction of power transferred from the electrons in a 
C 2 : N_z: He ( 1:1:8) gas mixture discharge to C02 and N1 as a func­
tion of E/N ( ref.[16] ) 



16 

Direct electron impact 

To understand this process, it is important to study the dependence of the 

vibrational-rotational cross-sections of C02 and N2 on the energies of the elec­

trons that collide inelastically with either a C02 or N2 molecules. This type of 

collisions is called a collision of the first kind: 

N 2 ( v = 0) + e ~~ N 2 ( v = 1) + e 

C02 (0,0,0) + e ~~ C02 (0,0,1) + e 

We will be mainly concerned with low energy electrons of 0-4 eV typical a 

C02 laser discharges. 

As shown in fig. 2-3, the vibrational excitation of the upper laser level (001) 

of C02 by electron impact exhibits a peak collision cross section ( probability of 

collisions ) of about 3x10-16 cm2 at 0.9 eV, while the (002) excitation is an 

order of magnitude lower [12]. But as shown in fig. 2-4, Lowke et al. [38] found 

that the (001) cross section of Boness and Schulz [12] is about a factor of 3 too 

large to give consistent transport coefficients ( i.e. electron drift velocity, ioniza­

tion and attachment coefficients). From figs. 2-3,4, we see that the peaks of of the 

vibrational excitation cross-section ( resonances ) occur very close to the threshold 

for the onset of each energy loss process. Thus, the direct electron impact excita­

tion of C02 is inefficient because levels other than the upper laser level will get 

populated for electron energy greater than .3 e V. 

This is quite different from the situation observed in diatomic gases such as 

N2 where the peak cross section occurs at energies well above the threshold [7, p. 

142] as shown in figs. 2-5,6 [13]. The cross section of N2 , shown in fig. 2-6, 

reaches a maximum of about 3x10-16 cm 2 at an electron energy of about 2.3 eV. 

The difference between the energy needed to excite the vibrational level and the 
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resonance energy 2.3 e V is attributed to the lowest shape resonance characteristic 

of the so called boomerang states [14], where the energetic electron orbits the N1 

mollecule for a short time before exciting it into a vibrational state [11, p.284]. 

As a summary of the above discusion, at energies typical of a laser 

discharge, different vibrational and rotational level of C02 molecules get excited . 

But when N2 is added, the excitation of the upper laser level is increased due to 

the near perfect match of vibrational levels of N1 and the upper laser level of 

C02 . The large N1 vibrational cross section at 2.3 eV also exerts a strong 

influence on the electron energy distribution function by preventing electrons from 

reaching energies greater than 2.3 eV [15]. For example, for the gas mixture 

C02 : N2 : He of 1:1:8 when the E/N (electric field I neutral particle density) is 

l.5x10-16 V. cm2 , which correspond to an average electron energy of 0.76 eV, 

the electron will experience difficulty in reaching energies greater than 2.5 e V 

[16]. 

In general, the energy in a discharge is transferred from the applied electric 

field to the electrons, then from electrons to the neutrals that get excited by elec­

tron collision. This energy is lost by radiation and by metastable states that, under 

some conditions, transfer this excitation energy to other molecules. Fig. 2-7 shows 

the fractional power transferred from the electrons to N1 and C02 molecules as 

a function of E/N and the average electron energy u. The calculation of fig. 2-7 

was made for the gas mixture C02 : N1 : He of 1: 1 :8, but a change in gas mixture 

ratio did not change the fractional power transferred significantly. The E/N range 

10-16-10-15 V. cm2 is a transition region for this gas mixture in which the dom­

inant electron energy transfer process changes from vibrational to electronic exci­

tation [ 16]. The electronic excitation is of some importance in sustaining the 
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discharge. Therefore, it is important in a gas discharge to optimize the E/N value, 

so that the electron power transfer is divided between electronic and vibrational 

excitation. 

At an average electron energy of 1 e V, typical of a C02 laser discharge, the 

fractional power transferred to the coupled C02 ( 001 ) - N1 ( v = n) system is 

about 70%. This percentage combined with the 41 % quantum efficiency of the 

10.6 µ m transition, suggests that a maximum efficiency of 30% is available from 

a C02 laser. 

N2 - C02 Resonance transfer 

The selective excitation of C02 ( 001 ) from the ground state by N1 ( v =l) 

occurs at a very rapid rate of about 1.9xl04 torr-I sec-I [9]. The rapid rate is due 

to extremely low energy difference of ( M =18 cm-I ) between N1 ( v = 1) and 

C02 ( 001 ), and also the long life time of the excited N1 molecule. Therefore, 

the excitation of the C02 ( 000) level by N1 ( v = 1) level is through a collision 

of the second kind, which is given by 

N1 ( v = n) + C02 ( 000) -~ N1 ( v = n-1) + C02 ( 001) - 18 cm-I 

This reaction produces a mixed state in which the combined population of 

N1 ( v = 1) and C02 ( 001 ) are essentially in equilibrium. Due to this equili­

brium, the efficiency of the C02 ( 001 ) level is increased by a factor of 2 upon 

the addition of even a few torrs of N2 pressure [9]. 

From the above discussion and experimental observation, it is reasonable to 

expect the following: (1) The addition of He will stablize the discharge and 

prevent arcing because the glow to arc transition usually occurs at lower value of 

E/N.To explain this, the average electron energy increases for the same E/N when 

the proportion of He is increased because He has none of the inelastic vibrational 
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losses that are present in C02 and N1 . (2) The addition of N1 will increase the 

output power and efficiency of the C02 laser due to the selective excitation of the 

upper laser level by excited N1 . 



CHAPTER III 

LASER DISCHARGE 

INTRODUCTION 

The low pressure glow discharges have been studied qualitatively for almost 

a century and quantitatively for more than half a century. Unfortunately, some 

important properties of the glow discharge in the cathode region and in the striated 

positive column are still not quite understood. The glow discharge is discussed in 

detail in references [17,18,19]. 

The glow discharge is one of the most common pumping mechanisms in gas 

lasers, and the C02 lasers is no exception. Many different techniques and 

designs have been used to obtain an efficient discharge to establish a plasma for 

the required population inversion. 

There are two main types of DC-discharge structures that have been used for 

C02 lasers . First, is the high-voltage, low-current longitudinal discharge which 

uses the positive column as the excitation medium (20]. Second, is the transverse­

discharge which uses a closely spaced electrodes in order to minimize the high­

voltage inherent in the longitudinal discharge (22,23]. The transverse discharge 

has a voltage-current dependence characteristic of an abnormal glow discharge 

which exhibits a positive impedance (22]. Thus, the high ballast resistor is no 

longer needed, and as a result, the transverse discharge is far more efficient than 

the longitudinal discharge. The main problem with the transverse discharge is the 

tendency to form arcing. This glow to arc transition at short electrode spacing 
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could be caused by the discharge sensitivity to pressure uniformity, surface clean­

liness and electrode material. Other types of discharges such as coaxial discharges 

[23,24], hollow cathode discharges and in our case slotted hollow cathode ( SHC) 

discharges could all be recognized as transverse discharges with different cathode 

shapes. 

In this chapter we will first review the glow discharge and then the hollow 

cathode discharge and finally SHC discharge will be studied. 

GLOW DISCHARGE 

The voltage-current relation of a low pressure gaseous gap as shown in fig. 

3-1, is the best general description of what will happen when an appropriate poten­

tial is applied across the electrodes. This relation illustrates that, after the ioniza­

tion is initiated, the current grows with time and a distribution of electrons and 

positive ions fills the space between the electrodes. A further increase in current 

causes more ions to reach the cathode and eventually set up a space charge, dis­

torting the field between the electrodes. At this point two effects are observed. 

First, the discharge exhibits visible light and dark spaces. Second, the potential 

across the electrodes drops considerably, resulting in a more efficient process. At 

this stage, when the properties of the discharge are first determined by space 

charges, a glow discharge is said to have been established [ 17]. 

A glow discharge is a silent luminous electrical discharge in which electrons 

are emitted from the cathode under the bombardment of particles and light quanta 

from the gas. A low pressure glow discharge consists of various regions of alter­

nating dark and luminous zones. The actual location of these regions and the 

occurrence of a few of them depends upon pressure, current, electrode gap and 
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type of gas used. A typical example is shown in fig. 3-2 for a normal discharge in 

a long cylindrical tube. Starting from the cathode, the glow discharge regions are 

Aston dark space, cathode glow and dark space, negative glow, Faraday dark 

space, positive column, and the anode dark space and glow. These regions could 

be explained as follow: 

1. Aston dark space ( ADS ): 

This region is very thin and completely dark. The emitted electrons, with 

energy of only a few eV, accumulate in this region to be accelerated through the 

cathode spaces. The electric field is highest in this region. ADS length decreases 

more strongly than cathode dark space length with increasing cathode fall V c ( 

the potential drop across the cathode including the Astone dark space ). 

2. Cathode glow and dark space: 

The cathode glow is sharply defined due to the beam like properties of the 

electron stream. The electron energies rises rapidly with distance from cathode, 

and as a result some electrons produce excitation in the cathode glow region [ 17, p 

.60]. Electrons which lost their energies in excitation are accelerated again. In the 

cathode dark space, the electrons move too fast to produce any appreciable excita­

tion, but they make some ionizing collisions and the electrons produced are also 

accelerated. Thus, the ionization increases with distance from the cathode, while 

the electric field decreases almost to zero at the boundary of the negative glow 

[ 17]. The potential drop V c is a strong function of the gas used and the cathode 

material. From fig. 3-1, depending on Ve , there are three types of glow discharges 

as shown in fig. 3-1, they are as follow [17,19]: 

(a). subnormal glow: When the current is so small that the discharge covers only 
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Figure 3-2. The normal glow discharge in neon in a 50 cm tube at 1 torr (ref.[19]) 
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a very small part of the cathode surf ace. In this region V c decreases with 

current. 

(b). norma,l glow: In this region the current density is constant. The area of the 

cathode covered by the discharge is proportional to the total current. In this 

region V c is independent of current. 

(c). abnormal glow: In this region the negative glow covers the whole cathode 

and may be forced to occupy other auxiliary surfaces. As a result the elec­

trode configuration, shape and material have a major influence on the 

plasma. An increase in current is obtained by an increase in current density 

which result in an increase in V c . Therefore, the electric field increases at 

the cathode with the increase in current. With the increase in voltage the 

length of the cathode dark space decreases and the length of the negative 

glow increases slightly. In a strongly abnormal glow, the cathode can 

becomes very hot. Thus, it changes the pressure close to its surface and 

populates the lower laser level. Therefore, it is important to avoid this prob­

lem by cooling the cathode. Also in a strongly abnormal discharges, rela­

tively little ionization occurs in the cathode dark space, but many ions flow 

from the negative glow [17]. Transverse laser discharges are usually 

operated in the abnormal glow region. 

3. Negative glow (NG): 

This is the brightest region in the glow discharge. Its color is characteristic 

of the gas. It is a field-free space where electron lose all or part of their energies. 

NG has a sharp boundary with the cathode dark space. A short distance from this 

boundary , the luminousity increases to a maximum then decreases slowly where 

the glow merges diffusely into Faraday dark space. This variation in brightness is 
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caused by two main groups of electrons crossing the boundary into the NG. One 

group consists of a large number of low-energy electron (slow) electrons produced 

by ionization in the cathode dark space. The other group consists of rather fewer 

high-energy (fast) electrons coming straight from the cathode and having almost 

the same energy as the cathode fall [17,p. 60]. The slow electrons produce the 

intense light at the cathode end of the glow. The fast electrons also suffer many 

inelastic collisions but penetrate further from the cathode. Therefore, the total light 

intensity in the glow rises to a maximum at which the largest collision cross sec­

tions are observed, and then diminishes toward the anode. In a discharge with 

almost normal or abnormal fall, there are three distinct groups of electrons in the 

middle of the NG having mean energies of about 25 eV, 7 eV and 0.5-2 eV [17,p. 

111]. In a strongly abnormal glow, it appears that more fast electrons than slow 

electrons enter the glow due to less ionization in the cathode dark space. Toward 

the Faraday dark space, all beam like properties of the electrons are lost due to 

inelastic collision they suffered. Therefore, they become slow and their motions 

become quite random. The length of the NG is proportional to V c /P . 

4. Faraday dark space ( FDS ): 

This region is relatively dark due to the low energy electrons that leave the 

NG. The boundary with the NG is quite vague bacause of the random motions of 

electrons. Due to an excess of electrons at this boundary, a net negative space 

charge is developed. At this point, the electric field rises slowly and extends 

toward the anode. 

In the transition region from NG to FDS, direct excitation becomes less 

compared to collisions of the second kind. Since electrons in the FDS have ener­

gies ( less than 1 e V ), it has been suggested that only collisions of the second kind 
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occur [17,p. 112]. Finally, the length of the FDS has been shown to increase with 

the radius of the discharge tube, and it is usually longer than the NG. 

5. Positive column: 

The positive column is the most studied region of the glow, therefore, only 

important characteristics are mentioned. This region is the luminous part of the 

discharge between the FDS and the anode dark space. The color of the positive 

column is a characteristic of the gas which is different from that of the NG. It is 

also less bright than the NG. Photoemission stems from the excited and ionized 

molecules. The gas in this region is in the ionized state with equal density of posi­

tive and negative particles. The current in the positive column is mainly carried by 

electrons because of the small mobility drift velocity of the positive ions. 

6. The anode dark space and glow: 

The anode in a glow discharge acts as a collector of electrons which strike its 

surface. The properties of the anode region are dependent on the location of the 

anode[17]. 

When the anode is in contact with the positive column, a space charge 

buildup will be found on the surface of the anode. Compared to the positive 

column, the electric field in the anode region is greater and the potential drop is 

more positive. As a result, the positive ions are created in this region to flow into 

the positive column. Ion creation could be explained in the following processes. 

First, the electrons emerging from the positive column are too slow to excite, pro­

ducing a very thin dark space. While in this dark space, these electrons gain from 

the electric field enough energy to ionize and hence produce a layer of light close 

to the anode surface due to excitation which called the anode glow. That is why 
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the anode fall is found usually to be of the same order as the ionization potential. It 

has also been shown that this potential increases with current density. 

The other location of the anode is when the anode is placed in the FDS close 

to the NG. In this region a considerable number of electrons diffuse to the dark 

space. If sufficient electrons diffuse to the anode, then there will be no anodefall or 

glow. In this case the electric field, up to the anode surf ace, is almost the same as 

it would be in the undisturbed dark space. 

Finally, there must be a transition between the above two regions. At a criti­

cal distance from the cathode, the anode fall develops suddenly. It is located at the 

anode end of the FDS. This distance is large at low pressure which aids diffusion, 

and also large when the cathode fall is large since it causes the primary electrons 

to have a greater range and length than the NG. An attempt to explain theoretically 

the behavior of the electric field in the FDS is presented by Ahsmann [33]. In this 

study he concluded that when increasing the distance between the anode and the 

NG, the reversed field strength becomes zero; only then rather suddenly an anode 

fall develops. 

HOLLOW-CATHODE GLOW DISCHARGE 

A hollow cathode discharge ( HCD ) could be achieved when the pressure is 

low and the cathode is two parallel-plane surface or a hollow cylinder. As an 

example, consider two plane cathodes facing each other as shown in fig. 3-3a, that 

are separated by a relatively large distance Xe • Each cathode will be covered by a 

cathode dark space (CDS) and a NG. The direction of the velocities of the high­

energy electrons, that cross from the CDS into the NG, will be towards the oppo­

site cathode. There, these electrons will lose energy due to collisions and finally 
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reverse their directions in the CDS. As a result, the energy of the electrons moving 

towards the anode is reduced due to their high collision rate in the cathode regions 

[26]. As Xe is reduced, the mean random velocity of the electrons in the FDS is 

reduced. As Xe is further reduced, the density of the high energy electrons 

increases especially when the two NG's merge. This causes more efficient positive 

ion production and higher current density for the same cathode fall. Therefore, 

HCD is usually used to form a strong NG by the superposition of two NG's oppo­

site to each other. Usually, a cylindrical hollow cathode is used because it forms a 

stronger NG. 

From the above discussion, we could say that the main properties of HCD, 

which depends strongly on the tube diameter, are a current density orders of mag­

nitude higher than that of a plane cathode discharge ( PCD ) and the extreme 

brightness due to the confinement of the NG. HCD has been used to excite high­

lying atomic and ionic levels such as noble gas ( e.g. He ) and noble gas metal 

mixtures ( e.g. He-Cd ). The creation processes of high-energy electrons are as fol­

low [29]: 

1. Secondary emission of electrons on the cathode due to ions, ultraviolet pho­

tons and to a small extent metastable atoms. 

2. Ionization in the CDS. 

3. The high-energy electrons that cross the NG to the opposite CDS where they 

are decelerated and reverse their direction in the CDS. 

And the loss processes of high-energy electrons are as follow: 

1. Inelastic collisions in the NG where the electric field is very small. 

2. The unavoidable leakage of some electrons that escape the trap formed by 

theHCD. 

" 



31 

Different designs of hollow cathode ( HC ) are discussed in ref. [28]. There 

are two basic groups of HC designs, depending on the direction of the electric field 

with respect to the cathode axis. One group is called transverse HC and the other 

is called longitudinal HC. We will be mainly concerned with the transverse HC. 

Various types of HCD's have been used as a gain media for He-Ne lasers [30], 

He-Cd+ lasers [31], argon ion lasers and other high-lying ionic level lasers. A 

single-pass gain of 10 percent per meter have been reported in the NG of HCD in 

C02-He mixture [25]. 

Recently, a longitudinal C02 laser operating at 400 V from a three phase 

line with HCD has been reported [32]. Output laser pulses of 2 ms FWHM, 3 W 

peak power and a repetition frequency of 100 MHZ were obtained from this laser. 

From the above discussion and experimental measurements, we conclude 

that using the NG of HCD as an excitation media for C02 laser is not very practi­

cal because of the low gain achieved. This low gain could be explained by the fact 

that the NG plasmas have a very high concentration of low-energy electrons below 

3 e V and a positive ions produced by the high-energy electrons above 20 e V. 

These characteristics provide a high recombination rate which lower the gain of 

the C02 laser [25]. 

Theory of HCD 

A complete theoretical treatment of HCD has not yet been achieved. Most of 

the theories written up to now are of a He discharge and use the cathode fall 

theory. The qualitative theory of HCD such as the effect of cathode separation Xe 

and the anode-cathode separation on the HCD, is presented in ref. [26]. The quan­

titative theories are presented in ref. [27-29]. 
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The theory presented here is based on the improved cathode fall theory 

developed in ref, [28]. There are two important parameters in HCD that we are 

trying to solve for, the thickness of the CDS and the other is the current density. 

They are usually expressed in terms of Pd and 
1

2 
respectively, where P is the 

p 

pressure, d is the thickness of the CDS and J is the total current density. 

According to Fujii et.al. [28], the electron multiplication factor is given by: 

M =(l+l/y)(l-8) (3.1) 

where y is the number of secondary electrons per ion striking the cathode, and 8 

is the coefficient of ion current density diffused into the CDS from the NG. The 

ratio of the total current density to ion current density at the cathode is 

J 
11 = (l++Ol) 

(3.2) 

therefore 

E 
J = 11 ( l ++OJ)= 11PV+ = 11 

4
1td V+ (3.3) 

where J + is the ion current density formed in the CDS, p is the density of the 

space charge. And the drift velocity of the positive ions falling on the cathode sur­

face is 

Ek +_ V+ =µ p (3.4) 

where µ+ is the positive ion mobility, and Ek is the electric field at the cathode 

surface. From eq. (3.3) we obtain 

µ+E2 
J - k (3 5) 

- ll 4n(Pd) . 

substituting the relation Ek= 
2~k in the above equation, where Vk is the cathode 
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fall potential, we get 

J µ+ v~ 
p2 = 11 p (Pd)3 (3.6) 

where Pd= 
1A_~5 lnM. A 1 is a constant that depends on the kind of gas. From 

this result, it is clear that the current density decreases with increasing values of 

Pd. 

SLOTTED HOLLOW-CATHODE DISCHARGE 

The discharge of the our waveguide is a transverse discharge of a slotted 

hollow-cathode ( SHC ). Fig. 3-3b illustrates the cross-section configuration of 

this SHC discharge. This type of configuration has some of the HCD advantages 

and the favorable effect of the slot along the HC. These advantages could be sum­

marized as follow: (1) rigid and high thermal conductivity metal cavity, (2) low 

discharge voltage, (3) low positive impedance similar to the abnormal glow of 

plane cathode, ( 4) homogeneity of the discharge along the cathode center ( optical 

axis ), and (5) the slot along the cathode provides a path for the electric field to 

penetrate into the hollow-cathode cavity, provided that, at the appropriate 

discharge conditions for laser gain, the width of the slot is not closed by the oppo­

site NG's. This last point could be explained in the following paragraph. 

For lower values of JI P 2 than that used in regular HC operations, when the 

distance between the opposite NG's is relatively large, a potential difference Vg 

exists between the edges of the NG close and remote from the anode. As either the 

P increased or J decreased, the conductivity will decrease due to a decrease in 

electron collision frequency and charged-partical density respectively. The thick­

ness of the NG will also decreases with decreasing JI P 2 . Thus, the conductivity 
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of the NG decreases and the value of Vg necessary to maintain a given current 

will increases. As a result, when the distance between the the opposite cathode 

surfaces is reduced, so that the electric field penetration in the cavity is reduced 

and a greater proportion of the total current consequently flows transversely 

through the glow, an appreciable rise in V g will result if JI P 2 is small. There­

fore, for lower valus of JI P 2 compared to values used in HC, the slot serves to 

provide a path for the electric field to penetrate into the HC cavity and as a result 

to reduce Vg . This is favorable in our case because very high Vg causes the elec­

trons to have higher energies than needed for efficient excitation of the upper C02 

laser level. 

In our work, we will use the region between the opposite NG's. Since this 

region is dark and occurs after the NG, we will call it the special FDS or SFDS. 

This SFDS is formed in middle of the cathode cross-section and serves as the laser 

gain medium for three reasons: First, the NG is not a practical plasma for the exci­

tation of the upper C02 laser level. Second, the positive column is hard to obtain 

inside the HC. Thirdly, from the above paragraph, it is possible to get the optimum 

electron energy for excitation of the upper C02 laser level. Obtaining this SFDS 

in the middle of the cathode cross-section is done by adjusting the gas pressure, 

mixture ratio of ( C02 : N2 : He ) and current. And by using a relatively large 

diameter where in our case (ID = 1.1 cm). As a result, the NG will form a C­

shape close to the cathode surface with a thickness of about 2 mm for the above 

diameter and this thickness changes depending on the discharge parameter. From 

visual observation, the anode glow was always found to exist at the attainable 

pressure range ( 6-15 torr), while no positive column was observed. 

This SFDS is unique because of the focusing effect of the SHC configuration 
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compared to a plane-cathode and is the effect of the slot along the cathode com­

pared to HC structure. In this SFDS, the C02 laser gain was found to be com­

pareable to the gain in the regular longitudinal positive column plasma for the 

same gas pressure, mixture ratio and flow rate. Fig. 3-4 shows the V-1 characteris­

tics exhibited by the transverse SHC discharge for different gas mixtures. The 

positive impedance exhibited by the discharge is similar to the abnormal glow 

impedance except in SHC discharge we get more current for the same voltage. 

Since no direct measurements of the actual electric field E or electron tem­

perature T were taken during this work, I will try to give a very rough numerical 

estimate of some of the discharge parameters in this region. A very good estimate 

to start, is to assume the potential drop across the CDS to be 340 V and the poten­

tial drop across the anode spaces to be 20 V. This makes the potential drop across 

the SFDS to be 30 V when the potential drop across the electrodes is 390 V. The 

length of the SFDS from the end of the NG to the anode glow is approximately 6 

mm. From the above estimates and the assumption that the electric field E is linear 

in the SFDS, E will be 50 V/cm. Therefore, the E/N ( the ratio of the E-field to 

neutral particle density) is l.57xlo-16 V- cm2 for a pressure of 9 torr. Using this 

result in fig. 2-7, the average electron energy is approximately .9 e V. 
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CHAPTER IV 

GAIN MEASUREMENT 

INTRODUCTION 

Gain measurement is a necessary step to assess the suitability of this 

waveguide discharge for laser excitation, to perform a comparison of this 

waveguide configuration with existing schemes and finally to obtain the optimum 

condition for laser action. Single-pass gain measurements have been performed as 

a function of gas mixture ratio, pressure, current and radial distance from cathode. 

Other measurements such as gain as a function of E/P and gas temperature were 

not performed, but they were substituted by repeating the above measurements 

many times to get the optimum conditions for laser gain. These measurements 

have been made in the active medium of the discharge containing C02 , N2 and 

He. 

The gain represents the fractional increase in intensity per unit length of 

laser medium. This gain is equal to the product of the stimulated emission cross­

section and inverted population difference. In the case of 10.6 µm C02 laser, 

this population difference is mostly between the two vibrational levels ( 001 ) and 

( 100 ). Finally, the gain increases with decreasing gas temperature since an 

increase in gas temperature results in the increase of the lower laser level and a 

decrease in the stimulated emission cross-section. 
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THEORY 

The amplification of a small-signal passing through an inverted laser 

medium is described by the rate equation for intensity [34] 

of no of - + - - = ( g(v,J) -y)f (4.1) oz c ot 
where I is the intensity inside the active medium, g(v,J) is the intensity and fre-

quency dependent gain coefficient and y is the loss coefficient. For a steady state 

low loss amplifier, equation (4.1) can be written as 

di 
dz = g(v,J)f (4.2) 

At this point, we have to discuss briefly the various line broadenings mechanisms 

and the corresponding behavior of g(v,J) . The major types of line broadenings 

are homogeneous and inhomogeneous line broadening. These two broadenings 

differ from each other by their saturation behavior. 

Homogeneous Broadening 

This type of broadening occurs in a system when the atoms or molecules are 

identical. This means that each molecule in this collection of molecules has the 

same center frequency and the same frequency response. When a signal is applied 

to this collection, it will have the same effect on all the atoms. 

The most common homogeneous line broadening mechanisms are: 

1. Phase interrupting collisions with phonons, collisions of like atoms 

(Lorentz) or collisions of unlike atoms (Holtsmark). 

2. Finite lifetime of laser levels due to spontaneous emission (natural broaden­

ing) 
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The line shape of these two mechanisms is Lorentzian; and the gain satura­

tion is given by 

go 

g(V,/) = r 2(V-Vo)l 2 +sf 
(4.3) 

1+ 
ll.vh 

where g0 is the unsaturated line center gain, and s is the saturation parameter ( 

llls ), where Is is the saturation intensity, and ll.vh is the homogeneous line 

width ( ll.vh = 100 MHZ [37]). 

Inhomogeneous Broadening 

Inhomogeneous line broadening occurs when the atoms in a system are dif­

ferent. This means that different atoms or groups of atoms within the same collec­

tion have slightly different resonance frequencies. Therefore, the response of this 

collection is broadend in frequency. 

The most common inhomogeneous line broadening mechanisms are: 

1. Doppler broadening which is typical of gases due to the atomic motion. 

2. Local inhomogeneities of the electric field in a solid due to lattice imperfec­

tions which causes local variation of the energy levels of the atoms ( Stark 

effect). 

Inhomogeneous line broadening often has a Gaussian line shape; and in such 

case the gain is given by 

[ 
2(V-V0 )l 2 

- ln2 
t1vd 

go e 
g(v,J) = I (4.4) 

1 +s/ 
Where ll.vd is the doppler line width. Comparing eq.(4.4) to eq.(4.3), we see that 
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the inhomogeneous line shape saturates more slowly than the homogeneous line 

shape. 

Since the operating pressures are all above 5 .2 torr, the effect of Doppler 

broadening is small compared to collisional broadening [35,36]. Therefore, in 

deriving the small-signal gain equation, the inhomogeneous line broadening is 

ignored. The homogeneous line width is approximately 100 MHZ [37]. 

Substituting equation(4.3) into equation(4.2) and assuming I« ls , we get 

di 
- =go(V)/ 
dz 

to which the solution is given by 

J(z) = /(0) ego(V)z 

then for a gain medium of length L the gain is given by 

where 

1 /(L) 
go(V) = L In /(0) 

1 Ion 
--ln-
- L loff 

I on : intensity with discharge on 

I off : intensity with discharge off 

GAIN MEASUREMENT APPARATUS 

(4.5) 

(4.6) 

(4.7) 

The gain measurements were performed using the apparatus illustrated in 

fig. 4-1. A conventional low power C02 laser was used to provide a low order 

TEM mode probe beam. The higher order modes were eliminated by an aperture. 

The probe beam laser has a 1-cm diameter, 150-cm long water cooled discharge 

tube with a Brewster window at each end. The discharge tube was placed between 
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a 2-m gold coated curved mirror and a flat germanium mirror with 80 percent 

reflectivity, forming a 185-cm long resonator. The discharge current was 15-25 

mA at 5-8 kV. The gas mixture C02: N1: He of 1:1:8 was used at a pressure of 

7-10 torr. 

Since the probe beam is invisible, a He-Ne laser was used to show the probe 

beam path, as shown in fig. 4-1. The flat mirrors M1 and M1 provided the align­

ment of the He-Ne laser. The available beam splitter M3 ( 80 % reflectivity at 

10.6 µm ) served as the point where invisible 10.6 µm beam merged with the 

He-Ne beam. After this point, the two beam propagate collinearly. ~ ( max .. 

reflectivity at 10.6 µm ) redirects the beam to Ms ( 2-m curved mirror, max. ref. 

at 10.6 µm ) which focuses the beam at almost the center of the waveguide with a 

beam waist of 2 mm. The two mirror Ms and ~ ( M6 is max .. ref. at 10.6 µm 

) provided the alignment of the two beams to propagate collinearly through the 

waveguide parallel to its axis. 

The probe beam scanned across the amplifier perpendicular to the waveguide 

cross-section by translational movement of M6 . Each one of the two salt win­

dows s 1 and s 1 was mounted at one end of the amplifier. After passing through 

the amplifier, the probe beam is detected by a SCIENTECH 362 power meter. 

Equation(4.7) requires two sets of power measurements, when the discharge is on 

and off. 

During these measurements, the low power probe beam did not exceed 0.3 

watt. This means an intensity of 9.5 W/ cm2 , which is well below the reported 

saturation intensity 45-189 W/ cm2 [24,36]. A gas flow rate of approximately 1 

SCHF was used during all gain measurements. 
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RESULTS OF GAIN MEASUREMENTS 

Starting with fresh gas, the gain measurements revealed a rapid drop in gain 

to just a little more than one third of its initial value within 2 min. Then the gain 

leveled off to a steady-state. This problem maybe caused by contamination of the 

gas. The structure which contain the waveguide is very large ( D = 9 cm ) com­

pared to the gain medium ( d = 1.1 cm ); this causes a non uniform gas flow 

through the waveguide amplifying medium, and causes a contamination of the gas. 

Therefore, all the gain measurements were taken with fresh gas. Thus, these meas­

urements were taken with further optimization in mind and do not neccessery 

correspond to the device operation in this work. 

Gain as a function of gas mixture ratio 

Due to the instability of the discharge and arcing at lower ratios of He/ C02 , 

it was very hard to examine the gain when the ratio of He/ C02 is less than 8 

without damaging the waveguide due to arcing. The optimum choice of gas mix­

ture to have a stable discharge and a relatively high gain was at C02 : N1 : He of 

1:3.2:14.2. From fig. 4-2 and fig 4-3, the highest measured gain is a bout 140 per­

cent for a mixture of 1 :3.2:8 at a current 0.5 A. The gain increases as the ratio of 

He/ C02 decreases, and the gain is higher at higher current as shown in fig. 4-2. 

From fig. 4-3, the gain is highest when the ratio of N2 /C02 is 2-3.5. The sensi­

tivity of the gain, to the N1/C02 ratio, increases as He/ C02 ratio increases. 

Gain as a function of pressure 

The pressure difference between the inlet gas pressure after the flow meters 

Pi and the outlet at the pump P 0 is very large; therefore, it is necessary to use the 

average pressure P = ( Pi + P 0 )/2. The effect of pressure on gain for two gas 
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mixtures is shown in fig. 4-4. Gas mixtures with lower He/C02 ratios were not 

considered due to arcing and discharge instability at higher pressure. Fig. 4-4 illus­

trates that the gain increases with increasing pressure until it reaches a maximum 

and then decreases due to increase in temperature [24]. At higher pressure, the 

discharge contracts to the cathode surf ace. At pressure greater than 8 torr ( for the 

gas mixtures of 1:3.2:14.2 and 1:3.2:18 ), an increase in current is necessary to 

maintain the discharge covering the whole cathode. 

Radial gain profile 

The radial gain profiles across the waveguide ( cathode ) were measured for 

different gas mixtures at different discharge currents and pressures. The gains 

were nearly parabolic in shape. Fig. 4-5 through fig. 4-9 show the results of these 

measurements. These figures reveal that close to the cathode, at the end of the 

intense part of the negative glow, the gain increases with increasing distance from 

cathode until a maximum value is reached. Beyond this point, the gain decreases. 

The peaks of the gain curves increase and shift towards the cathode surface with 

increasing pressure and with a lower ratios of He/ C02 . The gain curves also are 

flattened somewhat with higher ratios of He/ C02 . This is important, since more 

uniform gain indicates better laser mode quality [36]. These measurements also 

revealed that an increase in the ratio of He/ C02 beyond 8 causes an increase in 

the intense part of the negative glow. Thus, shifting the gain onset away from the 

cathode surface and at the same time reducing the peak of the gain. Since the 

cathode has a circular hollow tube shape except a small segment of its cross­

section was cut, the gain medium inside the cathode forms an almost cylindrical 

shape amplifier. The gain medium shape indicated better laser mode quality. The 

gain peaks are located between 2 and 4 mm from the bottom surf ace of the 
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Figure 4-2. Gain as a function of He/C02 ratio at 7 Torr 
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cathode. 

Due to arcing , at higher currents, the range of currents were kept between 

300 and 500 rnA. The gain is found to increase with current in this range, except 

for the ratio 1:3.2:18 since the gain is lower at 500 rnA than at 400 mA. This is 

maybe due to the increase in length of the intense part of the negative glow with 

current. Also, for a given E/N, this maybe due to the following reason. The aver­

age electron energy increases when the proportion of He is increased. This is 

because He has none of the inelastic vibrational losses that are present in C02 

and N2 • Thus, electron energies sufficient to excite the upper laser level occurs at 

lower E/N [38]. 

The previous measurements illustrate the availability of high gain and show 

that the optimum choice for gas mixture ratio and gas pressure are 1:3.2:14.2 of 

C02 : N1 : He and 7 torr respectively. 

•i 



CHAPTERV 

METAL WAVEGUIDE LASER 

INTRODUCTION 

The amplifier studied in the last chapter is turned into a laser medium by 

placing it inside an optical resonator. This optical resonator consists of two mir­

rors, one is a 1-m gold coated curved mirror and a flat germanium mirror with 

95% reflectivity. The wave guide length is 42 cm and the distance between each 

mirror and the end of the waveguide is approximately 3-5 mm. The mirror spacing 

from the wave guide, which controls the coupling efficiency between the modes of 

the waveguide and the modes of free space, has been studied by Abrams et.al [39]. 

At this point, a problem that is worth mentioning is when we used an LH-41 

coated mirror and a ZnSe mirror the coating burned in a few runs. The output 

modes and power will be the subject of this chapter. 

WAVEGUIDE TRANSVERSE MODES 

Theory 

The modes of curved-concave metal waveguide have been described theoret­

ically and experimentally by Casperson and Garfield [2] and by Marhic et.al 

[3,40]. They showed that these waveguide modes could be described in terms of 

Hermite-Gaussian functions parallel to the waveguide surface and Airy functions 

in the perpendicular direction. The results of their study will be presented. The 

coordinate system shown in fig. 5-1 will be used in this discussion. The major and 
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minor radii of curvature are r0 ::: 46 m and R0 = 5.5 mm respectively, P is the 

distance perpendicular to the waveguide surface, z is the distance across the 

waveguide and <I> is the angular distance along the waveguide. 

Using this system of units the electric field is given by [2] 

[ 
1 ~ k0

2 3 "12 z 
E.,.(n,cl>,z) =E0 F [ 2 ,

0 
~ n-p. Hm[ ~ 

[ ~
2 

i('1'-k0 z) exp 
2 

e 
Ws 

(5.1) 

where E0 is the normalizing factor, Pn is the nth zero of the Airy function, k0 

is the free space propagation constant, H m is the Hermite-Gaussian function, 'I' 

is a phase shift and Ws is the steady state spotsize given by 

Ws = [ 2(r0Ro)v.z11h 

ko 
(5.2) 

If we neglect the effect of the waveguide walls on the propagating wave, 

then the output modes are Free space modes. The free space electric field is given 

by 

Wo [~H ~ Emn(X,y,z) =E0 w(z) Hm ~ n ~ 

[ 
. x2+z2 _ x 2+z 2 

ei(koY +ljl) 
exp -zko 2R (y) w2(y) (5.3) 

where R (y) is the radius of curvature and w (y) is the spotsize of the beam at a 

distance y from the waist w0 and it is given by 

w2(y) =wo [I+ [ ~ 2 

A. [ -r v.z w~ = - ( dR ) Y.z 1 - d 
1t R 

(5.4) 

(5.5) 

7tW2 
0 

Zo =--
A 

(5.6) 
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where A. is the wave length, d is the cavity length and R is the radius of curva­

ture of the curved mirror. 

Fig. 5-2 and fig. 5-3 show the 2-D normalized intensity profile for the 

specified mode indices of Hermite-Gaussian and Airy functions respectively. 

Experimental results and discussion 

Since the laser beam is infrared, the cross-section of the beam is made visi­

ble by letting the beam strike a fluorescing surface of a thermal image plate. The 

output modes were always nearly perfect lower order modes because of the 

obstruction of the off-axis modes. This suggest that the gain in the middle of the 

waveguide, along the optical axis, is highest and decreases sharply away from it. 

Also, the cathode-anode separation acts as an aperture. 

At low current and pressure of 600 mA and 7 torr respectively, the output 

modes were free-space lower order Hermite-Gaussian modes. At higher current 

and pressure, 900 mA and 10 torr respectively, the modes were low order Airy­

Hermite-Gaussian modes. This difference in modes shape could be explained as 

follows: at low current and pressure, the thickness of the gain medium is smaller 

than the distance between the gain medium and the waveguide surface . This 

makes it almost impossible to make the beam use the waveguide surface as a guid­

ing medium because the medium between the gain medium and the waveguide 

walls is thick and lossy. But at high current and pressure, the gain is high and its 

thickness is large compared to its separation from the waveguide surface. There­

fore, the system lases even when the mirrors are tilted, with a small angle to make 

the beam reflect from the waveguide surface. As a result, we get the waveguide 

modes. 



u;, 



58 

0.8 • 
n=l 
,...,. , 

' ! ~\ <I) 

0.6 t ..... ..... 
n=2 

c:: 
~ 
.0 

-< 
i- 0.4 

·c;; 
c: 
~ ..... 
c:: ....... 0.2 

-3 -2 -1 0 2 3 

Distance From beam center (mm) 

Figure 5-2. Normalized intensity profile for the second order Hermite­
Gaussian mode 

-~ 0.6 
i:: 

:::> 

~ 
i- 0.4 
·;;; 
§ 
i:: - _0.2 

0 

·n= 1 n=2 

1 

n=3 
,r-· : · . . . . . . . . . . . . 

'• .. 

2 

·. ·-... « 

3 

Distance From Cathode surface (mm) 

4 

Figure 5-3. Normalized intensity profile for the second order Airy mode 



59 

Figure 5-4. First order Hermite-Gaussian transverse output modes when in­
cedent on thermal image plate .2m from output coupler 
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Figure 5-4 shows a pictures of the first order Hermite-Gaussian output laser 

modes at low pressure and current. At high pressure and current, it was not possi­

ble to take pictures due to the arcing, which damages the waveguide, at these 

operation conditions. 

OUTPUT POWER 

One of the most important measurements needed to determine the operation 

characteristics is the power dependence on current. Therefore, the laser's output 

power was measured as a function of current for different gas mixtures and pres­

sures. These measurements were done using a SCIENTECH model 362 power 

meter. 

Figure 5-5 shows that at 7 torr, the power is almost linearly proportional to 

the current up to 600 mA for the different gas mixtures shown. But for higher 

current or current and pressure, figure 5-6 illustrates that the power increases less 

with current. The reasons for this behavior may be due to increase in temperature 

and fast rate of gas contamination. Finally, for the same gas mixture ratio, flow 

rate and energy input, the effeciency of the wave guide laser is the same or better 

than that for logitudinal laser used in our gain measurement. 
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

CONCLUSION 

The design and operation of a DC-excited cw C02 metal waveguide laser, 

in which a slotted hollow-cathode in a transverse discharge also doubles as a metal 

waveguide has been presented. The experimental results have indicated, for the 

first time, the high optical gain available using the new cathode design as a C02 

laser amplifier. The resulting transverse discharge has many advantages which 

include low voltage excitation, positive impedance, discharge homogeneity along 

the optical axis and the unexpected high gain of the special FDS formed along the 

center of the cathode. Another attractive feature is the high thermal conductivity of 

the cathode walls which increases the optical gain. The discharge was found to be 

stable at ratios of He/ C02 higher than 8. As a result of this investigation, the gain 

was found to increase with current and pressure. 

Lasing has been acheived using the above amplifier. The output transverse 

modes are found to be clean and smooth lower order modes due to the uniformity 

and shape of the gain medium which obstruct the formation of off axis modes. 

These modes were found to be free space modes when the mirrors are parallel to 

each other. Since the waveguide is also bent along the obtical axis, it is possible to 

obtain a waveguide modes that agree with the theoretical Airy-Hermite-Gaussian 

functions under two conditions. The gain medium must fill almost the 
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whole waveguide and the mirrors must be perpendicular to the waveguide axis. A 

maximum TEMoo power output of 1 watt was obtained. 

RECOMMENDATIONS FOR FUTURE WORK 

At this stage, it is very reasonable to expect that our device is capable of 

delivering higher power with higher efficiency after a few adjustments. Therefore, 

for further research and development of this DC-excited metal waveguide lasers, it 

is necessary to identify the parts of the device that need to be developed or 

redesigned to meet a particular application. Since this device is in its infant stage 

and is being built for laboratory studies, it needs further engineering before it can 

be used in practical applications. 

The following are some suggestions to improve the power and efficiency of 

this laser: 

1. Reducing the size of the laser structure, so that most of the flowing gas will 

be contained in the waveguide amplifying medium. 

2. To minimize arcing, reduce the field gradiant at the edjes of the electrodes 

especially the cathode by machining smoother and cleaner edges. Another 

suggestion, which needs earful investigations before implemention, is to use 

a hollow-cathode with the anode inside the cathode. 

3. Increase the flow rate. 

4. To make the laser operate sealed off, the addition of a low ionizing potential 

gas such as xenon is required. 
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