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ABSTRACT 

DESIGN, CONSTRUCTION, AND OPERATION OF A SUB MILLIMETER 
WAVEGUIDE LASER SYSTEM AND STARK MODULATOR 

JAMES ALAN JENKINS 

A submillimeter laser system, consisting of a methanol waveguide 

laser and its CO^ laser pump, was built. The CQ^ laser used ZnSe 

optics and was diffraction grating tuned, making available over 80 

lines in the 9*6um and 10.6um bands. The typical output power level 

was 12W. This CO^ laser provided the pump radiation for a waveguide 

laser which used a precision-bored Cu tube to (l) confine the dis¬ 

charge plasma and the pump radiation and (2) serve as a waveguide 

for the submillimeter radiation field. Cu mirrors placed at the 

ends of the tube defined the laser cavity. A coupling hole in each 

mirror allowed 10.?6um CO^ radiation to enter the cavity at one end 

and 118.8um radiation, generated by a rotational transition in 

methanol, to leave at the other end. The 3mW of submillimeter 

light generated was used to study the effects of Stark modulating 

methanol in a cell through which the light was passed. A 2% modula¬ 

tion index was observed for a Stark cell pressure of 300umHg and a 

Stark electric field of amplitude 1000V/cm and frequency 200Hz. 

It was found that the Stark effect was linear and that an increase 

in electric field led to a decrease in submillimeter wave absorption 

in the cell. 
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I. INTRODUCTION 

1. Uses of Submillimeter Radiation 

The submillimeter radiation band spans the frequency range 

bounded by the microwave region on one side and the infrared and 

optical region on the other. In a liberal definition, the sub¬ 

millimeter region includes all wavelengths between lOum and lOOOum, 

and, as such, completely overlaps the far-infrared region and to 

some extent even the infrared region to which the 10.6um radiation 

of the CO^ laser belongs. 

Until recently, the submillimeter region has not seen the rapid 

advances characteristic of the neighboring optical, and microwave 

regions since the generation of coherent submillimeter radiation 

has proved extremely difficult for all but a few wavelengths. 

Increased interest in such fields as wide-band communications, 

plasma diagnostics, and spectroscopy has now provided the motivation 

to develop new submillimeter sources, detectors, and wave processing 

devices. 

In the areas of plasma diagnostics and spectroscopy, submillimeter 

waves assume importance because of wavelength dependent interactions 

with scattering and absorbing molecules and ions. By examining 

the propagation of infrared waves through plasmas, properties such 

as electron density and its distribution and collision frequency 

can be determined. Such measurements require low power (lOmW) 

tunable infrared sources. Determinations of ion temperatures in 

plasmas through Thomson scattering experiments will require mega¬ 

watt level narrow linewidth radiation. High power pulsed 

infrared radiation can also be used to measure transverse thermal 

conductivity in a plasma. The far-infrared radiation would be 
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used to locally heat the plasma and the thermal conductivity would 

then he measured by ruby laser scattering determinations of electron 

temperatures. 

Spectroscopic investigations of the vibrational-rotational 

levels in gases require the use of submillimeter sources. Spectro¬ 

scopic measurements of gases is one of the applications that has 

not needed high power. The radiation, however, must be of high 

spectral purity (linewidth less than 1MHz) and capable of being 

tuned over different frequency bands. 

The use of far-infrared waves in communications is hindered 

by some rather restrictive conditions. Absorption by water vapor 

in the atmosphere is intense over most of the far-infrared region 

and even so called "window" regions may still have levels of attenuation 

measured in terms of decibels per kilometer under normal sea level 

conditions of temperature and humidity. So far this has restricted 

the exploitation of infrared radiation for applications in communication 

but since there is increasing interest in applications high in the 

atmosphere or space, this situation will change. 

2. Present Work 

This paper deals with design considerations in the construction 

of a submillimeter waveguide laser system and an investigation of 

a methanol Stark effect modulator. 

Chapter II takes a brief look at some of the current methods of 

generating coherent submillimeter radiation. Examples include the 

junction laser, the spin-flip Raman laser, and optically pumped 

lasers. 

Chapter III is concerned with the design and operation of the 

CO^ laser used to pump the waveguide laser. Design calculations 
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for the mounting structure, diffraction grating, and Brewster windows 

are presented. Power measurements for the functioning laser are 

also given. 

Chapter IV deals with submillimeter waveguide laser design and 

construction. Power and wavelength measurements are included. 

Chapter V describes the Stark cell modulator. The theoretical 

groundwork pertinent to the cell operation and necessary for an 

explanation of the experimental results is presented. The cell 

design is given, followed by cell operation and the experimental 

setup used to analyze the characteristics of the Stark modulator. 

The chapter is concluded with a discussion of the experimental 

results. 

A summary of the work done with the Stark cell modulator is 

the content of Chapter VI. 
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II. SUBMILLIMETER WAVE GENERATION 

1. Harmonic Generation 

Numerous incoherent sources of submillimeter radiation exist. 

Examples include the globar, the Nerst glower, the gas mantle, and 

the blackbody. However, all of these are plagued by poor efficiencies, 

and ultimately, low power levels (roughly O.lnW in a 1GHz bandwidth 

at lOum). 

Coherent sources have a far greater utility value; and, so, 

with commercial 100mW-2mm klystrons readily available, researchers 

have tried harmonic generation of submillimeter waves. The most 

important requirement for electromagnetic energy conversion from 

a fundamental frequency to its harmonics is that the converting 

device or material be nonlinear. The form of the nonlinear relation¬ 

ship between the voltage and current in the device will determine 

the relative amplitudes of the harmonics generated. The efficiency 

of energy transfer to a particular harmonic, however, depends on 

the nonlinear law as well as the loss processes in the device 

and the magnitude of the fundamental frequency field. In principle, 

it is possible for all the fundamental energy to be converted to 

a particular set of harmonics or to an individual harmonic. One 

hundred percent efficiency, however, requires a lossless reactive 

element'*', while with a purely resistive element the harmonic efficiency 

1 2 
cannot exceed —, n being the harmonic number . 

n 

Elaborate studies of diode fabrication techniques and performance 

as millimeter and submillimeter harmonic generators have been 

carried out at the Bell Telephone Laboratories and at Duke University. 

With carefully designed diodes made from ion-bombarded silicon crystals, 

3 
Ohl and his colleagues have just barely been able to penetrate the 
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submillimeter region. They have found that while second and third 

harmonics are adequately generated by operation about the forward 

current knee of the characteristic, higher harmonics are more 

efficiently produced when the diode is operated near the reverse 

current break. With 200mW-24GHz fundamental, a power decrease of 

lOdb per harmonic number was obtained for the lower harmonics, 

while the corresponding figure for the higher harmonics was 2db 

per harmonic number. 

2. Mixing in Nonlinear Crystals 

Working in the optical region researchers have been successful 

with laser beam mixing in nonlinear crystals and the production 

of submillimeter radiation. Under conditions of high laser intensity, 

certain transparent crystals exhibit a sufficient level of nonlinearity 

to mix two optical beams and generate a useful submillimeter 

difference signal. Zernicke and Berman have used a pulsed neodymium- 

glass laser to produce radiation near lOOum, and Yajima and Inoue^ 

have generated a fixed difference frequency of 870GHz (345um) by 

mixing lines from a single pulsed ruby laser in YtTe. Van Tran and 

g 
Patel have followed these workers with experiments that show the 

possibility of tunable far-infrared generation by nonlinear mixing of 

two COg lasers in bulk InSb. For a given carrier concentration, and 

an appropriate applied magnetic field, magnetoplasma effects in the 

semiconductor car be used to give a phase-matched nonlinear interaction. 

Magnetic field tunable generation throughout the far-infrared (with 

power in microwatts) is suggested via the mixing of lines from the 

9.6um and 10.6um bands of GO^ lasers. Experiments with two temperature- 

7 
tuned Q-switched ruby lasers have enabled Faries and co-workers to 

generate tunable radiation over the wavelength range 8.3-1.2mm. 
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With a LiNbO^ crystal they have measured peak pulsed powers of 

20MW and with crystal quartz, somewhat lower values. 

3- Junction Lasers 

Tunable lasers such as the spin-flip Raman laser and the diode 

laser have created a major impact in the area of high resolution 

spectroscopy in the infrared. Both of these types of lasers have 

been shown to exhibit a useful linewidth which is narrower than 

about 100kHz. 

In p-n junction lasers, the energy level transitions are not 

between discrete energy levels but rather are transitions between 

energy bands of semiconductors. Population inversion can be produced 

by conduction currents through the junction, which inject minority 

carriers into the materials. These minority carriers may then 

undergo radiative transitions. If the boundaries of the diode are 

cut perpendicular to the plane of the junction to form a plane- 

parallel Fabry-Perot resonator, the emitted waves can add coherently 

to build up laser action in the region of the depletion layer of 

the junction. 

Under CW operating conditions an optimally constructed diode 

laser in the 5um region will deliver approximately lmW in a single 

mode. Under pulsed conditions, the diode lasers are capable of 

delivering peak output powers of about 100 times their GW output. 

The laser cam be tuned by a variety of techniques which includes 

1. A change in the composition of the active region 

2. A change in the temperature of the active region 

3. An application of am external magnetic field 

4. An application of pressure. 

Using these techniques diode lasers can be tuned over wavelengths 
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of 2um to 

4. Spin-Flip Raman Lasers 

When light is scattered from a system of quantized oscillators, 

the photons may lose or gain discrete amounts of energy according 

to whether it excites or deexcites the oscillators. This is the 

Raman effect. The spin-flip Raman laser consists of a pump laser 

and a sample of semiconductor in a variable magnetic field which 

gives rise to tunable stimulated Raman scattering during the spin- 

flip of the mobile carriers. One of the advantages of the SFR 

laser over the diode laser arises from its capability of delivering 

considerably higher output power. For example, in the 5um to 7um 

region, the InSb SFR laser can be operated under CW conditions 

with output powers of 1W. In the 9um to l4um region, operation 

under pulsed conditions yields power outputs on the order of a 

kilowatt. 

5. Josephson Junction 

Coherent radiation can be emitted by the supercurrents that 

oscillate across an insulating barrier separating two bulk super¬ 

conductors. This Josephson junction provides a source of monochromatic 

radiation of feeble intensity relative to other sources, but, 

nevertheless deserving of a brief description. The coupled electron 

pairs (Cooper pairs) which carry supercurrents in a bulk super¬ 

conductor are associated with a macroscopic wavefunction which is 

coherent throughout the superconductor. When two superconductors are 

separated by a thin barrier and a potential difference VQ is maintained 

between them, an electron pair can tunnel from one superconductor to 

another in the direction aided by the potential if in so doing it 

conserves energy by the emission of a photon. Conservation of 
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energy requires that every photon have a frequency WQ = 2eVQ/R 

where 2e is the charge of an electron pair. The frequency voltage 

ratio, 2e/h is 483»6MHZ/UV meaning that voltages of a millivolt 

or more can result in the generation of submillimeter waves. 

The alternating supercurrent of frequency WQ can be written 

I = I sin(w t + d ) 
o v o o' 

where dQ is a constant. The maximum junction current IQ depends 

on the temperature and on the thickness and area of the junction, 

and may be less than a microampere or larger than a milliampere. 

For a current flow of a few milliampères, some lCr electrons/sec. 

tunnell across the junction, and the largest possible emission 

l6 —13 
power could be about 10 7iWQ or 10 °wo watts. Thus, at very best 

a single Josephson junction is a source of microwatt radiation. 

In practice much less power is obtained. 

6. Gas Lasers 

Many gas lasers have been developed with emission lines throughout 

the submillimeter region. Population inversion is generally achieved 

by passing an ionizing current through the gas, with rotational- 

vibrational transitions responsible for the laser action. Atomic 

g 
neon and xenon lines have yielded wavelengths between 9 and 25um , 

Q 
while from atomic helium, 3^-lus pulses at 95•788um have been obtained. 

Transitions in molecular systems have been found to generate wave¬ 

lengths farther in the infrared. With discharge lengths of several 

meters, about 50 lines ranging from l6um to 120um have been observed 

from water vapor and deuterium dioxide, with peak; power levels 

between a fraction of a watt and tens of watts in microsecond pulses.^ 

4-0W pulses have been reported for the water vapor line at 27.9um. 

HCn lasers can generate pulsed power levels ranging from tens of 
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milliwatts to hundreds of watts. The HCn line at 336.8um can 

readily give CW power levels of 0.1-1W according to the magnitude 

of the discharge current. 

7. Optically Pumped Lasers 

Three-level optically pumped lasers operating in the far-infrared 

have recently "been developed. The lasing lines are rotational 

transitions of polyatomic molecules and the pumping source is an 

infrared laser, like GO^. Stable GW operation has been reported 

for many lines in the wavelength region between 0.1 and 2mm. 

However, the tunability of these lasers is limited within the 

Doppler width of the lines, which is about 10 ^ of their center 

wavelength. A possible method to increase the tuning range is the 

Stark shift of the lines. In fact, an electric field applied to 

the lasing medium will not modify the pumping mechanism. The 

main limits to the Stark effect are the breakdown threshold of the 

gas and the need for the absorbing vibrational line to remain in 

resonance with the pumping source. 

A slight but important variation of these optically pumped 

submillimeter lasers uses a metal or dielectric tube to confine 

the discharge plasma and the pump radiation as well as to serve 

as a waveguide for the submillimeter radiation field. This tube 

is located between two metal mirrors each with a coupling hole. 

Infrared radiation from a CO^ laser is focused into the mirror 

coupling hole on one end of the tube (after passing through a 

KC1 window which provides a vacuum seal) and submillimeter radiation 

is coupled out at the other end, then passing through a crystalline 

quartz window. More than 500 optically pumped SMMW laser lines in 

18 different molecules, ranging from 3^ to I8l4um have been reported 
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in the literature. The attractive features of the waveguide laser 

as a far-infrared source include (l) the simple design, (2) the re¬ 

liability and stability of the CO^ pump source, (3) the nonexistence 

of thermal drift, discharge-related instabilities, and molecular 

dissociation in the resonator, (4) the linearly polarized output 

for polarized pump radiation, and (5) the high efficiency due to 

the direct application of pump energy. 
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III. C02 LASER DESIGN AND OPERATION 

1. Mounting Structure 

An important consideration in the design of any laser is the 

mounting. Frequency stabilization requires that mirror acoustic 

vibrations and ambient temperature changes be controlled or compen¬ 

sated. The change in laser frequency dv due to changes in the cavity 

length dL is given by 

dv - -v^ (1) 

If the cavity mirrors are held separated by a cavity structure with 

an effective coefficient of thermal expansion b, then the change in 

laser frequency due to a temperature drift dT is given by 

dv = -v b dT (2) 

This expression demonstrates the need to control the thermal expansion 

of the laser cavity in order to maintain single frequency operation 

over long periods of time. For time periods short compared to thermal 

drift time, acoustic vibrations can lead to frequency instabilities. 

Most of the energy of the acoustic noise spectrum can be found below 

a few kilocycles; and, so, proper design requires the cavity structure 

to have its lowest order longitudinal acoustic resonances far above 

the noise frequencies. The fundamental, frequency for such structural 

oscillations is given by 
v_ 

where L is the cavity length and v is the speed of sound (longitudinal 
s 

mode) in the cavity structure. High acoustic resonant frequencies are 

associated with short cavity lengths and high sound velocities. 

In our design, thermal, and acoustic instabilities were reduced by 

invar rods running the length of the cavity. Invar has a coefficient 

of thermal expansion of about 11.3 X 10 ^/°G at room temperature (27°C) 
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and a sound velocity of approximately 6km/sec. Thus, an ambient 

temperature change of 1°C for a mirror separation of lm results 

in a frequency shift of 320MHz. For the same cavity length, the 

lowest mechanical vibration frequency is 3KHz. Our design required 

four invar rods (see fig. l). Actually, three rods will suffice 

with modest changes in cavity mount design. 

2. Plasma Tube 

The plasma tube was made of pyrex glass with platinum electrodes 

mounted in side arms in order to reduce sputtering. Platinum is 

recommended for sealed-off lasers only; for flowing gas systems, 

nickel electrodes are adequate. Nickel can be used for sealed-off 

operation if the electrodes are heated to reduce NiO, Ni(CO)^, and 

-2 
carbonate GO^ complexes which form on the cathode surface. The 

compounds will regenerate CO^ back into the tube when the electrode 

temperature exceeds 300°C»^ 

The plasma tube is diffusion-cooled with a suitable liquid 

(H^O, methanol) flowing in the outer jacket of the tube. In a 

diffusion-cooled laser, Joule heat is removed from the plasma, by 

a molecular random-walk process, in a characteristic time approach¬ 

ing the diffusion time T^. This diffusion time T^ is found to be 

Td - £ • « 

where d is the plasma tube diameter, a is the molecular mean free 

path, and v is the thermal molecular speed. Long diffusion times 

result in high temperatures in the plasma, which, in turn, lead to 

thermal population of the lower laser level and loss in laser gain. 

The laser output power/unit tube volume P^ is approximately inversely 

proportional to the diffusion time T^ and proportional, to the gas density p 

Pva^ (5) 
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Notice that by decreasing the tube diameter, the output power/unit 

volume P^ increases; however, the output power is not sensitive to 

a changing diameter, since the volume decreases at the same rate that 

increases. On the other hand, increasing the plasma tube length 

results in a proportional increase in output power. The nominal 

multimode output power/unit length is 50 watts/meter. 

3. Mode Stability and Mirror Size 

For a laser cavity of length L with mirror radii of curvature 

r^, and r^, stable modes can be obtained only when the following 

12 
inequality is satisfied: 

04(1 )(1 )£1 (6) 
rl 2 

Since our design called for a cavity length of 1.5m and a reflection 

grating (r^ = 00) for discrete frequency tuning, the chosen plano¬ 

concave output mirror (10m radius of curvature) satisfied this 

inequality (this type of mirror is a standard commercial item). 

The mirror diameter and the plasma tube i.d. depend on the 

cavity length and the radii of curvature of the mirrors, since these 

two parameters determine the spot size of the TEMqq^ gaussian mode. 

The minimum spot size w is defined as the minimum radius at which 0 

the field intensity in the TEMqq^ gaussian mode is l/e of its 

maximum (r = 0) value. WQ is given by 

w 
2 _ XL 

ir 
glg2^1 " glg2^ 

1 -A 

fl + g2 - 2glg2 _ 
(7) 

where g, Q = — and X is the wavelength. The value of w gives 
J.,2 r±f2 

0 

the gaussian beam spot size at the diffraction grating. The spot 
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size w at the output mirror is calculated from the expression 

For our configuration WQ = 3*^nim and w = 3•71mm. Single mode 

TEMqo^ operation can be obtained by adjusting an intracavity iris. 

The selected mirror diameter and the plasma tube i.d. were 

2.5^cm and 12mm, respectively. A germanium output mirror (90% 

reflectivity) with the above dimensions was tried since germanium 

is a low cost alternative to materials such as CdTe, GaAs, and 

ZnSe. It was found, however, that for power levels in the region 

of 5W and higher, germanium was susceptible to thermal instabilities. 

Later, a ZnSe mirror (85% reflectivity) was used with excellent 

results. 

4. Diffraction Grating 

Frequency tuning was provided by a reflection grating (gold 

on copper substrate) with 150 lines/mm (6.67um spacing) and blaze 

wavelength of 8um. It is very important that the grating holder 

provides protection against air drafts and dust. Air drafts can 

cause the grating temperature to fluctuate and so change the grating 

spacing through substrate contraction and expansion. This change 

in grating spacing will cause the direction of the laser output 

beam to shift. The magnitude of this shift is now calculated. 

c o 
The coefficient of thermal expansion b for copper is b = 16.7^ X 10 /°G 

at room temperature. For an initial grating line spacing of 6.67um, 

a change in temperature of 10°C corresponds to a change in line 

spacing of 11.16 X 10 um. From the grating equation 

mA = 2asin9, (9) 
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where m is the order of interference, A the wavelength, a the grating 

line spacing, and 9 the angle between the grating normal and the 

optic axis. Differentiating eqn. (9)» we obtain (for m = l) 
cLQ I _ tanQ 
da| a 

For 9 = 46.02° (computed from the grating equation with A - 9*6um, 

a = 6.67um), we now have 

|da|= •155rad/um. 

The change in beam direction d9 is approximately 

d9 = .155 x 11.16 x lO-4 = 1.73 x lO^rad. 

So, at the laser output mirror, the beam will move transversely 

a distance dx given by 

dx = Ld9 = 1.5 x 1.73 x 10-4 = 2.6mm. 

The rather elaborate grating holder design supplied to us by the 

National Bureau of Standards provided protection from air drafts 

and dust. For horizontal polarization of the laser output the 

grating lines must be vertical as is the axis on which the grating 

rotates. 

A grating quantity frequently used to express the angular 

d9 separation of two wavelengths is called the angular dispersion 

Differentiating eqn. (9), we obtain the expression 

d9 _ m 
dA ~ 2acos9* 

Solving for a in equation (9) and substituting into equation (ll), 

we arrive at the expression 

d9 _ tan9 
dA " A * 

This last equation shows that for a given wavelength A, the angular 

dispersion increases with 9. 

Kealistically, we cannot choose to operate a grating at an 

angle of incidence of 1l/2 in order to maximize the angular dispersion 
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and the resolution since this requires a grating of infinite extent. 

Since commercial gratings of moderate cost are scribed on blanks 

1.5in. (38.1mm) square, the calculated spot size allows a maximum 

angle of incidence 9 of approximately 
max 

2w sec9 =1.5 
o max 

6.88 secQ = 38.1 
max 

0 _ = 79.6°. 
max 

The grating must be able to resolve two CO^ rotational lines 

with a separation of about .02um. This is possible if tuning from 

one line to another requires a grating rotation d9 of at least 

w 
d9 .0023rad. 
min 1.5m 

Substituting into the angular dispersion equation (12), we can find 

the minimum grating angle; using X = 10.6um (the upper CO^ laser 

band) 

dO _ tanO 
dA A 

tan9 = i§jé(.0023) = 1.22 

6min “ ^-55° 

Our grating (a = 6.67um) provided the required angular dispersion. 

5* Piezoelectric Translator 

The ZnSe output mirror was mounted on a piezoelectric translator, 

which, in turn, was seated on an 0-ring and secured to the laser 

cavity end plate with three #2-56 alien screws. The translator 

provided cavity length tuning and the screws provided mirror alignment. 

One turn of any screw tilted the mirror 0.0l8rad or 1.02°. 

6. Brewster Windows 

ZnSe Brewster windows were used (Brewster angle - 67.^°) to 
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protect the output mirror and the grating from the plasma as well 

as to obtain polarized output. The use of windows necessitates 

displacing the plasma tube axis from center line joining the two 

cavity mirrors. The required displacement a depends on the window 

thickness d, the window index of refraction n, and the angles of 

incidence (the Brewster angle) l and refraction 0. For a ray 

traveling along the tube axis and striking the window, the displace 

ment a is 

a = (l - {“*,). 

For n = 2.4, d = 2mm, 0 = 67.4°, and 0 = 22.6°, the displacement a 
is 1.53mm* The ZnSe windows were mounted on holders that allowed 

easy removal of the windows for cleaning. Any dust on the windows 

had a disasterous effect on output power and if not quickly removed 

led to local heating of the window and permanent damage. 

7. Gas Flow 

The commercial, grade CO^, N^, and He gases of the CO^ laser 

plasma were each passed through their respective cylinder regulators 

(set at roughly 5 atm.) and then through fine-metering valves. 

On the down-stream side of each valve was a rotameter for measuring 

flow rates. The gases were next premixed in a lange copper cylinder 

(length - 20in. (51cm), dia. - 1.5in. (3*8cm)) and fed into the anode 

end of the plasma tube via a 2 meter length of .375in. (,95cm) 

i.d. polyethylene tubing. The tubing length was sufficient to 

prevent electrical breakdown in the gas from the anode to the gas 

manifold. A rotary vacuum pump pulled the gases through the plasma 

tube. Rubber hose connected the plasma tube to the pump, thus providing 

a reasonable degree of mechanical isolation. Finally, all metallic 

fittings (metal tubing was used sparingly) were electrically insulated 



19 

to protect personnel from electrocution. 

8. Power Supply 

The high voltage power supply used was capable of supplying 

22kV at a load current of 80mA, although under normal operating 

conditions only 13.25kV at 19mA was required. The 3 percent ripple 

voltage (l20cps) proved excessive for a later application; and so, 

a 20kV - l4.9uF capacitor (luF is sufficient) was connected across 

the supply output terminals, reducing the ripple to 0.0668 percent. 

Three series-connected 100W-50k ballast resistors connected the high 

voltage terminal to the anode of the laser. Under normal operating 

conditions, (19mA, 13•25kV) the dynamic resistance of the plasma 

is approximately 143k; and, consequently, a small relative shift 

in quiescent voltage of, say, 100V leads to a quiescent current 

change of 0.7mA. Such a current change results in a shift of laser 

output power of about 19mW, since the gain of the laser medium 

is a function of the discharge current (laser power saturates at 

approximately 50mA)* The ballast resistors increase the dynamic 

resistance seen by the power supply and so reduce current fluctuations. 

In addition, since the static resistance of the plasma drops 

dramatically at the onset of gas breakdown, the ballast resistors 

act as a current limiter, keeping the power supply filtering capacitors 

from discharging suddenly. 

Cathode cable (25kV) was used for all high-voltage connections. 

For added protection, some of the cables were shielded with a metal 

braid fastened to ground. 

9. Initial Alignment 

Initial alignment of the 00^ laser output mirror and grating 

was accomplished by first replacing the mirror with an iris. Then, 
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"by passing a He-Ne laser beam ( X= 6328$) through this iris, down 

the plasma tube, and through the intracavity iris {used for mode 

suppression), the GO^ laser axis was determined. The beam incident 

on the diffraction grating was reflected into a series of horizontal 

spots. The grating was then adjusted so that by tuning the grating 

each spot could be made to retrace the path fixed by the incident 

beam. Since the grating used had a blaze wavelength of 8um (wave¬ 

length for maximum first order reflection), the brightest reflected 

He-Ne laser spot occured at the 13th order (8um/6328A = 12.6). 

Finally, the grating was tuned so that the 17th order spot 

passed back down the CO^ laser axis, since at this setting the strong 

10.59™ P(20) line would constructively interfere in the laser- 

axis direction (l0.59™/6328$ = l6.7)« Now, with the grating aligned, 

the output mirror was replaced and adjusted so that the He-Ne beam 

was reflected upon itself. After opening the intracavity iris to 

about 6mm, the laser discharge was fired and fine adjustments made 

to the mirror and iris in order to optimize the transverse mode 

pattern and output power. 

For fear of damaging the gold-coated grating, the laser was 

not operated for long periods of time (~1 min) with an output power 

above 10 watts, which was readily obtainable. 

10. Power Measurements 

Discrete frequency tuning was possible from R(4) to R(38) and 

P(4) to P(46) in the 9-6um band and from R(2) to R(42) and P(4) 

to P(42) in the 10.6um band. (See tables 1 and 2). The spectral 

reflection of the CO^ beam off of the grating furnished a means 

of monitoring the power. A reflected grating power of 0.72W 

corresponded to approximately 9.Ü0W output. 
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TABLE 1: CC>2 LASER TYPICAL OUTPUT POWER 

R(2) 9-381 
R(4) 9.367 8.1 
R(6) 9*354 U.8 
R(8) 9-3^2 11-5 
R(10) 9-329 11-7 
R(12) 9-317 13-9 
R(l4) 9.305 14-7 
R(l6) 9-294 14.7 
R(18) 9-282 14.4 
R(20) 9-271 13-6 
R(22) 9-260 13.2 
R (24 ) 9.250 15.5 
R(26) 9.240 14.9 
R(28) 9.230 15.4 
R13O) 9.220 12.4 
R(32) 9.210 12.3 
R(34) 9.201 11.7 
R(36) 9.192 10.1 
R(38) 9.183 7.6 
R(40) 9.174 

P(2) 9-415 
P(4) 9.429 6.4 
P(6) 9*443 8.1 
P(8) 9.458 11.4 
P(10) 9.473 12.0 
P(12 ) 9*488 13.6 
P(14) 9.504 14.0 
P(l6) 9.520 14.5 
P(18) 9.536 13.9 
P(20) 9-553 14.1 
P(22) 9.570 14.8 
P(24) 9*586 14.2 
P126) 9.604 13.5 
P(28) 9.621 13.5 
P(30) 9-640 12.7 
P(32) 9.658 13.3 
P(34) 9.676 12.6 
P(36) 9.695 11*6 
P(38) 9-714 11.4 
P(40) 9.734 10.3 
P(42) 9.753 7-2 
P(44 ) 9.774 7.0 
P(46) 9.794 5.5 
P(48) 9.815 
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TABLE 2 s C02 LASER TYPICAL OUTPUT POWER 

Line Wavelength (um) Power (w) 

R(o) 10.398 
R(2) 10.381 7.2 
R(4) 10.365 U»2 
R(6) 10.349 12.0 
R(8) 10.334 12.6 
R(10) 10.318 13.2 
R(12) 10.303 13.7 
R(14) 10.289 13.3 
R(lé) 10.274 13.2 
R(18) 10.260 13.5 
R(20) 10.247 13.9 
R(22) 10.233 14.3 
R (24) 10.220 13.7 
R(2ô) 10.207 13.6 
R(28) 10.194 13.3 
R (30) 10.182 12.7 
R (32) 10.170 12.8 
R (34) 10.158 12.7 
R(3ô) 10.147 11.8 
R(38) 10.135 10.7 
R(4o) 10.124 10.3 
R (42) 10.114 9.0 
R (44) 10.103 

P(2) 10.423 
P(4) 10.441 11.7 
P(6) 10.453 13.8 
P(8) 10.476 15.2 
P(10) 10.494 15.4 
P(12) 10.513 15.4 
P(14) 10.532 15.7 
P(l6) 10.551 15.5 
P(18) 10.571 15.9 
P(20) 10.591 16.0 
P(22) 10.611 16.4 
P(24) 10.632 16.2 
P(26) 10.653 14.9 
P(28) 10.674 15.1 
P130) 10.696 14.6 
P132) 10.718 13.5 
P(34) 10.741 13.5 
P(36) 10.763 13.6 
P(38) 10.787 12.3 
P(4o) 10.810 11.4 
P(42) 10.834 10.7 
P (44) 10.858 
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IV. SUBMILLIMETER WAVEGUIDE LASER DESIGN AND OPERATION 

1. Cavity Structure and Mirror Mounts 

Because the waveguide laser is optically pumped, electrodes are 

not necessary; and, consequently, the cavity design is extremely 

simple. The cavity consists of a 2m length of precision-bore tubing 

(oxygen-free, high-conductivity copper; i.d. - .550in., wall thick¬ 

ness - .040in. ) with a polished Cu mirror at each end of the tube. 

The mirror blanks were made by cutting off .050in. thick discs 

from a Cu rod (dia. - 1.08in.) after drilling the proper size coupling 

hole in the center of the rod. (The 0.050in. (l.27mm) coupling 

hole of one mirror allowed CO^ radiation to enter the cavity and the 

0.098in. (2.49mm) coupling hole of the other mirror allowed submilli¬ 

meter radiation to leave the cavity.) Then one side of each blank 

was smoothed on a polishing wheel, starting with 240 mesh silica 

grit and progressing to lum alumina grit. The final polishing was 

done in two steps: (l) the blanks were polished with lum grit on 

nylon cloth stretched over the wheel until no scratches from the 

previous stage of polishing were noticeable, and (2) the nylon cloth 

was replaced by microcloth and polishing was continued until all 

visible scratches were removed. 

One finished mirror (coupling hole - 1.27mm) was fitted into 

the counter sink of an aluminum disc and then cemented along the 

edge with silicon rubber cement. The tilt of this mirror was adjusted 

by means of three #6-32 screws which pushed the aluminum disc on 

which the mirror was mounted against an 0-ring on the waveguide 

end mount. After initial alignment, the tilt of this mirror was 

never tampered with; all fine tuning was done on the output mirror. 

A 4mm thick disc (25.4mm dia.) of potassium bromide (a more costly 
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but less hygroscopic alternative to sodium chloride), mounted on an 

0-ring on the aluminum disc on the side opposite the mirror, providing 

a vacuum window for the CO^ laser pump radiation. 

The output mirror was held in place in a mount (fig. Z) that 

both slid along a brass sleeve cemented to the waveguide and was 

spring-loaded to a linear1 translator. Mirror tilt was again provided 

by pressure on an 0-ring; however, in this case, the three #2-56 

adjusting screws were turned by means of three .125in. dia. aluminum 

feedthroughs. The output vacuum window was a crystalline quartz disc 

(l.Oin. dia., .050in. thick) mounted on an 0-ring on the plexiglass 

vacuum box. The box was evacuated to the operating pressure of the 

waveguide laser; and, as such, allowed the output mirror to be trans¬ 

lated easily since the net force on the mirror due to gas pressure 

was very small, (in contrast, the net force on the input mirror 

holder due to air and methanol gas pressure was about 12 lbs.) 

All four feedthrough ports (one for translation and three for 

mirror tilt) in the vacuum box were made with .125in. Cajon bore- 

through adapters soldered to a brass plate comprising one face of the 

box. This brass plate and the plexiglass face opposite it were mounted 

on 0-ring seals. The other faces of the box were sealed with Eastman 

910 cement. 

2. Gas Flow 

Since, at room temperature, methanol is a liquid with a relatively 

high vapor pressure (~l40Torr), the gas flow through the laser was 

controlled with a single fine-metering valve (Nupro S series or equivalent). 

A costly gas regulator was not needed. Methanol gas was introduced into 

the waveguide tube at the same end as the CO^ pump radiation. 

After traveling the length of the tube the gas exitted via three 
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small holes located near the output mirror. The gas then flowed 

out of the plexiglass box, through a section of rubber vacuum hose 

(providing mechanical isolation) and finally into a mechanical 

vacuum pump. 

3. Power Measurements 

Figure 3 contains graphs of the SMMW laser typical output 

power verses the cavity pressure. With the ,098in. coupling hole 

output mirror, we see that the maximum power was reached at a pressure 

of 150umHg. The optimum pressure shifted to 200umHg and the peak 

output power decreased dramatically when the ,070in. coupling hole 

mirror was used. 

At operating pressures for maximum output power, the absorbing 

transition is predominately Doppler-broadened, with only molecules 

of a certain velocity class being excited into the upper laser level 

by the monochromatic pump radiation. At higher pressures, two mechanisms 

13 
axe responsible for the lower output powers obtained. One is ab¬ 

sorption of the submillimeter radiation by molecules occupying rotational 

levels in lower vibrational states, an effect which may be negligible 

at lower pressures due to slight relative shifts of rotational spectra 

associated with different vibrational states. The second mechanism 

is collisional relaxation among the rotational levels of a given 

vibrational state, an effect which is particularly rapid for polar 

molecules. 

4. Wavelength Measurements 

Wavelength measurements were made by passing the submillimeter 

beam through a motor-driven Fabry-Perot interferometer and monitoring 

the transmitted power with a thermopile detector and chart recorder. 

The frequencies for maximum transmission through an ideal lossless 
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interferometer are given "by 

me 
\ = 2nL cos9' " * pos- integer 

where c = the speed of light in a vacuum, n = the index of refraction 

of the medium separating the interferometer mirrors, L = the mirror 

spacing, and 9 = the angle of incidence. For 9 = 0 (normal, incidence), 

the maximum transmission of a monochromatic team occurs whenever L 

is an integral multiple of one-half the wavelength of the beam in 

the medium between the interferometer mirrors. 

The interferometer’s ability to distinguish details in the 

beam's spectrum is limited by the finite widths in its transmission 

peaks. For the case in which the full width at half maximum (FWHM) 

of the transmission curves Vi is small compared to the peak separation 
2 

14- 
V, it can be shown that 

V = c 1 - R 
■§■ 2tfnL cos9 ^ 

where R is the reflectance of the interferometer mirrors, assumed 

identical. Note that increasing the mirror separation L or reflectance 

R improves the resolution, but lowers the transmission peaks. 

The interferometer mirrors used consisted of nickel screen 

(750 mesh, spacing = 33*87um) fastened to mirror mounts. The ex¬ 

perimentally determined reflectance was 82 percent with 118.8um light 

incident. One of the mirror mounts was fixed to a motor-driven 

translator. The two mesh surfaces were set parallel to one another 

by adjusting the mirror mount micrometers until,the reflected inter¬ 

ference patterns produced by a He-Ne laser beam incident on the meshes 

coincided. Pumping the methanol waveguide laser with 9«676um (P(3*0) 

radiation produced submillimeter waves with a wavelength of 73um + 

5um. Submillimeter wavelengths of 120um + 8um were generated with 
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9.695um (P(3ô)) pump radiation. A typical chart recording for the 

118.8um line is given in figure 4. 
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V. STARK CELL MODULATOR 

1. Introduction 

As explained in the following section, the application of an 

electric field to an asymmetric-top molecule can lead to a linear 

or quadratic shift of an absorption line, depending on the relative 

spacing of the energy levels responsible for absorption. 

This shift in absorption line with electric field can be used 

to process light passing through a Stark cell. For light whose 

frequency includes the absorption line of the Stark cell gas and 

is much larger than the absorption linewidth, the Stark cell becomes 

a voltage-controlled stop-band filter. For light whose frequency 

band is much smaller than the absorption linewidth, the Stark cell 

is a variable attenuator, with the Stark cell output following 

the lineshape of the Stark cell gas. The range of Stark electric 

field over which either device is applicable will depend on the 

proximity of other absorption lines and the breakdown field of the 

gas. 

Since the methol waveguide laser has an output frequency band 

much smaller than either the Doppler-broadened or pressure-broadened 

linewidth of methanol at 300°K and 400umHg (see appendix), the 

Stark cell in our investigation behaved as a variable attenuator. 

By applying an a.c. Stark electric field, the cell became a submilli¬ 

meter wave modulator. 

2. Theory of Stark Splitting 

For molecules placed in applied electric fields which are weak 

compared with interatomic fields, the resulting shifts of the energy 

levels can be treated with perturbation methods. Consider a molecule 

described by a time-independent Hamiltonian HQ and situated in a 
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uniform electric field E. The stationary energy values EQ of such 

a system are determined hy solving Schrodinger's equation. 

(H + V)U = E U , v o ' n n n' 

where V is the interaction between the molecule and the applied 

electric field. For a molecule having a permanent electric dipole 

moment u and a polarizability tensor P, the interaction V is given 

by the expression^ 

V = -E - W gtTZ ZhPgh’ 

where the electric field E is assumed to be in the direction of the 

space-fixed Z-axis; g,h refer to the molecular principal axes of 

inertia x,y,z; is the direction cosine between the space-fixed 

axes and the principal axes. The first term in this expression is 

the orientational energy of the permanent dipole in the field and 

the second term is that of the induced dipole. 

In the perturbation theory method, the assumption is made that 

the interaction energy V is a slight correction to the unperturbed 

Hamiltonian Hq, whose eigenfunctions and eigenvalues 

satisfy the equation 

H U = E (°\j 
on n n 

The shifted energy levels E^ due to the applied electric field will 

depend on whether the unperturbed energy eigenstates U are non¬ 

degenerate or degenerate. 

For the case of nondegenerate energy eigenstates, the perturbed 

energy levels are given by the infinite series 

E = E + E ^ + E ^ + 
n n n n 

E « 
n 

« V 
nn 

V U (°)dq 
n 

where 
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and 

In these equations, is the matrix element of the perturbation V 

between the unperturbed energy eigenstates U and U with 

the integral taken over all degrees of freedom of the eigenstates; 

the prime on the summation sign indicates that the sum does not 

include the term m = n. 

In an asymmetric-top molecule, degenerate energy levels occur 

only accidentally; and so, assuming no degeneracies, the eigenstates 

can be chosen as states of definite parity. This being the case, 

the term involving the permanent dipole moment u in the perturbation 

V does not contribute to the first-order energy shift E that is, 

We expect, then, to see the smallest correction term proportional 

expansions in non-degenerate perturbation theory converge slowly. 

And so, better lower-order approximations can be obtained using 

degenerate perturbation theory. Consider the unperturbed wavefunctions 

influence of an applied electric field, the perturbed wavefunctions 

2 
to E and the Stark effect second-order for an asymmetric-top 

molecule. 

However, when two unperturbed energy levels lie rather close 

together (much closer to each other than to any third level), the 

Ux = gCE)!!^
0) + h(E)U2(°) 

U2 = -htE)^
0) + g(E)U2(°) 

can be written 
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where g(E) and h(E) are functions of the electric field inersity E, 

subject to the normalization constraint g(E) + h(E) = 1. For 

the perturbing electric dipole interaction -u‘E, the matrix element 

connecting the two states is 

-EU^2 = -Eu J1J* cos© sin© d© d^. 

Under the perturbation, the shifted energy levels E^ and E^ can 

be determined by solving the equation 

E <°)-E E <°) E1 El,2 E12 

E, 
'21 

(0) 
E2(0)-E1.2 

= 0. 

It is seen that the perturbed energy levels are (using the fact 

'21 

(E^^-E^0))2 

that E^0) = E,/0^) 

E. 

EI(
0
)+E2(

0
) 

1,2 

-J 1. 
2 

+ A
2 

12 
(13) 

The functions g(E) and h(E) can be solved by using the equations 

W1 '/Wl^ W2 =/U2HoU2d« 

The results are' 
.16 

g(E) 

2 2 {dr + 4E^U£2)2 + d 
_2(d2 + 4E2U22)

2 

h(E) 

(d2 + 4E2U22)
2 - d 

1 JL 
2 

_2(d2 + Jj^u^)2 

where d = E^^-E^0^ 

When Eu12 
is much smaller than 

E. (°>-E <°> 
% E2 

, eqn. (13) can be expanded. 

(0) ^“12 E1 = E1
KUJ +  7TT + •.. 

and 
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E2 = E2 
(0) _ 

E. 

EV E U12 

WT7 XÔJ 

We see here that the Stark shift is quadratic, typical of a second- 

order effect. When Eu^ becomes much larger than 

eqn. (13) can now be expanded 

E, <0>-B?(°> 

E. 

El(0)+E2(0) 

1,2 
+ Eu^^ + • • • 

In this approximation, the Stark effect has become linearly dependent 

on electric field E. Thus, two close-lying energy levels of an 

asymmetric-top molecule can lead to a linear Stark effect instead 

of the more common quadratic effect. 

3. Stark Cell Design 

The Stark cell (fig. 5) was constructed from a 32.5in. (82.6cm) 

length of copper X-band waveguide, the ends of which were cut at 

55*5° in order to accomodate polyethylene Brewster windows (0.125in. 

thick, 1.375in. square). Note that the polarization of 118.8um 

radiation generated in a methanol transition is shifted 90° from 

the polarization of the 9*695nm (P(36)) pump radiation.^ Since the 

polarization of the CO^ pump radiation was horizontal, the Brewster 

window orientation was chosen to guarantee that the vertically- 

polarized submillimeter radiation would not be reflected at the win¬ 

dows. The polarization of the submillimeter radiation, then, was 

parallel to the applied electric field in the Stark cell. A brass 

septum (0.062in. thick, 0.8lin. wide) runs the entire length of the 

cell, dividing the smaller cross-sectional dimension of the waveguide 

in half. Supporting the septum and electrically insulating it from 

the waveguide walls are two narrow teflon strips. Teflon has a 

relatively low absorption coefficient in the far-infrared and so 
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helps to cut down on the insertion loss of the cell. A rectangular 

brass collar was soldered to each end of the cell and provided support 

for gas inlet and outlet ports and electrical feedthroughs. A thermo¬ 

couple tube was connected to the input gas port to monitor the pressure. 

4. Cell Operation and Experimental Setup 

Figure 6 contains the experimental setup which was used to 

monitor the submillimeter radiation absorbed by the Stark cell 

versus the electric field applied across the cell. CO^ radiation 

at 9*695Um (P(36)) was focused into the waveguide laser with a 

germanium lens (lOin. focal length). The 118.8um light generated 

by the waveguide laser was then passed through the Stark cell and 

into a photoconductive GaAs detector cooled to liquid helium tempera¬ 

tures (4.2°K). 

A high voltage pulse train was applied to the Stark cell via 

the amplified output of a 0 - 20Y square wave generator. The amplifier, 

utilizing a 6AU5-GT beam power tube biased almost at cutoff, boosted 

the voltage pulses to a maximum of about 700 volts with a rise time 

under 1msec. In addition, the d.c. voltage level of the cell could 

be fixed at any voltage under 800 volts using a high voltage d.c. 

supply and a diode clamp. A 2k, luF blocking capacitor isolated 

the pulse amplifier from the d.c. high voltage. The blocking capacitance 

was chosen to be much larger than the capacitance of the Stark cell 

(8.33nF) in order to allow almost all of the pulse amplifier output 

voltage to appear across the cell. 

The output of the GaAs detector was fed into a phase sensitive 

detector synchronized with the puiser. PSD output was then dis¬ 

played on an x-y recorder. 
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5. Results and Discussion 

As the graphs in figures 7 and 8 show, increasing the voltage 

across the Stark cell resulted in more submillimeter radiation reaching 

the GaAs detector. This indicates that the methanol absorption line 

was shifted away from the laser frequency. The graphs also show 

the pressure-broadening of the absorption line as the pressure of 

the methanol in the Stark cell was increased from 90umHg to ^OOumHg. 

Figure 9 contains an oscilloscope tracing of the GaAs detector output 

and the Stark voltage pulse train input. 

The predominant sources of absorption linewidth broadening 

for methanol at a pressure of 250umHg and a temperature of 27°C 

are the Doppler effect and molecular collisions. A calculation 

of the Doppler-broadened linewidth (appendix) yielded a full width 

at half maximum value of 5-53^2, while the pressure-broadened line- 

width was about 1.30MHz. The approximate linewidth due to both 

mechanisms was calculated as 5*68MHz. The fact that neither line 

broadening source is predominant indicates that the absorption line- 

shape should have characteristics of both the gaussian function 

(associated with Doppler broadening) and the Lorentzian function 

(pressure broadening). 

As mentioned earlier in section V-l, since the linewidth of the 

submillimeter laser output is much smaller than that of the Stark 

cell absorption line, experimental plots of absorption vs. Stark 

voltage (fig. 7 ) should follow the shape of the absorption line. 

Assuming a Lorentzian lineshape for the absorption line (linewidth - 

5.68MHz), a reasonable fit to the experimental results (methanol 

cell pressure = 250umHg) was obtained for a first-order (linear) 

Stark coefficient of 8.35kHz-cm/V. Since the maximum electric field 



FIG. 7 : NORMALIZED ABSORPTION vs. STARK VOLTAGE 
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intensity applied to the Stark cell was about lkV/cm, the frequency 

shift of the absorption line was 8.35MHz. The linear Stark coefficients 

calculated for the other cell pressures are given below: 

Pressure Adjusted Linewidth Stark Coefficient 
(umHg) (MHz) (kHz - cm/v) 

90 5.55 11.5 
150 5.58 12.1 
290 5-73 7.15 
400 5.91 7.07 

Assuming a gaussian lineshape for the absorption line yielded a 

Stark coefficient of about 8.0kHz - cm/V. 

Since methanol, neglecting the hindered rotation of the OH 

group around the axis of the CH^ group, has the structure of a rigid 

asymmetric top, we expected to observe a second-order (quadratic) 

Stark effect, as explained in section V-2. The fact that a first- 

order shift was observed indicates that two close-lying energy states 

lS 
axe responsible for the absorption. Hughes, Good and Cole have 

also observed lineax Staxk effects in methanol but at microwave 

frequencies. 

Figure 8 shows that the modulation index increased monotonically 

with cell pressure, reaching a maximum of only about 1.9% at a pressure 

of 290umHg. Above 300umHg, the modulation index decreased with 

pressure. The initial increase with pressure was probably due to 

the larger number of absorbing molecules in the cell. The fact 

that the modulation index dropped at higher pressures indicates that 

an improvement in the modulation index might not be seen without a 

longer Stark tube. 

The frequency response of the Stark modulator was not measured 

for want of a high-frequency (lOOMHz), high voltage (500V) pulse 

generator. Since new effects occur when the Stark voltage frequency 



becomes comparable with or larger than the width of the absorption 

line, the response time of the static Stark effect should be about 

20msec, corresponding to a linewidth of 8MHz. 
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VI. CONCLUDING REMARKS 

The submillimeter waveguide laser has shown to be a valuable 

tool for work in the far-infrared. The simplicity of design and 

the rapidly increasing number of lasing gases available are two 

important assets. The recent renewed search for a tunable submillimeter 

source will almost certainly involve the waveguide laser. 

The results of the work done on the Stark effect modulator 

point out the fact that only a small percentage (2%) of the 3mW 

radiation incident on the Stark cell can be controlled. This is 

due to a large part, by the scarcity of methanol molecules compared 

to the submillimeter photons incident and should be somewhat remedied 

by longer Stark cells. A more promising idea might be the incorpo¬ 

ration of the Stark cell into the submillimeter waveguide laser 

cavity; that is, making a laser out of a Stark cell by adding mirrors 

at each end. This would eliminate the present coupling losses into 

the Stark cell and reduce the overall length of the system. In any 

case, the Stark effect modulator should prove useful in a future 

application of a submillimeter wave communication system. 
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A. CO^ Laser Energy Levels and Broadening Mechanisms 

The CO^ molecule is a linear symmetric molecule with an - fold 

symmetry axis and a symmetry plane perpendicular to this axis and 

through the central carbon atom. The molecule has nine degrees 

of freedom yielding four vibrational modes (fig. 10a); the symmetric 

stretching mode with a fundamental frequency v^ of 40.HTHz, the 

bending mode (doubly degenerate) with v^ = 20.OlTHzf and the asymmetric 

stretch mode with v^ = 70.4?THz. With respective quantum numbers of 

k, m, n for each vibrational level and with q quanta of angular 

momentum associated with the two bending modes, the vibrational 

quantum state is labeled (k, nr*-, n). The energy E^. related to the 

(k, nr*-, n) vibrational state is then given by 

Ey (k, in1, n) = (k + -Dhv.^ + (m + i)hv2 + (n + i)hvy 

Figure 10b illustrates the vibrational, levels for the states involved 

in the lasing action of the C02 molecule. 

In addition to this vibrational motion, the C02 molecule can 

rotate about an axis in the symmetry plane and through the carbon 

atom. Associated with each vibrational state, then, will be a multipli¬ 

city of rotational levels with the energies E^ given, at least to 

19 
first order, by 

E (J) = BJ(J + l), J « 0, 1, 2, _.. 

•h
2 

where B = and I is the molecule's moment of inertia about the 

rotation axis. J is the angular momentum quantum number. 

Refinements to this picture can be made by including the effect 

of molecular bond stretching, with the associated increase in moment 

of inertia, as the molecule rotates faster. Such considerations 

lead to the expression 

Er(j) = Byj(j + 1) - DVJ
2(J + l)2. 
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Figure 10aî GO^ Molecule Vibrational Modes 

Figure 10b: CO^ Laser Energy Levels 
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The coefficients and depend slightly on which vibrational 

level the molecule is in, and this is the reason for the subscript v. 

20 
For the CO^ molecule, Hertzberg gives the values 

B = 0.3937cm'1 

00°0 

B = 0.3866cm"1 

00°1 

B = 0.3897cm"1 

10°0 

B = 0.3899cm"1. 
02 0 

Transitions from the rotational sublevels of one vibrational state 

of a linear molecule to the rotational sublevels of another are 

governed by selection rules as to the allowed change in J; and these 

transitions axe classified into, "branches” by the following scheme: 

AJ = +1 P-branch 

AJ = 0 Q-branch 

AJ = -1 E-branch 

For a transition from the upper vibrational state G with energy E 
6 

to the lower vibrational state F with energy E^, the energy associated 

with the three branches are, to first order, (E = E - E„) 
c g x 

P-branch: E(j) = E - 2BJ 
c 

Q-branch: E(j) = E 
c 

R-branch: E(j) = E + 2BJ. 
G 

J in the equations corresponds to the rotational level in the lower 

vibrational state. These three branches, then, form a series of 

evenly-spaced lines in absorption and emission spectra of linear molecules. 

Since the CO^ molecule has no nuclear spin, symmetry restrictions 

forbid Q-branch, or AJ =0, transitions. In addition, transitions 

within the same vibrational state axe not allowed. 
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In a discharge plasma of CO^, N^, and He, the principal ex¬ 

citation processes responsible for the population of the upper CO^ 

laser level (00°l) are direct electron impact and resonant energy 

transfer between N^(v = l) and CO^COC^O). Because of the extremely 

close coincidence, (l8cm between N^(v = l) and CO^COO0!), the 

selective excitation of GO^ occurs at a very rapid rate with the energy 

21,22 
difference transferred to kinetic energy. Higher vibrational 

levels of N^, through cascade processes, axe also operative in popu- 

lating the (00 l) level of the CO^ molecule. 

The addition of helium to the discharge plasma results in further 

increases in output power. In the first place, helium increases 

the population of the 00^(00°!) level by producing more vibrationally 

24 25 
excited or by elevating the electron temperature of the discharge. * 

Secondly, it reduces the CO^COl^O) level decay time and thus helps 

to ensure that this level does not become a bottleneck for deexcited 

26 
molecules. 

It is important to note that the P-branch and R-branch lasing 

transitions all compete for molecules in the upper vibrational laser 

level (00°l). This intense competition leads to equilibrium conditions 

■“6 -7 
in an average time T^_(l0 « 10 ’sec) called the thermalization 

time, provided T^ is smaller than the upper vibrational level 

lifetime T . If the population of one rotational, level is depleted 

through stimulated emission, then the remaining molecules in the 

upper vibrational band will redistribute themselves in a time T^ j 

and levels which prior to the emission had a population inversion 

may now revert to a state in which stimulated emission is not possible. 

Thus, once one transition begins oscillation, it steals molecules 

from all of the other rotational levels by the fast relaxation among 
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the rotational states. As a result of this competition, only one 

or two wavelengths are emitted by the CW CO^ laser. When the laser 

is Q-switched, the output pulse widths are of the order of . The 

effects of competition are thus partially removed and many rotational 

level pairs may have the required population inversion for stimulated 

emission. A typical Q-switched CO^ laser will produce many wavelengths, 

although it should be noted that a high pressure discharge (30 torr) 

Q-switched laser will emit only one wavelength since the thermalization 

time is modified. 

In the discharge plasma, the Maxwellian distribution of thermal 

velocities results in a spread of emitted frequencies for each CO^ 
28 transition. The Doppler width v^ is given by 

_ 2/2kTln2\T 
vd A'* M ' 

where M is the molecular weight and T is the plasma temperature. 

A typical value for the Doppler-broadened linewidth of a CO^ laser 

is 50MHz (M = 44 a.m.u., T = 300°K, A= 10.6um). 

In addition, the collisions of the CO^ molecules with each 

other as well as with the other types of molecules (eg., and He) 

present in the plasma lead to Lorentz or collision broadening of a 

transition. The collision broadened linewidth vT1 of a transition 

in a molecule of type 1 due to collisions with molecules of type 2 

is given by 

VL1 = + M£^
2 

where is the concentration of type 2 molecules and cris the collision 

cross-section. This expression shows that the collision broadening 

of a transition in molecules of type 1 is directly proportional 

to the concentration of any other gas of type 2. A typical 
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value for the collision-broadened, linewidth of a CO^ laser is 6MHz/torr. 

For the pressures (15 to 20 torr) and mixtures used in small 

bore diameter (single transverse mode) CO^ lasers, the collision 

broadening can exceed the Doppler broadening and give full linewidths 

of about 100MHz. 
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B. Molecular Spectra of Symmetric-Top Molecules 

The optically-pumped submillimeter waveguide laser attracts 

considerable interest as a means for generating monochromatic 

radiation in the far-infrared. Chang and Bridges2-^ first observed 

optically-pumped laser action in the far-infrared in 1970» and an 

extensive survey of the subsequent rapid development of the field 

30 can be found in a review article by Chang.J With the aid of fig. 

11 (a partial energy level diagram for a symmetric top molecule), 

a simplified explanation of the basic principles of optically-pumped 

SMMW lasers can be presented. Two vibrational energy bands, each 

consisting of a large number of rotational states with distinct 

quantum numbers J and K, are shown. J is the total angular momentum 

quantum number and K is the quantum number representing the component 

of J along the symmetry axis of the molecule. K can assume the 

integer values J, J-l,..., -J. Defining the rotational constants 

(where 1^, X^, and IQ are the molecule's principle moments of inertia 

and I = 1^ for a symmetric-top molecule), the rotational energy 

contained in each rotational level is 

Er = Bj(J + l) + (C - B)K2. 

Note that each level, except the K = 0 level, is doubly degenerate. 

The lower laser vibrational state can be either the ground state 

or a low-lying vibrational state (low enough to be thermally populated). 

The incident pump radiation (eg., A= 10.6um) induces molecules to 

make an electric dipole transition from a rotational level (j, K) 

in the lower vibrational state to a rotational level in the upper 

vibrational state in accordance with the selection rules 
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Figure 11: Symmetric-top Molecule Energy Level Diagram 
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AK = 0 

A J = 0| 1« 

Because of the molecular symmetry, an electric dipole moment per¬ 

pendicular to the axis of a symmetric-top molecule cannot exist, 

and so, no torque can he exerted along the axis due to the electric 

fields associated with the pump radiation. As a result, the angular 

momentum along the molecular axis cannot change; and consequently, 

the correspondence principle gives the selection rule AK = 0. The 

dipole moment lies along the molecular axis, and this axis precesses 

around the conserved total angular momentum P with the classical 

p 
frequency r:=—. This frequency can he closely approximated with the 

selection rule AJ = + 1, which is identical with the rigorous result 

of a quantum mechanical treatment. Population inversion is now 

established between the (J', K) state and the (j'-l, K) state in the 

upper vibrational band (whose thermal population at room temperature 

is small); and laser action will result between these two rotational 

levels. Laser action has also been observed on the cascade transition 

(J'-l, K) (J'-2, K) as well as on transitions in the lower vibrational 

state with population inversion resulting from a depletion of the 

molecules in the starting level. 

The close spacing of the rotational energy levels (kT = 26meV) 

requires that the pumping mechanism excite molecules to within a 

narrow energy range (to avoid populating the lower laser level) 

and makes it very difficult to achieve population inversion by methods 

other than optical pumping (e.g., electrical discharge). The linewidth 

of the pump radiation, however, is generally so narrow that a close 

coincidence to the absorbing transition is required. 
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G. Lineshape and Linewidth Calculations 

Doppler Broadening 
2 

Lineshape: G(v) = ^ (^ÿr)TexP(?vr ^C^-VQ)2)* 

0 vo 

where M = molecular mass and VQ = center frequency. 

2v 
FWHM linewidth: = —~(^^ln2) 

For methanol (CH„OH), M    
6.02 x 10‘ 23 

= 5-32 x 10"23g. 

O 
^ c 2.998 x 10 m/sec „ „„mTI Use A = 118.8um. v = -r~ = —“ 9  = 2.52THz 

118.8 x 10“6m 

For T = 300uKf 

VD 
118.8 x 10 

vD = 5.53MHz 

2 x 1.38 x 10~23 x 300 

5.23 x 10“26 

Pressure Broadening 

Lineshape: L(v) = 
B 

( \2 , / L\2 (v-vQ) +(F) 

FWHM linewidth: vL = j§Ncr (^p-F, 

3 2 
where N = number of molecules/nr and <r = collision cross-section. 

Using the ideal gas law, P = NkT, 

TT-W & 
m 
M 

1r®" '■MVT ' 

2 P vT = 4<r  T. 
4tw.Tunr.jm N 2 

2 2 
= W<r (“M * 

2 2 

(TTMKT)1 

For T = 300°K, P = 250umHg, and O-2 = (3-58A)2 = 40.2ÔA = 4.026 x 10"19m2, 
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v = - (4.026 x 10_19m2) 250umHg 

( x 5.32 x 10"26kg x 1.38 x 10_23J/°K x 300°K)2 

1.933 x lO^lb/in2 (39.37)2ln2 INt 
1 umHg 

Ira 
,2251b 

= 0.649MHz. 

For a correction factor of 2, = 1.30MHz. 

Total linewidth vT “ ((v-p.)^ + (v,)
2)2 = 5.68MHz. 

Assume Lorentzlan lineshape L(v,E) = 
B 

T\2 (wEr + (^) 

Vg = VQ + aE = centerline frequency, 

where a = linear Stark coefficient and E = electric field intensity (v/cm). 

From chart recordings, the laser frequency v coincides with vo, the 

centerline frequency for zero field. Therefore, 

L(E) = 
B 

(aE)2 + {j-f 

For E = 0, L(O) = 
B 

= 6.26* 
T\2 

Using vT = 5.68MHz, B = 5.05 x 10
13. 

B 

(~)2 

For E =
 7428 » (2aE)2 , ± 

= 5*59* 

From eqn. (l), 

6.26 
(|al)2 + 1 
VT 

= 5-59 

5.59 (~)2
 = .67 

VT 

*From recording for methanol pressure of 250umHg 
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2aE • 346 

— = 1.48 x io“3 

For E = 
100 
.428’ /2aE\2 + ± 

a = 8.42kHz-cm/V. 

rrrr = 4.42 

— = 1.38 x 10"3 
1 r 

7.84kHz-cm/V. 

150 6.26 
For E .428’ ,2aEs2 + 

' V * 

3.20 

— = 1.40 x 10~3 

For E = 
200 
. 428 ’ /2aE\2 ^ 

= 7*92KHz-cm/V. 

4#  = 2.14 

— = 1.48 X 10 -3 

= 8.43fcHz-cm/V. 

For E _ 2J2O 
6.2 6 

.428' /2aE\2 + 1 
= 1.375 

= 1.61 x io~3 
vT 

a = 9.l6kHz-cm/V. 

Average linear Stark coefficient = 8.35kHz-cm/V. 
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Assume Gaussian lineshape G(v,E) = Aexp(- 
M 
2kT ~2 'V-VE' J‘ 

v„ = v + aE = centerline frequency, 
ÜJ O 

where a = linear Stark coefficient and E = electric field intensity (v/cm). 

From chart recordings, the laser frequency v coincides with v , the 

centerline frequency for zero field. Therefore, 

G(E) = A«p(- jgj ° 2 (aE)
2). 

(vo + aE) 

Assume aE is much smaller than v . Then 
o 

G(E) = Aexp(- ^ O^)2) 

vo 

JSs! ;.22 x 10~Z6kK ti-0 * 108m)2 , m x irfW.ec2 

2kTv2 2 (1.38 x 10_23J/°K) 300°K (2.52 x 1012Hz)2 

For E - 0, G(0) - A » 6.26. 

For E = 6.26exp(-9.094 x 10“l2j'(aE)2)= 5.59 

-9.O94 x 10“l4(aE)2 = ln^H 

a = 9.55kHz-cm/V. 

For E - Tils- -9-0* x l°'14(aE)2 = l»£ff 

a = 8.37kHz-cm/V. 

Por E - 7ta8' -9-W * 10'l4(aE)2 = ln£§ 

~ ™ _ 200 
For E “ .428» 

a = 7*75kHz-cm/V. 

-9.O94 x 10“l4(aE)2 = ln|^ 

a = 7.35kHz-cm/V. 
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For E - MB’ 'S’-0^ * lO'^C^)2 - 

a = 6.99kHz-cm/V. 

Average linear Stark coefficient = 8.00kHz-cm/V. 
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