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Pulsed Submillimeter Laser Program

1.0 INTRODUCTION

JThis report describes the results of an exploratory development program
to investigate various system and component aspects of a pulsed FIR heterodyning
laser radar. This work was conducted by United Technologies Research Center
(UTRC) dur' g the period 30 August 1977 and 31 May 1979.

( During the course of this developmental program a number of interrelated
subsystems required for a heterodyning FIR radar were investigated. The work
focused on optically pumped FIR lasers which utilize a CO laser pump source.
Pulsed FIR and C02 pump lasers are required for the primary radar transmitter,
and CW FIR and COi lasers are needed for the laser radar local oscillator.
The transversely excited (TE) CO laser which serves as the pulsed FIR laser
pump is itself a central component of the radar system and the performance
characteristics of a recirculating, high pulse repetition frequency (PRF) TE
CO as a FIR pump were experimentally examined. A number of different pulsed
FIR laser resonators were investigated with the objective of minimizing system
size. The requirement for a stable FIR local oscillator imposes certain

constraints on the CW CO2 pump source and a stable single mode CO2 pump

source has been designed and characterized. A sealed-off CW FIR laser with an

Invar stabilized cavity was constructed for use as a local oscillator source.
A number of detectors for use at submillimeter wavelength were examined and
pulsed and CW detection with two micron Schottky diodes were performed.

Because of the extreme sensitivity of the CW FIR laser and pump source to
temperature fluctuation a technique for stabilizing the CO utilizing the
photoacoustic effect in the FIR medium was examined and found to be very
promising.

L ... .... .. ..... IIIIF ... I ... ..l il .. ..il .. l l. ... .....4l ..
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2.0 SYSTEM OVERVIEW

A heterodyning submillimeter wave radar transceiver necessarily includes
the following components: (1) pulsed FIR laser; (2) pulsed CO2 laser pump;
(3) CW FIR laser; (4) CW CO2 laser pump; (5) FIR mixer-detector; (6) transmit-
ter and local oscillator frequency stabilization control loops. A schematic
layout of the lasers and detector is shown in Fig. 1. Each of the components
listed above is in itself a subsystem of considerable complexity. As the
current program evolved it became clear that any serious effort to construct
an FIR radar must be preceded by a phase in which the various subsystems are
developed and parameterized. The direction of the program accordingly moved
toward addressing the development of the laser and detector subsystems and
identifying those areas in need of additional research.

Summarized below are the areas in which the Pulsed Submillimeter Laser
Program efforts were concentrated, and why these particular topics required
a focused R&D effort.

The pulsed discharge TE CO2 laser serves as the optical pumping source
for the pulsed submillimeter transmitter. With typical lOm to FIR conversion
efficiencies of less than 1 percent, the TE CO2 must have a pulse energy 100
mJ or greater. Maximum PRF's of up to I KHz are of interest for radar applica-
tions and thus the TE pump becomes a device of up to several hundred watts
average power with peak pulse powers in the megawatt range. UTRC has for some
years conducted a program of research and development in the area of high PRF
TE C2 lasers and one such device (Ref. 1) was utilized as the pulsed FIR
pump source in this program. In addition to using the existing laser as an
FIR pump, a number of questions concerning TE CO2 laser development as it
relates to FIR laser pumping were addressed within the scope of the current
program. These areas include: frequency stability; transverse mode purity;
discharge circuit design; high PRF beam quality; gas chemistry changes at high
PRF.

Because there are no pulsed discharge considerations the pulsed FIR laser
is a relatively simple device compared to the TE CO2 laser. The principal
issues involve resonator design, frequency stability and laser linewidth, and
vacuum structure design. Both.496 pLm and 944 pm pulsed laser outputs were
obtained and observed with high-speed detectors, and several resonator con-
figurations were tested. The energy per pulse of the CH3F laser at 496 p m was
also examined at PRF's to 350 Hz.

The CW local oscillator FIR laser and the associated CW C02 pump form a
subsystem analogous to the pulsed-laser pair. The development of the CW laser
emphasized frequency stability and mode purity for three reasons: first, a

2
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frequency stable local oscillator is a fundamental prerequisite for a
heterodyning radar which can exploit the signal-to-noise ratio enhancement
which is made possible by a narrow receiver bandwidth; second, the CW laser
serves as a somewhat simpler testbed which can be used to develop techniques
applicable to the pulsed laser system; third, the availability of a stable CW
FIR laser permits a more detailed characterization of FIR detectors. Issues
addressed in the course of the program include the following: (1) CW FIR
resonator design; (2) sealed-off FIR laser structure design; (3) CW CO2 laser
design; (4) CO2 laser frequency stabilization by optoacoustic absorption
technique.

Several different devices were initially considered as candidate submilli-
meter wave detectors. The fast response and high sensitivity of Schottky
diodes indicated fairly early in the program that this would be the detector of
choice provided devices with response to 600 GHz could be obtained. A number
of detectors were obtained and tested with pulsed and CW FIR outputs at 496 m
and 944 m. The sensitivity of the small area diodes to RFI induced currents
was identified as an issue as a result of the proximity of the pulsed CO2 TE
laser and an RFI shielded detector module was developed.

Figures 2 and 3 show the laboratory setup for both pulsed and CW FIR
lasers and their respective pump sources. The individual elements of the
system will be discussed in detail in the following section.

4
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3.0 LASER AND RECEIVER SUBSYSTEM

In this section each of the subsystems which were the subjects of this

investigation are discussed. Design features as well as experimental methods

and results for pulsed and CW lasers, and the FIR receiver are presented.

3.1 Pulsed CO2 TE Pump Laser

The design of a high PRF, high output energy laser oscillator requires the

integration of a suitable pulsed discharge geometry, a high volume recirculating
blower, heat exchanger, and appropriate gas ducting. Reference 1 describes

work performed at UTRC which culminated in the demonstration of TE CO2 laser

operation at I KHz PRF with an average power of 860 W. This basic laser was

utilized on the pulsed FIR laser pump, but certain refinements of a basic
multimode laser are necessary to optimize it as an FIR pump source. Figure 4

summarizes the characteristics of the TE CO2 laser as it existed at the
beginning of the program and modifications needed for FIR pump applications.

The significance of these modifications is that they invariably tend to reduce

laser power and increase laser size and weight, both of which have obvious

implications for realistic estimates of FIR radar system dimensions. The TE

CO2 laser is based on the gas circulator and discharge head shown in Fig. 5.

When configured as a multimode, high power laser the total laser structure as

shown in Fig. 6 is not substantially larger than the recirculator assembly.

However, in this configuration the vibrational inputs of the blower to the

optical elements introduce a source of great frequency instability and the

result on the pulsed FIR output is amplitude fluctuations. In order to isolate

the optical elements from vibrational inputs the gas circulator is isolated
from the optical mounting surfaces by flexible, vacuum tight diaphragms. Thi-

arrangement is shown in Fig. 7. The optical mounts are referenced to optical

tables which are coupled to the gas circulator only through their common use of

the laboratory floor. Intravacuum optics were used for the TE laser in order

to avoid the optical damage problems and transverse mode degradation which

often accompany the use of Brewster windows.

The PRF and pulse energy of the TE CO2 laser were originally maximized

at a pressure of 250 torr. At this pressure the optical pulse has a relatively

long "tail" lasting in excess of 20 s and containing most of the pulse energy.

A typical pulse shape is shown in Fig. 8. This pulse is not efficient

for pumping a FIR inversion because of the very short upper level lifetime in

the FIR gain medium which generally has maximum gain with a medium pressure

on the order of one torr. Even for high energy pump pulses of this shape, the

pulse tail is too weak to raise the FIR laser above threshold. The pulse can be

shortened to a certain extent by operating at a higher TE laser pressure. Figure

9 illustrates the effect on optical shape of raising laser pressure. It can be
seen that considerable pulse shortening occurs as the pressure is raised from

7
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FIG. a

OPTICAL PULSE FOR 5% OUTPUT COUPLING AND CO2 :N2 :He 1 :0.46 :4.1
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250 torr to 674 torr, but very little further improvement is obtained by going
to 1200 torr. Nearly total elimination of the pulse tail is effected by using

only He and CO2 as shown in Fig. 10, but this has the substantial disadvantage

of reducing the energy within the gain switched spike (within the first 500 ns)
by nearby a factor of two from the spike energy obtained with nitrogen. Thus
although only the energy in the gain switched spike is effective as pump energy

it is worthwhile to use N2 containing mixes. The pulse shortening due to

pressure increase saturates at approximately 400 torr and further pulse
shortening occurs very slowly with increasing pressure, thus a working pressure
of 400-500 torr was determined as most suitable for the FIR pump. There is a

distinct advantage in operating a recirculating TE CO2 laser at less than
atmospheric pressure as a result of the gas chemistry changes which occur in
sealed-off or limited gas makeup conditions. The buildup of CO and 02 in
recirculating TE CO2 lasers is well known and avoidance of the attendent

discharge arcing has been discussed by several authors (Ref. 2). We have found
that lower pressure operation substantially increases the maximum PRF which can

be sustained without arcing. For example a gas makeup rate which can support
atmospheric pressure operation at only 50 Hz can support a PRF of several
hundred Hz at 250 torr. The optimum CO2 pressure is therefore the lowest
which yields the shorter optical pulse, i.e. 400-500 torr.

Efficient operation of the CO2 TE laser dictates that the optical mode
volume should match the TE laser gain volume. As originally configured for a I
J pulse energy the TE gain volume was 2 cm x 4 cm x 20 cm long. The Fresnel

number for this gain medium is approximately 300 and since there is not suffi-
cient gain to support efficient unstable resonator operation the resonator must
be apertured and/or lengthened to achieve an optical Fresnel number of five or

less, a range in which single transverse mode operation of a TE CO2 laser has
been achieved. For the purposes of this program the optical cavity was lengthened
to greater than one meter and the optical volume was defined by a I cm aperture.
When a grating rotational line selector is used as one end mirror, the single
transverse mode laser produced 100-150 mJ vs. the 1.1 J maximum multimode
energy. The available single mode energy could be improved by perhaps a factor

of two by using a multipass resonator to increase the effective mode volume,
however this additional refinement was not deemed necessary for the purposes of

the Pulsed Submillimeter Laser Program. This reduction in energy and increase
in laser size appears to be typical. of the penalty paid in going from a multi-
mode laser to a single-mode laser and will accordingly have a significant
impact on the design of any FIR radar which incorporates a pulsed Th CO2
laser.

The beam quality of the TE C02 laser could possibly degrade at higher
PRF's as a result of severe acoustic perturbations of the optical medium. Such

effects have been observed in high average power CO2 and chemical lasers,

and in the TE CO2 laser acoustic perturbations of the amplitude and frequency
of the optical pulse can often be observed within a few microseconds of the

discharge (Ref. 3). At high PRF's, i.e. greater than a few hundred hertz, the

14
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acoustic shock wave may persist through the interpulse period with enough

strength to reduce the energy and/or transverse mode purity of subsequent
pulses. In Ref. I the question of energy reduction due to high PRF acoustics
was specifically examined and determined not to be a problem, but the more
subtle effects on beam quality have not until now been investigated. Since the
presence of such perturbations could have a significant impact on a submilli-

meter radar an experiment to determine beam quality in the 100 Hz-I KHz range
was undertaken.

The TE laser cavity was set up as a partially transmitting unstable

resonator in order to achieve a high purity, single transverse mode at lower

PRF's. The following measurements were also made using a stable resonator with
no significant change in the outcome. Figure 11 shows the experimental arrange-
ment for the high PRF beam quality test. The output of the laser resonator was
focused through a calibrated aperture and the transmitted power was compared to
the power expected for a single mode oscillator. Data were taken with a
clearing ratio of I to 1.5, that is the gas in the discharge volume was change
1 to 1.5 times between pulses. This relatively low clearing ratio will empha-
size the effects of acoustic disturbances whereas higher clearing ratios will
reduce the interpulse acoustic effects. The low PRF (100 Hz) beam quality is
shown in Fig. 12 where the solid curve is the Airy function expected from the
idealized unstable resonator and the circles are the experimentally measured
transmitted power. The match is obviously quite good and we may therefore
presume that single mode, diffraction-limited performance is demonstrated at
100 hz. Figure 13 presents the power through three different aperture sizes
as a function of PRF from 100 Hz to 1000 Hz. There is no statistically sig-
nificant variation in transmitted power over this range of PRF's and it may
therefore be concluded that whatever acoustic disturbances persist through the
interpulse period are insufficient to produce any significant degradation of
the output beam quality. Operation of a high PRF submillimeter wave radar
involves many fundamental technical issues, but it now appears that degradation
of the TE CO2 pump source at high PRF's will in no way limit the pulsed FIR
output.

3.2 Pulsed Submillimeter Wave Laser

The pulsed FIR laser consists of a passive optically pumped gain medium
and resonator elements with provision for coupling in the pump radiation
and couplit.g out the FIR radiation with a minimum of interference between the
two processes. Figure 14 illustrates the most commonly used input and output
optical configurations used for pulsed FIR lasers, and the four resonator
configurations implied by Fig. 14 have been tried in the present program.

Since compactness of the laser system is a continuing concern we initially
investigated a I meter gain cell for the pulsed FIR laser. This device is
shown in Fig. 15. Both collimated and focused input beams were tried and both

16
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large aperture and small aperture output couples were used. Apparently as a

consequence of the short gain length no FIR lasing was observed for any optical

configuration tried. A second FIR gain tube 2.5 meter in length by 38 mm in

diameter was therefore constructed (see Fig. 2) in the interest of bracketing

the required FIR gain length for the available 100-150 mJ pump energy. With

the 38 mm diameter the laser is expected to oscillate in a waveguide mode, and

laser oscillation was obtained for several resonator geometries. When operated

with a focused input beam the input spot size was adjusted to match a 6 mm

diameter hole in the total reflector which served as the input mirror. This

geometry is shown at the top of Fig. 14. The pump beam divergence in this

configuration was such that the pump beam just matched the waveguide bore after

one pass. At a PRF of 50 Hz with 5 w of 9.55 m power input the average FIR

output power at 496 kn was .74 mw which corresponds to a power conversion

efficiency of 1.4 x 10-4 . Average FIR power was measured with an Eppley

thermopile which was approximately calibrated using a HeNe laser of known

power. Most such detector surfaces are considerably more reflective at submil-

limeter wavelengths than in the visible and these FIR power measurements may be

pessimistic by as much as 20-40 percent. Operating pressure was not critical

in the 700 millitorr-l torr range, but above I torr the FIR power begins to

drop. At the optimum pressure approximately 70 percent of the input CO2

radiation is absorbed by the gain medium. The fractional CO2 absorption

could be increase by using an even longer gain cell or by providing a shorter

pump pulse so that a higher CH3F pressure could be used without a commensurate

increase in collisional dexcitation of the upper level. With CH3F as the

gain medium the power output is not notably sensitive to resonator configura-

tion. Use of a collimated input beam as shown at the bottom of Fig. 14 gives

approximately the same power output as the focused input case. Apparently the

increased mode volume of the collimated input case compensates for the loss of

feedback which occurs when the NaCl is substituted for the high reflectivity

hole coupler. Similarly, addition of feedback at the FIR output coupler does

not significantly affect FIR laser power.

In contrast to the methyl fluoride, methyl chloride (CH3 CI) does show

a dependence of FIR output on pump frequency tuning and on FIR resonator

configuration. The peak power of the 944w* CH3Cl line is maximum with the

single mirror superradiant resonator (SSR) shown as the bottom illustration in

Fig. 14, with the peak power being approximately 10-20 percent of the peak

CH3 F power on the 496m line. The FIR output power is quite sensitive to the

frequency of the TE CO2 pump with the FIR oscillator falling below threshold

for certain values of length tuning of the TE CO2 pump. The use of a total

reflector with 12 mm coupling hole as an output coupler reduces peak power by a

factor of two from the maximum obtained with the SSR resonator, but the power

stability is greatly improved, with fluctuation being on the order of ± 10

percent about the mean.

The optical pulse shape is of obvious importance for an FIR heterodyne

system and significant differences were observed for the 944Wja line of CH3CI

22
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and the 496pn line of CH3F. Using the Schottky diode detector which will
be discussed in more detail in a following section, the direct detected pulse
shapes were determined for the 496 im and 944 pim laser lines. Figure 16 shows
the 496 im line (or lines) of CH3F. By comparing the pulse shape to the
known pulse energy, we find an approximate peak power of 50-100 watts. Much
structure is observed in this laser output when pumped by the 9.55 ±m CO2
wavelength. There are several rotational transitions (as many as 8) (Ref. 4)
in the neighborhood of the principal 496 pim line and while the 100 mJ input
beam does not represent a particularly high pump level, it is possible that
more than one transition is above threshold. The presence of several longitudinal
modes in the CO2 pump output also presents the possibility of pumping several
K levels within a given vibrational-rotational transition. Addition of a low

pressure hybrid gain tube to the TE laser resonator can eliminate any longi-
tudinal mode beating in the TE laser output, but it will not necessarily
improve the tendency to oscillate on several different transitions. Figure 17
shows a typical 944 4m pulse from CH3CI. The reduced mode beating and

absence of structure are noteworthy. This pulse tends to follow the CO2
pump pulse, although the amplitude of the TE pulse tail is still insufficient
to sustain 944 pim lasing above threshold.

The lower levels of typical optically pumped FIR laser transition have

lifetimes which may extend into the millisecond range at the low pressures
found in FIR lasers. As the PRF of a pulsed FIR laser is increased, the
population dynamics will eventually converge to the equilibrium conditions of a
CW FIR laser. This will be observed as a nonlinear increase of FIR power with
PRF, and the transition region will be a function of gas pressure and gain cell
diareter. We have measure average FIR power at 496 pm for PRF's from 50Hz to
350Hz and find no significant dependence of conyersion efficiency on PRF over
this range. Figure 18 summarizes the results of this measurement, showing the
constancy of pulse energy.

3.3 CW Submillimeter Laser

The CW submillimeter laser serves as a local oscillator for heterodyne

detection of target returns and may also be useful for injection controlling
the pulsed submillimeter laser. CW FIR lasers have been operated with a
variety of optical resonators including a conventional free-space mode resonators,
waveguide resonators, and free space mode resonators in which the beam follows
a zig-zag path through a gain medium which has a cross section greater than the

beam cross section (Ref. 5). The waveguide resonator was chosen as most
promising for the radar application as a result if its relatively high efficiency
and compact size. The CO2 pump beam is introduced into the FIR reson,-tor by
means of a small coupling hole, typical 3mm in diameter. The use of large
coupling apertures as in the pulsed FIR resonator is not possible because of

23
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the greatly reduced gain of the CW FIR laser. The unexcited FIR gain medium is
capable of absorbing resonant submillimeter radiation and it is therefore
desirable to have a uniform gain distribution parallel to the optic axis of the
FIR laser. This uniform axial pumping may be effectively approximated by
operating at a gain medium pressure which is low enough to permit multipassing
the pump radiation in the FIR laser. The FIR resonator mirrors must therefore
be highly reflective at the pump wavelength as well as at the submillimeter
wavelength, in contrast to the pulsed submillimeter case. This is easily
provided at the pump input end of the laser by using a fold coated mirror with
a coupling hole. The FIR output coupler on the other hand must be a partial
transmitter at the submillimeter wavelength and a good reflector at the
pump wavelength. A mirror design which we have found satisfactory is illustrated
in Figure 19. The high resistivity single crystal silicon substrate is first
coated for high reflectivity over the 9-11 m range of wavelength, and is hen
overcoated with gold except for a circular region (8-15 mm diameter) in the center
of the mirror. The IW m reflective coating is selected for high transmission at
wavelength of interest (> 100 pLm) and the silicon mirror is therefore effectively

a hold coupler at submillimeter wavelengths. Standard silicon substrates were
initially tried as FIR mirror substrates and although the absorption was accep-
tably low at the 119pm methanol line, there was no appreciable transmission at
either 496 im or 944 im for any of five substrates tested. The 1OOL-cm silicon
was found to have negligible absorption loss from 100 tm to 1000 m. As in case

of the substrate material a proper choice of coating materials was also found
to be essential for proper laser operation. Based on 118 am transmission
measurements ZnSe-ThF4 coatings were found to be very lossy while ZnS-Ge
coating have negligible transmission loss (Ref. 6).

The complete cw FIR laser is shown in Figure 20. Overall laser length is
1.5 meters and the pyrex waveguide is 38 mm in diameter. The resonator is
thermally stabilized with four invar rods and is made mechanically rigid by
means of an L-shaped aluminum frame. The laser can be length tuned over a
distance of I mm by means of a manually adjustable vacuum feedthrough on
which the input beam hole coupler is mounted. This mount is shown in Figure

21. The input coupling structure uses an antireflection coated ZnSe window
for vacuum seal. The FIR output end of the laser is shown at the bottom of
Figure 21. Z-axis cut crystalline quartz is used as the vacuum seal at the end
since it has excellent transmission over all wavelengths of interest. The cw FIR
laser was designed to be operated in a sealed-off mode in order to make it feas-
ible to use toxic gases such as CH3 Br and costly isotopic species such as
C1 3H3F. A concession to overall vacuum integrity was made in using demountable

optical elements, but the added freedom of being able to change resonator ele-
ments was deemed necessary for the current developmental program. The ultimate

leak rate of laser is limited by the quality of the optical element seals, and
using neoprene O-rings between lapped flange surfaces it was possible to achieve
sufficiently low leak rates (2-3 millitorr per hour) to permit operation over an
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eight hour period with a single gas fill. For truly long-term sealed operation
a higher quality vacuum seal will be needed. Hollow, silver-plated stainless

steel O-rings were tried as laser vacuum seals but leak rates were unacceptably
high even with highly polished flange surfaces. Indium wire seals formed
by fitting a 1/8" indium were into the O-ring groove and overlapping the two
ends of the wire have also been investigated, and these appear to offer the

best long-term sealing characteristics. However, these seals were not included
in the delivered hardware because they are not reusable and a certain amount of

technique must be learned before one can be resonably certain of getting a high
vacuum seal. Because epoxy seals were used at several joints in the laser

built for this program the assembled lasers could not be outgassed at temperatures
above approximately 130@F. The pressure response of the system to heating
indicated that temperatures higher than 120*F would have further improved the

base pressure of the system. A long life system should therefore incorporate
glass-metal seals which permit welding or brazing the optical mounts to the

waveguide rather than using epoxy for this purpose.

Because of the mechanical complications associated with intravacuum optics
and the low operating pressure (,p 100 millitorr), the vacuum integrity and
sealed lifetime of the cw FIR gain cell remain as technical issues that are not
fully resolved.

The gain length of 120 cm chosen for the cw FIR lasers is relatively short

and was selected in the interest of parameterizing the more compact lasers for
which little data are available in the literature. The submillimeter output
power was found to be sensitive to input beam probe matching and two mode

matching configurations are presented in Figure 22. The optical configuration
of Figure 22a produced a theoretical spot size of .9 mm at the 3 mm input
coupling hole of the FIR laser and this focussed spot size was achieved to
within 10% using the cw CO2 laser which will be described in Section 3.4.
For the 496 pm line of CH3F using 25 watts of 9.55 Wm pump power a maximum
output power of 7mW is obtained at the optimum pressure at 75 millitorr. Using
the mode matching configuration of Figure 22b the spot size is reduced by 25%.
The primary effect of the stronger focus is to increase the divergence of the
pump beam within the submillimeter laser resonator. Although the increase in
divergence is relatively small, the optimum pressure falls to approximately 40
millitorr and the maximum power decreases to approximately 4.5 mW for the same
pump power. This trend suggests that perhaps an input spot size larger than .9
mm should be. used, however this will require an input coupling hole large than
3 mm in diameter and two undesirable pheoomena occur as the input hole size is
increased. First, as the input beam is matched to larger hole sizes the
divergence of the pump beam decreases and an increasingly large fraction of the
pump beam escapes from the FIR resonator after one round trip. This reduces
efficiency and contributes to instability of the pump laser since the retroflected
beam is coupled back into the pump laser. The second effect is the obvious
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increase in FIR cavity loss that results from the input aperture which reduces
laser power not only by increasing loss but also by tending to support oscillation
in an annular mode which is less effectively coupled from the intended output

coupling aperture. Laser power was measured with Scientech Model 360001 power
meter which has a reduced sensitivity at FIR wavelengths as a result of the
increased reflectivity of the sensor surface at the long wavelengths. Power
readings may underestimate the power by as much as 40% though this appears to
be an outside limit.

The optical. coupling of the FIR and CO2 pump resonators results in a long
warm-up time before FIR laser output stabilizes. The FIR cavity length tunes as
a result of the CO2 pump heating, and the drifting phase of the pump radiation
that is reflected back into the CO2 resonator causes the CO2 pump frequency
to drift. The change of CO2 frequency produces a changing thermal input to
the coupled resonator system and the resulting dynamic behavior of the coupled
system can have a very complex temporal history. It is possible that for certain

system parameters the FIR output power could be oscillatory in time, although we
generally observed long-term warm-up times on the order of two hours for the pass-
ively stabilized system. The need for active control of both CO2 and FIR lasers
is clear for this coupled resonator system and since thermal effects are domi-
nant a control bandwidth of 10 Hz or even less should greatly improve laser
stability.

3.4 CW CO2 Pump Laser

The operational characteristics of the cw submillimeter are strongly depend-
ent on the quality of the CO2 pump laser. The design goals and performance
characteristics of the cw CO2 pump laser are listed in Figure 23. Like the
submillimeter laser resonator, the CO2 laser is thermally stabilized by Invar
rods and is mechanically rigidized by an L-shaped aluminum framework. This laser
is shown in Figure 24. The laser has a one meter gain length and a 1.2 meter res-
onator. Laser power is dependent on gas mixture and flow rate and for slow flow
(less than I cfm) a maximum power of 54 watts is obtained using a 5 meter concave

output coupler with 25% transmission and a flat total reflector. Use of a Littrow
grating end reflector is necessary for rotational line control and a loss of 7-
20 watts in output power is typical depending on grating quality. Using a high
quality grating on a metal substrate (Ref. 7), 47 watts can be obtained on the
OP(20) line, whereas the more resilient original rulings are typically more vari-
able in quality and the range of powers obtained with original rulings span the
range of 44 watts to 30 watts. Ideally one would like to be able to tune the CO2
laser over a complete free spectral range without switching from the TEMoo mode,
assuming that TEMoo output is achievable. If the CO2 laser is free, or nearly
free, of transverse mode switching, the stabilization logic can be much simpler
than if mode beating noise is present and the power tuning curve has multiple
maxima within one free spectral range. Unambiguous TEMoo operation is desirable
even in the absence of control loops since the higher order modes have had dif-
ferent focusing characteristics and generally coupled to the FIR resonator less
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efficiently than the TEMoo mode. We have found, for example, that whereas a

certain mode matching configuration may couple 95% of the TEMoo power into the

FIR resonator, this same system couples only 65 percent of the next higher mode

into the same FIR resonator.

Obtaining reliable and efficient, TEM0 0 operation in higher power CO2

lasers can be quite difficult due to the tendency of "whisper modes" to oscillate

in the high gain regions of the plasma near the glass walls. One can formulate
a CO2 laser design approach which is based on increasing the differential loss

between the TEMoo and TEM 10 modes by using one or two apertures at either end
of the laser (Reference 8). This approach has not, in our experience, proven

adequate for the higher power CO2 laser because it ignores the influence of

the plasma bore as a guiding surface for the troublesome whisper modes which can

dominate the laser output. In the course of the current program it was estab-

lished that the higher order modes could be effectively suppressed by providing

several constrictions spaced 15-20 cm apart inside the plasma tube. Initially

the constriction were formed directly into the 9mm I.D. plasma tube by indenting

the glass at several places to form an 8mm aperture. An equally effective method,
and one which is much simpler to implement is to use several Invar rings which fit

the 9mm tube I.D. and have a .4mm wall thickness. The rings are split to provide

some flexibility and are simply slipped into position in the plasma bore. Both

of these aperturing systems have been found to yield reliable single mode laser

operation with no significant (less than 5 percent) reduction in the unapertured
laser power. The tuning range over which TEMoo operation occurs is a function

of gas mixture and tube current. When current and/or mix are adjusted to yield
a high saturation power and lower unsaturated gain the laser may actually be

turned off by length tuning. When higher gain mixes or low tube currents are

used transverse mode switching may occur at as much as 75 percent of line center

power. The lower gain mixes which typically require higher currents and pro-

vide the best transverse mode discrimination yield the same power as higher

gain condition, but laser efficiency may be reduced to 9-10 percent which is

still acceptable for a single mode laser.

A final consideration in maintaining a single mode output is the need to

cool intracavity optical elements. Brewster windows were determined to be a

major source of instability until water cooling was provided at each win-

dow. The Littrow grating also requires water cooling to reduce its susceptibil-

ity to damage and to reduce the long term thermal drifting which occurs when the

grating must come to equilibrium at temperatures well above room temperature.

As in the case of the pulsed TEoo CO2 pump source, the cw CO2 pump laser

is a major component of the radar system, having a significant impact on size,

reliability and power consumption. Operating the laser in a Q-switched mode

would reduce its size but the impact on mode purity and frequency stability is

uncertain at present.
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3.5 Submillimeter Wave Detectors

A pulsed heterodyning submillimeter was radar will require a high efficiency
detector with 5-50 MHz bandwidth. The semiconductor photon detectors, GaAs in-
particular, are very sensitive but response falls off quickly above 1-2 MHz and
cooling to liquid helium temperature is required. The Schottky diode appears to
be the best choice for a wideband sensitive detector at submillimeter wavelengths
and the bulk of detector work within the current program has been concentrated
on this type of detector. Pyroelectric detectors were for a time considered
for use as laboratory pulse detectors and potentially as high signal level
heterodyne detectors. Fast pyroelectrics with response times on the order of
one nanosecond have become available in recent years and they appeared to offer
the possibility of a fast and rugged if somewhat insensitive FIR detector. Two
commercially available high speed pyroelectric devices were investigated
(Reference 9) and although both detectors functioned satisfactorily in detecting
pulses faster than 100 ns, they exhibited severe acoustic resonances when
driven with pulses in the 300ns-34s range. Figure 25 shows a typical pulsed
output from a fast pyroelectric detector. The risetime is fast but the fall
time and subsequent decay time are limited by the acoustic response of the
detector and its substrate. This characteristic does not invalidate their use
as pulse energy monitors once they have been calibrated; however we were always

able to operate at a sufficiently high pulse rate that an average power reading
could be used to infer pulse energy.

Schottky diode devices have been widely used as microwave detectors for many
years, however devices with response into the 300-600 GHz range are not yet read-
ily available and we therefore obtained a number of high quality diodes on a
research basis from Dr. Robert Mattauch who has been developing these devices at
the University of Virginia (Reference 10). Future references to Schottky diodes
will refer exclusively to data obtained with University of Virginia devices. It
should be also be noted that efficiently coupling submillimeter radiation to a
diode detector remains a largely unsolved problem and any performance data must
be considered lower limits which may considerably underestimate intrinsic device
performance.

Figure 26 illustrates in cross section the construction of a Schottky diode.
This structure bears a superficial resemblance to the point contact diodes which

are commonly used as microwave detectors, but unlike the point contact devices
the Schottky diodes utilize the one mil whisker only as an antenna and an elec-
trical contact. The diode itself is formed by photolithography and does not de-
pend on a tenuous contact with the pointed whisker. Figure 27 shows a detector
chip which contains several hundred diodes (two small to be seen in this photo)
and the phosphor bronze antenna wire which has been contacted to a single diode.

The bend in the antenna wire defines the effective length of the antenna, thereby
determining the antenna pattern (Reference 11); this bend is also needed to pro-
vide some spring force to maintain contact in the presence of ambient temperature
variations.
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Of fundamental importance to the implementation of a heterodyning submilli-
meter detector is the signal-to-noise ratio obtainable with available local os-

cillator drive power. The maximum heterodyne S/N is obtained when local oscilla-

tor induced shot noise is the dominant source of detector noise; however if de-

tector responsivity at the wavelength of interest is too low, shot noise limited

operation may not be possible with available local oscillator drive power or the

required drivepower may exceed the detector damage threshold. Using the output
of the pulsed FIR laser it was established that the two micron diodes had a volt-

age responsivity of approximately lOOmV/mW when terminated in 50SI. In order to

make a quantitative determination of diode response at local oscillator signal
levels, the power from a cw 50,m laser was focused onto the Schottky using a

50 mm focal length paraboloidal mirror. The experimental arrangement is shown
schematically in Figure 28. Because of the long wavelength and the 1 cm beam

diameter at the focusing mirror, the focused spot size is expected to be several

millimeters in diameter; consequently only a small fraction ( .6%) of optical

power is coupled to the detector. The signal passing through the detector struc-
ture was retroreflected by a 30 cm radius mirror with a resulting increase of

approximately 30 percent in signal strength. The detector output was then ampli-

fied with a total voltage gain of 200, and the signal was viewed on an oscillo-

scope. Due to the lack of dc response in the amplifiers or a suitable 500 4m

source with which to heterodyne, the detector signal was modulated by mechanic-

ally chopping the FIR laser output. The chopped waveform as viewed on the

Schottky diode is shown in Figure 29. The irregular waveform is a result of the
sizes of the beam and chopper aperture and and does not markedly affect the accur-
acy of the measurement. Considering the detector to have an effective cross sec-

tion of X x A/2, we find a detector response of 20mV/mW with 30 Pamps of detector
bias current. Currents less than 20 1amps result in no detectable response and

increased bias currents do not increase detector output. The agreement between

the pulsed and cw data reflects the considerable uncertainties in the measurement

process which include: greatly differing signal strengths; uncertain beam profile
in the focal. plane of the collection optics; use of different diodes although

electrical characteristics are expected to be similar. These measurements do

clearly indicate the suitability of 2 micron Schottky diodes as room temperature

detectors for wavelengths at least as short as 500im, and the voltage sensitivity

is comparable to that found in high quality microwave diodes.

For use as a submillimeter heterodyne detector, the simple optical mixer
does not appear suitable because of the small fraction of local oscillator power

which actually couples to the diode. The current experiments had a very high

signal-to-noise ratio because the detection bandwidth was limited to 30 KHz; but
if the detection bandwidth were increased to 10 MHz, as would more nearly be the

case for the pulsed radar, the S/N will decrease to a value of two. The detector

circuit used in the present work has been designed more for noise immunity than

for ultimate responsivity and the noise (with or without power on the detector) is
about five times the Johnson noise of the 50S;source impedance. It therefore
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appears that while some gain in SIN may be realized by further reducing detector

circuit noise, the greatest dividends will result from improving the coupling of
the submillimeter radiation to the detector and possibly increasing local oscil-
lator power, although the latter is probably not necessary if efficient coupling

is achieved. Figure 30 summarizes the performance of the Schottky detector in
the RFI protected circuit discussed below. In order to investigate waveguide
coupling techniques, waveguide components suitable for 325 GHz operation were
ordered midway through the program. Although the ordered waveguides and coup-
lings were readily available in principle, the components were never delivered

and no satisfactory explanation was ever received. This experience was not
totally unexpected and is symptomatic of the generally limited development of

the submillimeter wave technology.

3.5.1 Schottky Detector Modules

In the course of the detector experiments it was found that the RFI from
the TEA Co2 laser was of sufficient magnitude to destroy an unshielded Schottky

diode and it was therefore necessary to install the diode is an RFI shielded
module. Two detector modules were built for delivery under this contract for
use as wideband pulse detectors or for detection of modulated cw laser output.
Figure 31 shows the assembled detector module mounted on a fixed stage with a 50mm
focal length parabolic collection mirror. The collection mirror is attached to a
two-axis optical mount to facilitate beam alignment onto the detector. Figure 32
shows the detector module with RFI shielding tubes which we have found useful
when working in close proximity to the TEA laser. For effective RFI shielding
it is necessary that the tubes be a few inches longer, and this precludes the

use of the low f# collection optics; however, when working close to the TEA
laser signal strength is not normally a problem. Unfortunately the damage
potential of a given RFI source is very difficult to predict and the conserva-
tive approach would be to use the shielding tubes whenever the focusing mirror
is not needed to obtain sufficient signal intensity. Even without the shielding

tubes the detector is well protected from the ground loop voltages which can be
the major source of noise currents. As a very rough reference point, we have

had no problem in using the detector without shielding tubes at a distance of

two meters from the TEA laser. The optical damage threshold for the detector
is best stated in terms of the detector current. 10 ma is an upper limit and
should not be sustained for more than a minute or so; 5 ma and less are safe
current levels for continuous operation. Figure 33 shows the internal struc-
ture of the detector-preamplifier assembly with the RFI shielding removed.
Figure 34 gives detector mounting details. In the event that the detector
should need to be replaced, the entire brass mount is removed by releasing
the mounting screws. Electrical contact to the pin on which the diode is
mounted is by means of silver conductive paint which may be dissolved with
acetone. A rechargeable Gates cell provides power for the Avantek amplifier
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SCHOTTKY DETECTOR PACIKAGE WITH PARABOLIC COLLECTION MIRROR
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SCHOTTKY DETECTOR WITH RFI SHIELDING TUBES
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FIG. 33

ASSEMBLY VIEW OF SCHOTTKY DETECTOR SHOWING WIDEBAND AMPLIFIER
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and a separte bttery provides the bias current for the diode. Figure 35

shows the amplifier and bias on-off switches. The detector bias is adjusted

by plugging the microampmeter (provided with the detectors) into the jack and

adjusting the potentiometer to obtain the desired current level. The bias

circuit is current limited to a value well below the damage threshold. The

Gates cell i.s recharged by plugging the charger (one is provided with each

module) into the designated jack. Figure 36 is an electrical schematic for

the detector module showing the protection diodes, bias circuit and amplifier.

Listed below are the parameters of the specific Schottky diodes which were

installed in the delivered detector modules.

Diode Voltage Drop

Diode Current Module #1 Module #2

10lia .732v .730v

10OUa .804 .802

Ima .884 .879

lOma 1.031 1.011

Effective resistance, Rs 8.32 6.7

AV (indicates hysteresis .072v .072v

in voltage)

3.6 Optoacoustic Locking of the CW CO2 Laser Pump

3.6.1 Introduction - General Theory

To obtain long term stability of an optically pumped FIR laser requires

active stabilization of the CO2 laser pump. Presented is a description of

work performed utilizing the optoacoustic effect to lock the CO2 laser pump

at the optimum frequency for conversion of IR (P(20) 9.55 pm) to FIR (466 pm

CH3 F) wavelengths.
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TOP VIEW OF SCHOTTKY DETECTOR WITH ACCESS PANEL REMOVED

--,o

51

Loan1I"1 |:



R79-922991-17 FIG. 36

D <-
0

+- z
*0 <

z w>

09
L

(0 0

o) c

00.

0 +~
0 v c0

C5c

LT lo

I--~C coc

0 0 

w

o 0

ZND

C:I

0 0 C

,9-10-1T -

52<



R79-922991- 17

The photoacoustic effect has been known for some 95 years now, and a num-

ber of review papers on this subject have been written (Ref. 12-14). The basic

concept of the optocacoustic effect is relatively straightforward. When radi-

ation is passed through a closed cell containing an absorbing medium, the pres-

sure of the cell will increase. This pressure change can then be detected with

a microphone providing information on the interaction. In the present case, the

radiation source is a CO2 laser and the absorbing medium is approximately 0.5
torr of methyl flouride (CH3 F) located in a 7 cm absorption cell. The signal

derived from the interaction occurring in this cell is used in conjunction with

phase-sensitive detection techniques to generate an error signal for a feedback

control circuit. Prior to this work, this technique has only been used to

stabilize the CO2 pump for the 118 wn transition in methyl alcohol (CH3OH)

(Ref. 15). With the addition of the successful application of this technique

to methyl flouride it appears this technique can be generally applied to

optimize the pump frequency for many other optically pumped FIR laser transitions.

At this point it is desirable to obtain a more quantitative picture of

the optoacoustic effect specifically applied to the interaction of the P (20)

line of the 9 pm band with CH3 F. In Figure 37 is shown a simplified energy-

level diagram of the prolate symmetric top methyl flouride molecule. The laser

output at 4 9 6 pm is due mainly to the pumping provided by the absorption of radia-

tion from the K=2, J=12, V=O level to the K=2, J=12, V=I level of the V3 vibra-

tional mode. Lasing at 496 pm occurs between the J=12 to J=ll rotational states.

The V=I rotational manifold is depopulated by vibrational to translation energy

transfer (V=T), diffusion to and subsequent deactivation at the cell walls, and

radiative decay. V=T relaxation is the main process causing the required gas

heating for the optoacoustic signal.

A microphone located within the absorption cell will respond to pressure

fluctuation within the microphone bandwidth. The rate of pressure change with

respect to time can be approximated with the following equation (Ref. 12).

dt = 2/3 c Nl/tc - (P-Po)/TT (i)

where P = time dependent pressure

P = ambient pressure

C - energy difference between V-0 and V=1

N, = population of the V=1 rotational manifold

T = V-T relaxation time constant

- thermal time constant of absorption cell
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An exact solution of this equation does not exist, however, a very simple

solution can be obtained if the steady state approximation is invoked. In this

case it is assumed that the rate of variation in N I is slow compared to Tc and TT,
thus

dp
dt 0 = 2/3 £ Nl/Tc - (P-Po)/tT

(2)

.t = +2 t N1 (t)
o 3 Tc

From this equation it is seen that the variation in the gas pressure is propor-

tional to the variation in the population NI.

For the purpose of explaining the g al features of the optoacoustic

effect, the following rate equation can L used to determine the N, population

and is given by

dN I  (I I (N0 u-N1 )A 2 g(v) (3)

-dt -N1  c A) I hv 8T

where N, population of the V=1 rotational manifold

No  = population of the V=O rotation manifold

a = V=O rotational partition factor

8 = V= rotational partition factor

v = pump frequency

I = pump intensity

A = A coefficient of Ni

= pump wavelength

g(v) = line shape factor

The solution of this equation can again be easily determined by assuming

the steady state approximation. In addition it must be realized that the

total number of molecules remains constant, thus

N0 + N1 = N = constant.

Substituting this into equation (2) and applying the steady state approximation

yields
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Nc, AX2 I (v)gv) (4)

NI = 8 wh--' v(a+o) Ax 2 It(vigvi + A

Making a simple substitution this equation simplifies to

N K t I(v)g(v) (5)Ni

K2 I(v)g(v) + - + A2tc

where mAX2  (j) K1KI 8hv K2  
=  a

It is to be noted in Eq. (5) that the dependence of the N, population
on the pump laser frequency (V) comes about through the dependence of the laser
intensity and the line shape factor of CH3F on frequency. A variation in
operating frequency v will provide a variation in the product of I(v) g(v) which

causes a variation in N1 and correspondingly a variation in P (t) given by
Eq. (2).

It is the detailed dependence of the I(v) g(v) product on frequency that
will determine the optoacoustic signal generated by a small amplitude dither in
pump laser frequency. In Fig. 38 is shown the CO2 laser gain profile, the
doppler line shape factor for the methyl flouride absorption band, and a curve
proportioned to the product of these two curves (Ref.16). The CO2 laser gain
profile is representative of the actual variation in intensity vs operating fre-
quency obtained with the CO2 laser used in this study. It is to be noted in
this figure that the CO2 line center is approximately 43 MHz lower in fre-
quency than the absorption line center. This causes the product curve to have
a maximum at approximately +18 MHz relative to the CO2 line center. The

present stabilization technique will lock the CO2 laser at the peak of the

product curve. This corresponds to the point of maximum power transfer of
CO2 radiation to the CH3F molecule and thus optimizes the pump for the
production of maximum FIR laser power. This point of lock does not correspond
to the line center of either the CO2 or CH3F transitions.

Referring to Eq. (5) it can be seen that for very low laser intensities

the inequality given by
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K2I~v)glv) c + A (6)

will hold. This is the region of linear absorption. Under this condition

Eq. (3) simplifies to

ti( 1(v )g(v ) (7)

l/ C + A

Using this equation in conjunction with the product curve given in Fig. (3)
allows one to visualize the optoacoustic signal obtained when the CO2 laser

frequency is dithered. Shown in Fig. 39 is the N, population vs. frequency.
Under these conditions N1 is simply proportional to the product of 1(v) g(v).

Also shown is the N1 response to an applied dither in laser frequency at three

positions of laser oscillation. It is to be noted that the amplitude in the AC

component of N1 is proportional the magnitude of dn/dv, and the phase of N1
relative to the applied dither is equal to the sign of dn/dv.

A microphone located within the absorption cell will respond to the AC com-
ponent of the N, variations which is also shown in Fip. 39. Those fciili,'r
with stabilization circuits will recognize this signal as the required error
signal for closed loop feedback stabilization. The point of lock is at the null

corresponding the maximum N, population.

If the laser signal level is not sufficiently small so as to meet the inequal-

ity of Eq. (6), then the resulting optoacoustic signal must be interpreted from

the more general form of N1 given in Eq. (5). Taking the opposite case of a
very intense field such that

K2 1(v) g (v) >> / c + A

it found from Eq. (5) that

NK1  a
NI -- N-K2 

N(+0

which is simply a constant. This is the case of a strongly saturated transistion.

In this case a dither in CO2 laser frequency will not yield an optoacoustic sig-

nal. Thus under the limits of the present description it is seen that as the in-

tensity of the laser source is increased from very low to very high intensities a

maximum in optoacoustic signal will occur. The exception to this is if the CO2
laser is operating at frequencies corresponding to the peak in the NJ popu-
lation shown in Fig. 39 which for any intensity will always yield a null in
optoacoustic signal.
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From a practical standpoint it is only the general shape of the optoacoustic

amplitude and phase curve, as presented in Fig. 39, that is important to realize
feedback stabilization of the CO2 laser pump. As the CO2 laser is tuned over
its gain profile, it is only necessary that optoacoustic signal be of an ampli-
tude well above the noise of the detection system which decreases in value, passes
thru a null, and then increases in value but with a reversed phase relative to
the applied dither. It has been found experimentally that these conditions can
easily be meet for CH3F even by placing the optoacoustic cell directly at the
output of the CO2 laser where the condition of strong saturation is expected.

3.6.2 Experimental Agparatus and Operaton

In Fig. 40 is shown a schematic of the apparatus used for optoacoustic lock-
ing experiments. It consists of single mode C02 laser operating on P(20) of the
9 Um band whose PZT tuned output is directed through the optoacoustic cell containing
.375 torr of CH3F. The absorption introduced by the cell is less than a per-
cent of the total CO2 power. After passing through the cell the laser beam en-
ters either a power meter or the FIR laser. If the FIR laser is operative, it
is monitored with another power meter.

A block diagram of the electronics used for the locking experiment is shown
in Fig. 41. The optoacoustic signal is detected with a Knowles Electronics BT-
1759 condenser microphone with an integral FET amplifier. This microphone requires
a dc supply voltage of approximately 1.5 volts which is obtained from a flashlight
battery. In Fig. 42 are shown details of the optoacoustic cell delivered under
this contract and in Fig. 43 is shown the manner in which the supply box (supplied
with the cell) is connected to the microphone flange.

Returning to Fig. 41 it is seen that the output of the microphone is con-
nected to the input of an Ithaco lock-in amplifier. The phase sensitive de-
tected signal generated by the lock-in amplifier is sent either to a chart recorder
for display or to a Burleigh RC-42 ramp generator - operational amplifier combina-
tion for closed loop stabilization of the CO2 laser. The lock-in amp was typ-
ically set at a sensitivity of 3 my and a time constant of 125 millisec. A ref-
erence signal of 100 Hz generated internally by the lock-in was adjusted in ampli-
tude with a potentiometer and then AC couple to the input of the Burleigh RC-42.
The 100 Hz reference signal was amplified by 100 resulting in a 34 volt p-p dither
signal applied to a Burleigh PZ-80 PZT. This results in a cavity length dither
of .27 ,m and a CO2 laser frequency dither of approximately 6 MHz.

If closed loop locking was to be performed, the RC-42 was operated strictly
as an operational amplifier. In this case the error signal derived from the lock-
in amplifier provided the necessary adjustment in the dc signal applied to the
PZT. The phase of the error signal was adjusted with the lock-in to obtain a
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- stable lock at the null in the optoacoustic signal. If the error signal was to

be observed, the lock-in output was displayed on a chart recorder and the RC-42

was used to apply a zero through 1000 volt ramp to the PZT.

It is to be noted that the output of the laser is not the only place the

optoacoustic cell could have been positioned. For example the signal coming off

of the grating at zero order or the signals derived from the ZnSe Brewster win-

dows could also have been used. In fact these lower level signals should pro-
duce a large optoacoustic signal because of the reduction in the effect of satur-

ation mentioned previously.

3.6.3 Ep2erimental Results

The experimental set-up indicated in Figs. 40 and 41 was adjusted to obtain

a chart recording of the laser power and the phase-sensitive detected optoacoustic

signal as the cavity length was ramped over approximately a 7iin length in a time

interval of 50 seconds. The results of this experiment are given in Fig. 44.

A number of points should be noted concerning the CO2 laser power curve

shown in Fig. 44. First note that as the cavity length is increased the laser

frequency is decreasing in value. Thus, the left-hand side of the figure is at

a higher frequency than the right hand side. Secondly note that the laser power

curve is asymmetric relative to line center. It has been determined that this

effect is due to thermal adjustments to the effective cavity length due to heat-

ing or cooling of intracavity optical components as the laser power is increased

or decreased respectively. Finally, the fact that the laser can be turned off

by a cavity length adjustment is a good indicator of high mode quality of this

laser.

Turning to the optoacoustic curve it is seen that zero signal exists when

the laser is turned off thus setting the null level for this curve. As the

laser starts to oscillate, the intensity is very low, however, a very sizeable

optoacoustic signal exists. As the laser intensity increases the optoacoustic

signal increases until the laser reaches a power of about 3 watts. At this

point the laser is approximately +40 MHz off of line center. The decrease in

signal after this point for at least the next ten MHz is attributable to the

effects of saturation rather than a decrease in the slope of the I(v) g(v)

curve. As the laser frequency is decreased further the optoacoustic signal

decreases, passes through a null, then reverses sign and increases in value.

The point of lock will occur at the null in optoacoustic signal when the

stabilization loop is closed. Note that the null occurs at the +20 MHz rel-

ative to the CO2 line center. This value is in good agreement with the pre-

dicted value of +18 MHz indicated previously.
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In another experiment the CO2 laser pump was allowed to excite the FIR
waveguide laser operating at 496 Um. The output of the FIR laser was monitored
as the CO2 cavity length was adjusted. As expected the maximum FIR output
occurs when the optoacoustic signal was nulled or when the stabilization loop

was closed.

Finally the long term stability of the output power of a Methyl Alcohol
FIR laser operating at 118 on was monitored under the conditions of an opto-
acoustic locked or unlocked pump laser. The results of this 48 min duration
experiment are presented in Fig. 45. As is obvious from this curve the
locked pump laser produces a much more stable FIR output than does the unlocked

case. This experiment was not be repeated for CH3F, but similar results are
expected.

It can be concluded from these results that the optoacoustic effect
* represents a very simple but effective means of stabilizing CO2 pump lasers

at the optimum frequency for IR to FIR conversion in optically pumped FIR laser
systems.
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