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ABSTRACT

An optically pumped submillimetre laser has been con-
structed and investigated. Optical pumping with !2C!®o,
and isotopic !'3C'®0, has been demonstrated. Using the isotopic
13c0, laser 17 new submillimetre emissions have been reported
between 78.5 um and 917 um.

The mode properties,stability and tuning characteristics
of the CO,; laser have been discussed. Such measurements we.re
t9§en with heterodyne techniques. Cooling effects on the isotopic
CO, laser have been described and have resulted in increases
in both the number of observed lines and output power from the
laser.

A high power cw CO; laser has also been described and used
in the search for new submillimetrxe emissions.

The submillimetre waveguide laser designed has been shown
to give powers in excess of 1 mW throughout the submillimetre
region. The design was flexible to permit a choice of coupling
and waveguides of various sizes.

The fine tuning characteristics of the submillimetre laser
have been investigated. By examination of the Doppler split gain
peaks with CO, pump offset we have observed Dispersion and Two-
Photon Light Shift effects for the first time in cw submillimetre
lasers.

Metallic Mesh techniques for the submillimetre region have
been investigated. "Inductive" and "Capacitive" type meshes have
been characterised. A blocking filter has been produced to
suppress the 118.8 um line in CH;OH to allow easier identification
of larger wavelength lines resulting from the same pumping trans-
ition, The successful low temperature performance (< 4 K) of a
Low Pass Filter has been demonstrated.

A range of materials suitable for use in the submillimetre
region have been characterised.

KEYWORDS : Submillimetre Lasers, CO: Lasers, Isotopic CO. Lasers,
Heterodyne Techniques, CO; Mode Properties and Stability, Sub-
millimetre Laser Spectroscopy, Metallic Mesh Spectroscopy, Fine
Tuning Characteristics in Submillimetre Lasers, Doppler Splitting,
Two Photon Light Shift, Dispersion, new submillimetre emissions,
submillimetre filtering techniques, Low Temperature Filters,
Materials.
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CHAPTER I

cw CO, LASERS

1.1 INTRODUCTION

cw CO, lasers are used as driving sources for the sub-
millimetre laser described within this report.

The PL; cw CO, laser intended for use as a pump laser in
the testing of the submillimetre laser has been extensively in-
vestigated and the method by which the characteristics of the CO:
laser were obtained is described. A higher power CO, laser,the
PL., is also described later within this chapter. The effect of
isotopic sukbstitution in CO; gas mixes is also described.

Although the absorption lines of vibratiocnal-rotational
molecular transitions commonly used as driving transitions in
optically pumped submillimetre lasers are typically Doppler broad-
ened to ~ 50 MHz full width half maximum (F.W.H.M.), the operating
pressures of cw lasers are normally restricted to pressures well
below 1 torr, where pressure broadening is only ~ 1 MHz. The narrow
radiation linewidth produced by a cw CO; laser therefore selectively
excites only a small fraction of the available molecules, those with
Doppler-shifted absorption frequencies lying within the homogeneous
linewidth of the actual CO:; laser frequency. Tuning of the CO:
laser, by means of a piezo-ceramic attached to the output coupler,
over its pressure broadened gain linewidth of ~ 3.5 MHz/torr will
therefore selectively excite different groups of molecules lying
under the Doppler envelope, resulting in a corresponding tuning of
the peak of the submillimetre gain. Since the finesse of typical
submillimetre resonators is high, changes in the CO; laser frequency
due to thermal shifts, mechanical instabilities or mode changes are
accordingly strongly reflected in the submillimetre ocutput power
level. The consequence of this is that the CO; laser should have
well controlled and stable frequency tuning characteristics if a
stable submillimetre laser output is to be achieved.

1.2 GENERAL PRINCIPLE OF OPERATION

The N,-CO, laser operation has been shown to arise from the
selective excitation of molecules through the vibrational energy
transfer from a diatomic molecule [1] .

While laser action can occur ketween the vibrational
levels of CO, alone, the provision of additives can enhance laser
action [1] . Additives are utilized in the gas mixes used in the
work described and are discussed later in this section..

The partial energy diagram for the N;-CO, transition is shown
in Fig 1.1, with a more detailed laser transition diagram for the
10.6 um, 0001 - 10°0 transition given in Fig 1l.2.
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The effect of N, is seen in Fig 1.1 and the remaining
additives used are now described. In a flowing gas mix the only
addition to the N,;-CO: combination would be Helium., The role of
Helium is two fold; to aid the depletion of the 0l1'0 level by
reducing its lifetime [2] and so reducing any bottleneck effect
and secondly the gas helps in keeping the CO, cool by conducting
heat to the walls of the discharge tube by virtue of its high
thermal conductivity.

In a sealed off situation additional additives are required.
Hydrogen (H,) is added to reduce the oxygen which is generated in
the dissociation cf CO:z2:

CO, + e o CO+e +0
H, + O o H,0

H20 -+ OH + O

OH + CO -+ CO2 + H,

which restores the CO, concentration,

The addition of Xenon, which increases the number of electrons
available for collisions, helps reduce the discharge temperature
since a lower discharge current can be used. With the additives
descriked, the percentage combination of gases will now be cdescribed
for the various lasers (each laser requiring an optimized combin-
ation). Table 1.1 gives details of the gas combinations.

1.3 THE PL; CO, LASER

The cw PL3: CO; laser investigated is of conventional design,
comprising of a sealed water cooled 10 mm ID discharge tube with an
internal 10 m concave semitransparent (30%) output coupler and an
adjustable blazed diffraction grating. The 1.78 m optical resonator
is supported by a strong structure of granite and four 1" thick invar
bars, giving gocd mechanical and thermal stability [3]. The laser
could ke operated in a ‘sealed' or 'flowing' gas mode, but the
results presented are for sealed operation. Flowing gas operation,
although resulting in higher output powers, does have a detrimental
effect cn the frequency stability of the laser. The different gas
mixes have been described in section 1.2. c.w. output power levels
of 15 W at band centre are easily available using the sealed off
gas mix (with v~ 25 W flowing).

1.4 ISOTOPICALLY ENRICHED CO, GAS MIX
l.4.1 The Isotopic Gas.

The isotopic substitution in molecules has keen shown to
result in changes in the molecular spectra of the molecule {4] ,and so
giving the possibility of new CO, laser transitions. The use of




11,

this technique in CO; has resulted in ~ 400 new lasing wavelengths
in the 9-12 um region {(5,6]. The new IR pump lines have been
derived from ‘2c}®o,, '3c'®o,, !3c'®0; and '*C'®0, as shown in
Fig 1.3.

The isotopic CO; laser is operated "sealed off" due to the
high cost of the mix. With the PL; a sealed off lifetime of 1-2
months was possible. This extended operation was due to the ultra-
high vacuum components used in the PL; construction. The mix used
was as described in table 1.1 for the PL: sealed, but with !'3C!®0,
(90% atomic)replacing the '2C!®0,.

Cooling of the gas mix has been found to improve power output
and alsc increase the number of lasing lines and this is described.

l1.4.2 Cooling Effects

The effect of varying the temperature of the cooling supply
used with the isotopic gas mix has been investigated. It has been
shown that increased performance is achieved by cooling of the
supply down to ~ =60°C [5] but in the work carried out the optimum
was found to be at 0°C. The laser was cooled with a continucus
flow of ethylene glycol at a temperature of -15°C and the output
power £-om the laser monitored as the temperature was allowed to
rise. The change in output power was % 0.1 W/©C with the optimum
fcund at 0Q°C. The power observed was 3.5 Watts at 0°C, but this
pcwer was later increased by suitable adjustments to pressure and
discharge current. Another apparent advantage of cooling the
isotope mix was seen in the increase in the number of laser lines
present. At room temperature very few emission lines were observed
( ~ 9 total).

The relative ease of operation in sealed conditions, linked
with the long lifetime of one fill of gas could make the isotopic
CO: laser an extremely useful source of I.R. frequencies. The
realization of the application of this type of laser in optical
pumping has been shown. A programme was set up to investigate
the possibilities of any frequency coincidences between the I.R.
frequencies and the absorption lines in polar molecular species and
the results of this application are described in Chapter 2.

1.5 HETERODYNE TECHNIQUES USED TO DETERMINE CHARACTERISTICS
OF THE PUMF CO. LASER

1.5.1 The Optogalvanic Effect and Heterodyne Technigues,

To determine the frequency stability and tuning character-
istics of the PL3; CO: laser, a heterodyning technique was used.
This is a simple technique which uses two near coincident frequencies
from different sources tc give sum and difference beat frequencies,
from which information about one of the sources can be derived.
To enakle measurements of any meaning to be made, however, one of
the sources must be fixed in frequency. Any instabilities in the
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other source may then be observed, relative to the fixed laser
source.

The method was to mix the laser outputs from the two CO;
lasers one of which was optogalvanically stabilized [(7]. The
optogalvanically stabilized laser was of similar design to the
main laser, but with a 1 metre cavity and with passive stability
provided by three 1" diameter invar bars. Active stabilization
was provided by the method now described.

An electronic feedback loop system was used to control the
laser cavity length. The cavity length was modulated through the
plezoceramic which was attached to the output coupler. The effect
of the cavity length modulation is to give a modulation of the
internal field intensity [7]and any changes in this intensity are
seen in the discharge impedance which can then be seen as a current
fluctuation (the optogalvanic effect). A d.c. correction voltage
is then applied to the piezoceramic to maintain oscillation at line
Centre. By this method the reference laser could be locked to
~v + 0.2 MHz of the natural line centre of the lasing transition.

For frequency measurements, a small fraction of the main CO:
beam is split off with a NaCl beam splitter and mixed with the beam
from the optogalvanically locked C0: reference laser. This is
shown in Fig 1l.4.

The mixed outputs were then incident onto a PbSnTe liquid
nitrogen cooled detector and tlie resultant beat note generated
then displayed on a spectrum analyzer, immediately indicating the
frequency components present in the main CO. laser beam. By
observation of the displayed signal it was possible tc determine
the stability and tuning range of the CO:; laser.

1.5.2 Mode Structure and Tuning Characteristics of the CO:
Laser

In describing the results cof the measurements made, it is
convenient to distinguish between CO; laser lines at the band centres
ané on the band wings. The lines lying close to the band wings,
where the laser gain is lower, were observed to always produce a
single beat note on the spectrum analyzer, tunable piezoelectrically
by up to ~ 35 MHz about the natural CO: line centre. The corres-
ponding far field mode pattern was always circularly symmetric and
uniform, indicating that the mode observed was the TEMqo moce. Burn
patterns, on heat sensitive paper, close to the laser output were
generally complex, and not of a Gaussian appearance; this is
attributed to rapidly divergent rays of the same frequency as the
TEMOO mode, perhaps caused by internal scattering or wall reflect-
ions githin the discharge tube.
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Laser lines lying near the centre of the CO, bands were
generally found to contain three distinct frequency comporents:

) a single frequency, together with two other closely spaced
L . frequencies (about 0.5 MHz apart) lying akout 17 MHz higher in
frequency. All frequencies tuned at the same rate as the piezo-

electric drive were varied, maintaining their relative separations.

It was found to be a simple practical matter to reduce the laser

discharge current steadily until either the "single"” frequency or

the "double" frequency ceased to oscillate so that essentially

single frequency oscillation was obtained (i.e. that of the compon-

ent lying closest to the gain centre). In this manner it was

! possible to operate the laser with the "single" frequency oscillating
alone at frequencies lower than the natural CO; line centre, and
with the "doublet" completely alone over all frequencies higher than

. the natural CO, line centre, Using these two regimes of operation,
it was found that the single frequency was characterised Ly a
Gaussian-like far field burn pattern, whilst the "doublet" was
characterised by a more complex pattern (commonly an annulus)

; critically dependent upon fine adjustment of the diffraction grating.

Inspection of the standard expression for the mode frequencies
of an open resonator shows that the Gaussian TEM,, mode should
always be the lowest frequency present, in agreement with the above
observation. The "doublet" mode lying 17 MHz higher in frequency
is most probably the almost degenerate TEMo; and TEMio modes.

1.5.3 Stability Measurements

The short term instability 6f the output frequency was better
than 100 kHz over a 1 sec period and was less than the jitter
modulation of the reference heterodyne laser (+ 0.7 MHz). The
rigid mechanical construction of the laser enabled moderate shocks
near the laser tc perturb the laser frequency by less than 1 MHz,
and under normal laboratory room conditions the thermal stability
of the structure was sufficient to produce thermal drifts of less
than 1.6 MHz over a ten minute period.

? The measurements presented have confirmed that the cw CO:
! laser will be suitable for optically pumping a submillimetre laser.

Work 1s in progress to observe the effect of CO; pump quality
on the submillimetre laser output and this will be reported at a
later date.

1.6 THE PL. PUMP LASER

In addition to the PL; laser described there developed a
need for a higher power CO; laser, The EI PL. was such a laser
with a single arm discharge and of simpler design that the PL;. The
PL, [8] was grating tuned with a piezo fine tuning facility attached
to the output coupler. Both grating and output coupler were
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external to the discharge tube, which had two 2nSe Brewster
windows forming the vacuum seal at either end. The laser cavity
which was invar stabilized, was 1.8 m long with a discharge length
of 1.3 m. This laser was capatle of giving up to 75 W cw with a
flowing !2C!®0: gas mix.

The lifetime of a sealed off gas mix was not as long as
with the PL,, with the main reason being due to the '0' ring seals

in the PL., .

This laser was used in an experiment to produce new sub-
millimetre lines from isotopic !3CO, pumping.
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CHAPTER 1II

AN OPTICALLY PUMPED SUBMILLIMETRE LASER,

2.1 INTRODUCTION AND BASIC THEORY

The optically pumped submillimetre laser was first described
in 1970 [9] and is now a commonly used source of cocherent sub-
millimetre radiation. The accidental coincidences between Infrared
frequencies and Doppler broadened vibrational-rotational absorption
lines of polar molecules have given rise to over 1000 submillimetre
wavelengths ranging from tens to thousands of microns [10].

The optically pumped laser system required for the generation
of submillimetre emission consists of an I.R. pump (typically COz)
and a submillimetre laser. The CO: laser should be frequency
tunable over as wide a range as possible and be stable in frequency.
The excitation of a particular rotational level within some
vibra- ional level with an I.R. frequency is a selective process
giving the opportunity of an efficient laser system. The quantum
efficiency can be as high as 30% [10], but such high efficiencies
were not achieved until the advent of the waveguide type laser [11],
with the original optically pumped submillimetre laser, keing of
the open resonator type and only yielding quantum efficiencies of
a few percent or less.

Lasing action occurs between adjacent rotational levels
within some vibrational state providing certain conditions are met,

A schematic partial energy diagram for a polar molecule is
shown in Fig 2.1, and the following description uses terms shown
in the figure.

One such condition is that the molecule should be polar,
and that the permanent dipole moment u should be = 1 Debye or
larger, since the transition probability is directly proportional
to the permanent dipole moment. The close coincidence between the
I.R. source and absorption line is typically less than ~ 0.0l cm~!
{50 MHz), although this can be relaxed with high pump powers.

The pressure of the gas used in submillimetre optical pumping
has been found to be within the range, 30 mT - 300 mT and such low
operating pressures result in the vibrational-rotational absorption
lines being breoadened by a Doppler type process. Such pressures
are required to avoid rapid thermalization of the rotational levels,
a process which is proportional to gressure, and is given by
collisions occurring at a rate 1,.~" (A) and occurs in all vibration-
al levels, &d

Another molecular relaxation rate ', shows the rate at which
molecules in some upper vibrational states, relax to a ground state,
This rate has been shown, at the pressures used to be largely due
to collisions with the resonator walls, which is dependent on the
molecular diffusion rate across the resonator.




lé6.

The relative values of A and I are critical for a population
inversion to be sustained, and I must be sufficiently rapid to avoid
a build up of population in the lower laser level, which in turn
would result in the destruction of inversion. The cavity design
has been shown to effect the vibrational relaxation rate ', with
the waveguide type cavity greatly enhancing T.

The laser was thus constructed as a waveguide type but with
the possibility of modifying to an open resonator type at a later
stage.

A number of aspects relating to the submillimetre laser
have been investigated and are discussed. Although over 1000
submillimetre emisslons have been seen the use of such lasers will
not be fully utilized until a more complete frequency coverage of
the submillimetre range is achieved. The application of isotopic
CO2 pumping is one method by which this aim can be reached.

The technique was first shown in our laboratories with
!SNH, being pumped by the 1OR18 transition in !'?¥CO, [12] and the
extension of the technique is described in Section 2.4, where 17
new cw submillimetre emissicns are reported {13].

The tuning characteristics of the submillimetre laser have
been investigated and such work has revealed
a nonlinear relationship between the Doppler-Split gain peaks and
the CO: pump frequency. Such effects are described in terms of
dispersion and the two phcton light shift [14,15],and are presented
in Chapter III.

2.2 THE SUBMILLIMETRE LASER DESIGN

A laser which could easily accommodate a wide range of
waveguides and output coupling systems, but still retain performance
with submillimetre powers in excess of 1 mW over the whole sub-
millimetre range, was required and the following is a description of
the laser so designed [16].

From previous work with an EI 195 waveguide type, it was found
that the reflectors at the input and output ends of the laser could
easily be aligned parallel with an external HeNe laser beam. This
relaxed the design task since no serious problems would be exper-
ienced in translating one of the reflectors against a pressure
difference (atmospheric outside the cavity and typically 10-! torr
inside) if both reflectors were inside the vacuum. Other designs
have been seen to use a set of flexible bellows loosely connected
to the output coupler, with the bellows providing the required spring
effect for a smooth translating motion for the output coupler, but
this can be extremely costly and for this reason an alternative was
investigated in the form of a 'wobble stick', and is described later.
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The main criteria for the laser can be given as:

(1) Simple construction.

(2) Flexibility in waveguide and reflector choice.

(3) Output coupling method to be such that all known
systems of coupling could be introduced.

(4) Sealed or flowing gas operation.

The condition that the output coupling method should be
flexible led to the input mirror being the one which was trans-
lated (this being necessary to tune the cavity) and the output
mirrer being 'fixed', The problem, however, of a focussed CO;
beam being on axis with the submillimetre laser, suggested that
if a direct on axis mirror drive system was used then there would
be a possibility of danger to the operator unless a remote drive
system was incorporated. The alternative was to use a 'wobble
stick' with side entry into the laser as shown in Fig. (2.2).

This arrangement has the useful characteristic that a movement of
say x pm appears as a movement of the translator of ~ x/3 depending
on the ratio of the distances XA to XE. Stainless steel bellows
(1) were used to give a spring motion. A roller ball bearing (2)
ensured that frictional forces ketween the micrometer drive and the
swinging arm (3) were kept to a minimum. The other end of the
swinging arm made contact with a translator, onto which the input
mirror was fixed, with a second roller ball bearing (4). A pushing
motion is experienced by the translator for a pulling motion by the
rotating flange (5), attached to the micrometer. The motion of
the translator was over two tracks constructed out of ball bearings
laid in .tracks defined by stainless steel bars.

Vacuum integrity of the laser was maintained with standard
muff coupling type '0' ring seals at all joints. This has been
effective, in that the ultimate vacuum attainable with a diffusion
pump is ~ 10~°% torr. No degradation of the '0O' rings, which are
all Viton has been observed over the period of operatiocon.

The design of the resonator is outlined in Fig. (2.3), with
the whole laser being mounted on a rigid aluminium channel (a).
At each end of the channel, two aluminium blocks (B) and (C) were
fixed securely onto support brackets (E). One of the brackets is
rigidly fixed to the base with the other being free to slide along
the laser axis. This freedom of motion was necessary to free the
structure from any distortions resulting from any thermal effects.
The amount of thermal motion is kept to a minimum with the use of
three invar bar supports (D) to separate the end blocks. The low
coefficient of expansion of invar makes it a suitable material.
Additional support for the 1.5 metre bars was provided by support
flanges at (1) and (2).

The aluminium blocks (B) and (C) were bored out to give
cavities in which the ocutput and input reflectors could be housed.
The input mirror, as discussed, was translatable by ~ 5 mm, and
this was in block (C). The output mirror support was rigidly
fixed internally to block (B). Both mirrors could be easily
adjusted with the laser cavity unevacuated.
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An ocuter vacuum jacket was provided by means of a glass
tube, 84 mm diameter, and was fixed by muff type coupling seals
to the two end blocks. The size of the outer vacuum envelope,
linked with the large coupling mirrors (50 mm diameter) enables
waveguides of up to ~ 48 mm I/D to be used in the system.
Alternatively an open resonator laser could easily be produced
from such a design. The pump powers required for efficient
pumping of large bore waveguides were in excess to those available
with our cw CO; lasers.

Vacuum pumping was from a port in block (C) using a diffusion
pump, although this was later changed to an ion pump system. The
change was necessitated because of the instabilities caused by the
backing rotary pump. Operation with the ior pump system had no
such problems and the results presented are for such a system. The
laser gas inlet is through a port in block (B), at the opposite
end of the laser. Provision for an internally ‘mounted optoacoustic
facility is provided with a vacuum lead through positioned below
the gas inlet.

The optoacoustic effect is commonly used to determine absorp-
tion in gases [17] and has been used to great effect with sub-
millimetre lasers. A small microphone was inserted in the vacuum
space, close to the ocutput coupler, with electrical lead throughs
for power supply and signal output. Absorptionsin the gas are
seen as pressure changes which in turn are sensed by the microphone.
Such a system was utilized in the search for new submillimetre
lines with isotopic '3CO, pumping (Section 2.4).

The final vacuum seals in the laser are provided by flat
end flanges which are clamped onto the end blocks with 'O' ring
seals. These flanges support the input and output windows, NaCl
and T.P.X. respectively.

At a later stage the NaCl was substituted by a ZnSe input
window. The relatively short lifetime of NaCl was the reason for
the change. The output window was of a large enough diameter so
as not to impede any of the diverging radlation emerging from the
hole coupler.

The input mirror had a centrally drilled hcle of 2 mm
diameter, through which the CO2 radiation was injected, although
this diameter is not too critical.

It was important however to ensure that the diameter was
larger than the focussed C0O, spot size.

The output hole was 5 mm diameter, again centrally drilled.
A 25 mm I/D dielectric waveguide (F) was held coaxially inside
the outer glass envelope (G). The waveguides are 1.5 metres long
resulting in a minimum cavity length of the same and a maximum
cavity length of n 1.505 metres.




With the system of end blocks giving housing for the
reflectors it will be a relatively simple task to remove one
completely and install a Michelson type mesh coupler if required.
Such an arrangement would be supported by the end flange (E) in
a similar fashion to that of the original design.

2.3 LASER OPERATION AND MODIFICATIONS

The main changes to the original design were to the trans-

lator mechanism. The stainless steel bellows were a replacement
for brass bellows which began to work harden after 1-2 months of
operation. The swing arm was also noticeably flexing and was

subsequently replaced by a larger diameter bar.

This modification had a working lifetime of 12 months
after which the stainless bellows began to work harden. The
original design of having a side entry system for the translator
has now been changed to accommodate a straight through translator.
A new end plate has been designed to permit a micrometer to be
mounted with an 'O' ring vacuum seal.

For a period of time the laser was operated with a modific-
ation to the vacuum jacket system. The outer jacket was dis-
carded and the waveguide itself was arranged to complete the
vacuum.

Using the CO; laser described in the first Chapter, a
series of tests on the submillimetre laser were carried out and
the results of the laser performance, for a range of laser gases,
are shown in table (2.1).

The original objective of laser power in excess of 1 mW
over the whole submillimetre range has been achieved. For wave-
lengths greater than 500 um, brass wave guides were used (the
losses in dielectric gquides being excessive for X » 500 um). The
brass guide dimensions were as for the original dielectric guide.

2.4 NEW SUBMILLIMETRE LINESXERODUCED FROM A SUBMILLIMETRE
LASER WITH ISOTOPIC !3C" "0,PUMPING.

2.4.1 1Introduction

Earlier in this Chapter the first application of the isotopic
13C02 laser to the optical pumping of submillimetre lasers was
described with the 1OR18 transition in !3cC!®0, pumping !°®NH; to
produce a new submillimetre emission at 153 um [12]. Such a
technique suggested the possibility of extending the coverage in
the submillimetre region by virtue of the fact that an increase
in the number of possible coincidences between I.R. frequencies
and submillimetre absorptions should result from the extra I.R.
frequencies produced from isotopic substitution. The
isotopic CO, laser has been described in Chapter 1.
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An optoacoustic survey of a number of known lasing media
with !'2C'®0, pumping was performed using the PL, laser with a
sealed off mix of !3C!®0,, and by further using a PL, pump laser,
17 new submillimetre laser emissions over a large range were
discovered.

2.4.2 Experimental Results

Using the PL; to perform the optoacoustic search of mole-
cules a recording of all the absorptions was made. Each absorption
was investigated, making appropriate adjustments to submillimetre
cavity length, gas pressure and CO: frequency offset, with the
intention of finding submillimetre laser emission. No lasing
action was observed with the system described and this was
attributed to the low pump powers from the PL; laser (v 12 W at
band centre).

The PL, laser, as described in Chapter I was used as an
alternative to the PL; because of its capability to produce
higher output powers. Using the same isotopic ?as mix up to
20 W cw could be obtained at band centre. The '3c!f0, radiation
from the PL, was focussed with a 50 cm concave mirror into the
submillimetre waveguide cavity, through a 1 mm pinhole. As
before, the submillimetre radiation was extracted through a 5 mm
hole coupler and a 6 mm T.P.X. vacuum window. A 24 mm diameter
1.5 m long brass wavequide was used to ensure low waveguide losses
in the long wavelength region [18,19].

The molecules investigated are shown in Table 2.2. The
waveguide cavity was normally evacuated to v 10™"* torr with a
two stage rotary and ion pump rig. The molecule under test was
then released into the cavity and investigated. When the molecules
used were in liquid form an additional process was required before
releasing into the cavity. De-airing of the liquid has been found
to reduce the power threshold for lasing action, yet little effect
has been noticed in final output power. The process is achieved
by the freeze-pump-thaw method, with two or three cycles normally
being sufficient to remove air contaminents from the liquid
chemical. Adjustments to laser operating conditions were repeated
as described and a number of lasing transitions were identified.

A total of 17 new submillimetre emissions have been ob-
served and these are given in Table 2.3. The spread of wave-
lengths, 78.5 um to 917 um indicates the suitability of the
isotopic CO; laser for the generation of new emissions, and further
suggests the possibility of using other isotopes of CO; to generate
more emissions.

The wavelengths were measured by the use of external mesh
Fabry-Perot interferometers. Three sets of meshes were chosen
for optimum performance over the range of wavelengths discussed
and have been characterised in Chapter IV, The interferometers
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were placed immediately in front of the detectors used and an
accuracy of + 0.3 um could be achieved. This figure was a
result of scanning over as large a number of orders as possible.
This number was only limited by the available micrometer travel
on the interferometer. The ultimate accuracy at 917 um (+ 3 um)
was thus limited by the fact we could only scan a few orders.

The submillimetre power was measured with pyroelectric
and Golay detectors which had been previously calibrated against
a Laser Instrumention thermopile (14BT) [20].

The two emissions (A) associated with NHj; (natural
abundance) were only observed when small traces of CD;OD were
present in the laser cavity. Initial investigations have been
performed using other molecules mixed with NH;. A known buffer
gas, n-hexane [21] and CH3iOH were added separately to NH; in a
similar fashion as with CD;OD but no lasing action resulted. No
lasing was observed for small amounts of NHs; in a bulk of CD;OD.
It was further noted that the !3C!®0, 10P24 transition pumping
15NH; yields a different wavelength when pumping the NH;/CD;0D
mixture , whereas the !3C!®0, 10P14 transition pumping both !°NH;
and NH;/CD;0D yields identical FIR emissions. An optimum con-
centration of CD;0D has been observed with FIR output powers, cut-
on and cut-off points being dependent on the relative concentrations
of the two molecules. The explanation for the described result
is not fully resolved and further work to determine the process
which was taking place is required.

We have further observed lasing action at 152.9 um in NHj
(B) which had previously been observed in !°NH; [12]. The operating
pressure of this line was 400mT and is consistent with the low con-
centration of !°N in ammonia of natural isotopic abundance.

CD;OD has been shown to be a useful molecule with 5 consec-
utive '?c'®0, pump lines (9P12 to 9P20) yielding 5 different FIR
emissions ranging from 167.5 um to 533 um.

We have also observed two new submillimetre emissions in
CD;0D pumped with the normal '2c!®0, laser. Table 2.4 lists *the
relevant details.

Examination of the powers recorded indicate that most of
the observed wavelengths have powers in excess of 1 mW, which is
consistent with our original objective. Further work in this field
is planned with the use of other submillimetre gas media and other
isotopes of CO:.
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CHAPTER III

FINE TUNING CHARACTERISTICS OF OPTICALLY
PUMPED SUBMILLIMETRE LASERS

3.1 INTRODUCTION

To understand further the operation of the submillimetre
laser the tuning characteristics of the laser were investigated.
Detailed measurements of the dependence of the submillimetre
output power level emitted by a !°NH; cw optically ?umped wave-
guide laser (12,22,23] on !3Co. input power level, 3cO, laser
frequency and submillimetre resonator length changes have been
made.

The results have shown that there is a significant deviation
between experimental results and rate equation theory as the !3C0,
pump frequency approaches the natural v, as Q(5,4) frequency in
15NH;. Similar effects have been observed with the 118.8 um
transition in CH3;OH. The deviation has been explained in terms
of dispersion and the two photon light shift. Other effects
have been observed and these are to be described.

Experimental and theoretical discussions are given.

There has recently been considerable interest in light-
induced frequency shifts of atomic and molecular states [24-26],
first observed in the near infrared by Toschek and co-workers [25].

Light shifts occur when the atomic or molecular oscillators
interact with off-resonant light fields; the effect is related to
the Autler-Townes splitting which has been studied extensively in
the optical range {27]. Since these effects can give rise to
limitations in the determination of atomic and molecular frequencies,
their understanding is also of practical importance. This situation
applies to the optically pumped far infrared laser (OPFIRL), where
anisotropic (two-photon) amplification can occur for a Doppler
breoadened quantum mechanical three level system interacting with
two opposite intense pump laser beams [28,29]. Forward-backward
gain anisotropy has been observed [28,30], and the Autler-Townes
splitting for co-propagating beams demonstrated in an external
gain cell [31]. Such factors are expected to be a major constraint
in the use of OPFIRLS for frequency synthesis and high resolution
spectroscopic applications [32].

3.2 EXPERIMENTAL DESCRIPTION

The PL; pump laser was operated with cw power levels of
~ 10 W on the 1lOR18 transition of !®CO;. The heterodyne technigque
described in Chapter 1.5 was used to determine the CO:; pump
frequency. The submillimetre waveguide laser used was similar
to that described in Chapter II but was of a commercial design,
(Edinburgh Instruments EI 195) and was fitted with a precision
motorised micrometer and length sensor enabling the submillimetre
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resonator length (L) to be varied linearly in time with sub-
micron precision.

The consequence of using the extremely high efficient
15NH; transition was that submillimetre lasing action could be
sustained with very low pump powers and submillimetre gas pressures.
For the experiments described the laser was filled with !’NH,
with typical pressures of 10 to 30 milljitorr, with threshold input
power levels as low as 10 mw [12].

At operating pressures of less than 50mtorr the absorption
o of '%CO; radiation in the submillimetre resonator is small, enabling
- a longitudinal standing wave of !'3CO,and submillimetre radiation
to be set up within the waveguide resonator. This standing wave
will excite two velocity groups of !°NH; molecules within the
Doppler broadened (82 MHz FWHM) v, as Q(5,4) absorption transition,
with velocity components v, along the waveguide axis given by
v, =t ¢ Ay/by, where A; is the detuning of the !3C0O, laser frequency
from the natural absorbing frequency A, of the v, as Q(5,4) trans-
ition. The two velocity groups so excited generate two maxima in
the submillimetre gain lineshape, with a homogeneocusly broadened
linewidth of ~ 1 MHz at 20 mtorr pressure, and a Doppler splitting
240, = 2M, xcoz/xsub. We have made accurate measurements of this

splitting by scanning the submillimetre resonator length whilst
recording the induced variation of the output power at 152.9 um;
peaks in the emitted power occur whenever a natural Fabry-Perot
submillimetre mode of the waveguide resonator coincides with a
gain peak.

The lowest order EH,;; mode of our waveguide resonator has

a propagation loss of less than 1% per metre [18], so that this
mode has an end-mirror limited line width of (¢/2L) (1 - R)/m/R
v 1 MHz, where R is the effective end~-mirror reflectivity. Most
measurements were made using this mode, since it naturally gener-
ated the greatest output power level; a few measurements which were
made using higher order resonator modes yielded identical Doppler
splitting measurements. Fig 3.1 shows a typical experimental re-
cording of the EH,;; mode submillimetre output power level at
A = 152.9 um as the submillimetre resonator length was scanned,
using low !?CO, input power and a !®CO, laser frequency 22.7 #+ 0.5
MHz higher than the natural '3%C0O, 10R(18) laser gain linewidth
centre. Maxima in the output power may be determined from such
recordings with a resonator length precision of + 0.03 um, corres-
ponding to an uncertainty of + 100 kHz in the separation of the two
submillimetre gain maxima. Fig 3.2 shows the results of a series
of such measurements (open circles) for a wide range of '3CO,
10R(18) laser frequencies, measured with respect to the natural
193¢0, 10R(18) laser gain linewidth centre; the natural line centre

. frequency of the v, as Q(5,4) !°NH; absorption frequency was de-
termined by a subsidiary measurement of the transferred Lambk dip
(33] to be -12.4 + 1 MHz, shown by the solid circle in figJ3.2. The

H" i - _ ]




Doppler splitting expected by rate equation theory 24, ACOa/Agub
is shown by the solid line in £fig.3,2,taking the above value for
the natural v: as Q(5,4) line centre frequency and taking Aguyp =
152.9 um [12]. A significant deviation between experiment and
rate equation theory can be seen to occur as the !'°C0O, laser
frequency approaches the natural v; as Q(5,4) fregquency. An
identical series of measurements were also made in CH;0H using
the weaker (compared to 152.9 um) submillimetre lasing transition
at 118.8 um. The results for CH3OH, shown in Fi? 3.3 show a
similar but less pronounced anomaly as the 9P (36)'2%C0, laser
frequency approaches the natural CH;OH absorption line frequency
(23.6 + 0.5 MHz, solid circle).

These deviations frcm the rate equation have been attributed
to dispersion and two photon light shift effects and are the
first such observations in optically pumped submillimetre lasers,
and are discussed in Section 3.3.

At high !3CO, input power levels the experimental recordings
become more camplex than those shown in fig 3.1. A series of
recordings are shown in Fig 3.4 with increasing !?CO, input power,
at a fixed CO; frequency of 17.7 + 0.5 MHz above the natural
13co, 1OR(18) gain linewidth centre frequency. The high frequency
submillimetre peak (copropagating molecular velocity group) is
seen to broaden and split with increasing !’CO, input power.

This is attributed to a dynamic Stark splitting within the laser,
an effect previously only reported in external gain cell measure-
ments [34]. The line sharpening of the counterpropagating
component is observably due tc a sudden "switching off" of the
submillimetre emission as a critical resonator length is reached;
this switching effect is also visible on the copropagating
component in recording (B) of Fig 3.4. This effect is not fully
understood, but is very similar to saturable-abscrber switching
obsefved in an HCN laser using an intra-cavity saturable absorbing
gas [35].

3.3 THEORETICAL ANALYSIS FOR THE TWO PHOTCN LIGHT SHIFT
EFFECT.

As described, light shifts occur when atamic or molecular
systems interact with non-resonant light fields:we are de-
fining a two photon light shift as the shift of a two photon
resonance - the submillimetre laser transition - bty a third, non
resonant field,in this case the second pump component. In order
to identify the mechanism(s) for these effects we must examine
the submillimetre polarisation in some detail.

In lowest order (x(’)) the spatially-averaged submillimetre
polarisation due to a molecule of longitudinal velocity component
v is determined by the Lorentzians:
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where we adopt the conventions of Feldman and Feld [36], but
have relabelled the levels to a more conventional 1-2-3; y,; and
Y32 are the homogeneous linewidths of pump and FIR transitions
respectively. Since both fields are standing-wave in nature,
corresponding terms with k; and/or k. changed in sign also exist.
We adopt however the standard "weak=-probe" approximation, and
need thus consider only k; > O. The pump field component E
with k; > O (co-propagating) then induces Autler-Townes splitting
to order x (%) [36], whereas E_ (k; < O) gives only a single
"fluorescence" peak, as observed.

Even to order x(s), the contributions to the FIR gain are
many, of which we instance three in symbolic form:

* © *
E+ Ez E+ LI E+

- - -

P11 P21 P31 P32 P31 P32

cesees (3.2a)

> ++ - > +2 ...(3,2b)
[ P p o] p p
11 21 22 21 22 32
*
E, E_* E_ E, E,
- - - - - cese(3.20)
P11. Pa1 P22 P21 P22 P32

E; is the forward probe field. Processes (a) and (b) contribute

to, respectively, the Autler-Townes splitting and the transferred

Lamb dip, both of which we observe, but neither causes a two-

photon light shift: (a) is too resonant (there is no shift due to

E4+, in %EX order, in the Doppler limit), (b) not resonant enough,
>

for |Al > Y21+ Yaz, 82, since the two excited velocity groups then
have no significant overlap.

Process (c), however (which is coherent term, and thus absent
from the rate equation approximation) does cive rise to a shift
because E_* acts off-resonance, thus moving the gain peaks in an
intensity-dependent manner from the double-resonance positions.
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For k2 << k; the peaks lie at

by = % !Efl By [1+ 812 (8 + 2v") /(8% + ¥ P (3.3)

Here v is of ~v(k; Y32/k2) - i.e. about 20 MHz and 10 MHz for
'3NH, and CH;OH respectively - and |8| = |[E_.u:2|//2h. This
guasi-dispersion shape is cbtained by a Doppler-limit evaluaticn
of term (2¢) for lA;T >> Ya1. Full details of the calculation
v will be presented elsewhere. This is by no means the only
P shifting term, but it is the significant one showing all the
S observed characteristics:

! (1) it is positive (peaks move apart)

(2) it is intensity dependent (linear in this approximation),
(3) it has width in &1 of Vv ¥y rather than y2: (of ~ 1 MHz),
(4) it has the correct magnitude ~ the maximum departure in

equation (3) of A, from the linear term occurs at A; of

n~ y; the measured increase in the splitting for !S5NH,

of a factor of 2 (Fig 3.2) implies then that |3]| is of

N~ vy which is similar to the criterion [37] required for

our observaticn of the Autler-Townes splitting (Fig 3.4).
We do not see the latter for CH3iOH and the two-photon light
shift is considerably smaller (Fig 3.3). We believe then
that the two-photon light shift is demonstrated ky our data,
but we have not attempted a quantitative £fit to (3). This
is because our data are read from a PZT, i.e. are length

) and not frequency measurements. The frequency and length
splittings are related

8L _ Sv , én (3.4)
J-. L v n

A refractive index increase dn in tuning from the low-
freguency tc the high-freguency peak would thus mimic an
increase in splitting. Now at, e.g. the lower freguency,
the counterpropagating (resonant) excited molecules ccn-
tribute large gain and negligible refraction: the co-
propagating molecules contribute small gain and a negative
refractive index (because of population inversion). A
rough calculation indicates that the effect is significant.
Because the dispersion is slaved to the gain, however, which
in turn is slaved to the cavity losses, we can see that
this pseudo-shift should not depend on the mclecular species
or on the pump power, whereas our shift data is strongly
dependent on koth. Nevertheless, unambiguous identification
of the two-photon light shift demands direct frequency
. measurements. The system which is being used fcr the direct
frequency measurements of the deviations described is shown
in Fig 3.5 Work is in progress to complete the measure-
1 ments and will be reported at a later stage. As shown, the . |
system is as for the original experiment but with the '
1

addition of a second optically pumped submillimetre chain
r _ for reference purposes,
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CHAPTER IV ‘

METALLIC MESH TECHNIQUES FOR THE \
SUBMILLIMETRE REGION.

4.1 INTRODUCTION

The use of metallic mesh in submillimetre work is necessary
due to the excessive absorption experienced by other materials.
Measurements have been made on the transmission characteristics
of the two types of mesh available, "inductive" and "capacititive".
The application of mesh in filtering throughout the 50 ym to 1 mm
region of the spectrum is well documentated [{3§] and in this
report some further developments in the area of filtering are
described. The low temperature performance (< 4 K) of a Low Fass
type filter is described.

4.2 THEORY

Two types of metallic mesh are described within this report.
The first is termed "inductive", and is a periodic array of holes
in a thin metal foil of some finite thickness, and the second, i
"capacitive" is a periodic array of metal squares supported by
some substrate. The description inductive and capacitive come
from an analogy with trasmission line equivalent circuits as shown
in Fig 4.1. The holes (or squares) are usually sqguare and the 1
subsequent 7/2 symmetry eliminates any polarization effects. ‘

The following is essentially a summary of that given by
two separate workers [ 39,40].

A plane electromagnetic wave incident on such structures will
cause surface currents and charges to be set up in the metal and
these act as secondary souces of electromagnetic radiation. In
turn these secondary sources give rise to 2ero order transmitted
and reflected waves of equal amplitude, and after scattering the
original wave and the zero order transmitted wave superpose to
give the total transmitted wave. Both types of mesh are charact-
erised by two parameters which are: the mesh periodicity (g) and
the spacing betwen the squares, 2a, and are represented in Fig 4.2

If the zero order reflection coefficient has a complex
amplitude r (w), then we describe the transmitted wave amplitude
by the fundamental relation,

tI(w) = 1 + rI(w) (4.1)
If losses are neglected we can write equation (4.1) as

[t (w)|? + Jro(w|? = 1 (4.2)
I I

These expressions are for the inductive mesh, and the expressions
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for the capacitive mesh can be derived using the electro-
magnetic equivalent of Babinets' principle which relates the
electromagnetic diffraction fields around a thin, perfectly
conducting perforated screen with the fields arounq the com-
plementary screen. Thus by applying Babinets' principle we
have:

tI(w) + tc(w) =1 (4.3)

giving tI(w) = rc(w) (4.4)

tc(w) = - rI(w)

where I and ¢ refer to inductive and capacitive respectively.

Absorption has been neglected in the previous description
but must be accounted for. Absorption results fram ohmic losses
of the surface currents flowing in the metallic sections of the
grids and also from dielectric losses in the substrate supporting
the capacitive mesh.

The absorption is given by,

-

St ¢ (4.5)

A= |rw)]? (

where |r(w)|? 1is the reflectivity, ¢ is the d.c. conductivity
and £ is a geometric factor, which is the amount of grid which
can conduct current and is given by: for the inductive grid,

and for the capacitive grid by,
£ = ==

CAP 1-2a/g

Looking at egquation (4.5) it is evident that in order to
reduce the effect of absorption losses, the conductivity should be
as high as possible. The most obvious choice would be gold, but
the cost is prohibitive. The commonly used metals are copper,
nickel and aluminium,

The power transmission is described for a capacitive mesh
by,

2 - 2
T - b? + zg (w/woz wo/w) (4.6)
(L + b)* + z, (w/mo - wo/w)
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where w = g/}, w, = g/A and b = (c/Ao)%. This expression is
derived from the equivaient circuit description. The term

(w/w_ = w_/w) 1s the generalized frequency. w_1is the resonant
normilized frequency and A, is the frequency at®which the
capacitive mesh transmission is a minimum ( a maximum for the
inductive mesh). For an idealized mesh with no losses, this
factor, w, would be unity.

z 1is known by the characteristic impedance of the mesh
and is g?ven by:

2 C = 1 (4.7)
o ln cosec ()
29

The complimentary relation, z c.z I - 1 gives rise to the im-

pedance relation for the indu@tiv@ mesh.

It is evident that any desired level of reflectivity and
transmissivity can be achieved by varying the g and a/g values.
Transmission measurements for inductive and capacitive mesh of
various g values have been made and are now discussed.

4.3 THE INDUCTIVE MESH

Electroformed inductive mesh was available in the range;
100 lines per inch to 1500 lines per inch. The individual pieces
of mesh were stretched over a support ring and secured with
flexible collodion, and the transmission profiles were subsequently
measured with the aid of a Michelson FS720 Interferometer.
Figures (4.3) and (4.4) show the coverage available with the meshes
used and also display the characteristic profile of the inductive
meshes. The range shown is O cm~™! to 500 cm™!. The steepness
of the slopes is governed by a/g value and this is seen in Fig. (4.4)
and (4.5). From the data given by 750 1 pi meshes in Fig (4.4)
and for the three 1000 1 pi meshes presented in Fig. (4.5) it is
seen that steeper transmissivity profiles result from larger a/g
values,

Calculations using the complimentary relation to equation
(4.7) give, in conjunction with the data derived from Figs. (4.3)~-
{4.5) the a/g values for each mesh.

The complimentary relation is given by

zi = 1ln cosec (ma/2g) (4.8)

The value, z1 was determined from the theoretical fit with
the measured profile of the mesh under investigation. Sub-~
stitution of this value gave the a/g values and these are given
in table (4.1).

—
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4.4 THE CAPACITIVE MESH

The capacitive mesh is produced by a photo-etching process
with a metal thickness of around ~ 0.2 um, Capacitive meshes
could be produced by the evaporation of metal through an inductive
mesh cnto a substrate. Figures (4.6) and (4.7) show typical
capacitive mesh profiles, indicating the complimentary nature of
the two forms of mesh. Table (4.2) presents the necessary
details of the capacitive mesh available.

hbsorption losses for the metallic mesh have been found to
be less than Vv 1%, this being limited by the measuring process.

4.5 LOW TEMPERATURE PERFORMANCE OF A METALLIC MESH LOW
PASS INTERFERENCE FILTER IN THE SUBMILLIMETRE REGION.

4.5.1 Introduction

Low Pass or Edge mesh interference filters are finding
increased application in space research, submillimetre astronomy
and Fourier Transform Spectroscopy. Such applications can
however require operation at liquid helium temperatures (§ 4 K)
and work has been performed which will show that the Low Pass
filter, as described, can be operated at such temperatures.

The iow temperature performance of the multielement inter-
ference filter has been discussed, with the twc-element Fabry-
Perot being successfully cycled from room temperatures (300 K) to
liquid helium temperatures (1.4 K) (16,41,42].

The Double-Half-Wave design has also been shown to operate
without loss of performance at 77 K. [1l6]. Such filters are
constructeé with layers of free standing wire mesh ("inductive")
separated by metal spacers of thickness ~ A/2 um, where A is the
wavelength of the first order transmission peak.

The Low Pass filter, however, is based on the "capacitive"
mesh as described by Ulrich [39,43,44], where squares of metal in
2 periodic array are either deposited or etched onto a substrate:
2.5 um Mylar for the filter described. The layers of mesh are
separated by A/4 um, so giving an edge at ~ X um. The theory
for the filters described has been well discussed in other works
and will not be presented. [16,38]. Low Pass filters constructed
with such meshes are currently available for a working range
given by 5 em™}! to 225 cm }.
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4.5.2 Experimental Discussion

The method of construction which led to the successful
low temperature operation of the Fabry Perot and Double-Half-
wave filters have been applied to the Low Pass filter. That
method was to use Invar support rings and TORR-SEAL epoxy as
the filter mount, An alternative Low Pass filter which is
suitable for low temperature operation has been described
where polyethylene acts as the mesh substrate and spacer [45].

The method of construction has been described [46] and
will be summarised. A special construction jig which acts as
a clamping device is used to hold the two Invar (one upper,
one lower) support rings. Meshes and spacers of the desired
dimensions are carefully laid out over the lower Invar support
ring in the sequence; mesh/spacer/mesh, after which the upper
support ring is brought into contact with the mesh stack and
tightly clamped. The epoxy is then applied to the two support
rings and allowed to set. This method was used to construct
the Low Pass filter described.

A design was computed and is given by two capacitive
meshes of periodicity 90 um separated by a single spacer of
thickness 17 um. The constructed filter was measured with a
Michelson type Interferometer (Beckman RIIC FS720) and the
transmission profile is given in Fig. 4.8(a). The area of
transmission in the long wavenumber region is as expected frcm
the theory of a two element Low Pass filter, Additional meshes
would be required to complete the blocking region. The filter
was cycled a number of times in an Oxford Instruments variable
temperature cryostat from 300 K to 77 K and Fig. 4.8 (B) shows
the resultant profile at 77 K. No degradation in performance
has occurred. Figure 4.9 shows the filter at 1.8 K after two
cycles from 300 K and shows negligible shift in edge position.

The results have shown that the Low Pass metallic mesh
interference filter can be cycled and operated around Liguid
Helium temperatures. Such measurements indicate that the
Low Pass filter will find more extensive use in the areas
described.

4.6 APPLICATION OF MESH TECHNIQUES TO A SUBMILLIMETRE
LASER

4.6.1 Introduction

The optical pumping of CH3;OH with the 9P36 CO, laser
transition has been reported to result in three submillimetre laser
emissions at 118.8 um, 170.6 um and at 392 um. The 118.8 um line
however, is the more powerful of the three resulting in the re-
maining two being not so commonly reported. Identification of
weaker emissions, while in the presence of a stronger line is
always difficult and a method to ease this task has been devised.
This method is to use a blocking filter, based on metallic mesh,
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to block the more powerful line external to the cavity, making
the identification of other lines easier.

4.6.2 The Use and Design of a Blocking Filter

A simple two element device, similar to that described
in the previous section was investigated., Using established
design techniques [47] a two element stack of 90 um meshes
separated by a single spacer of 20 um thickness was constructed
and the resulting profile is shown in Fig. (4.10) A good cut-
off edge is seen but with incomplete rejeéction, but this was
acceptable since it was only important to ensure that the filter
did not have any transmission at 118.8 um. The filter was
measured with a Michelson type Fourier Transform Interferometer,
and shows transmission levels of ~ 80% at 392 um and ~ 15% at
170.6 um.

A large number of modes were observed with the laser
operating and the most cbvious laser line was the 118.8 um line.
The filter was placed immediately in front of the detector which
had the effect of suppressing the powerful line yet on tuning
the cavity strong modes still appeared.

An external mesh scanning Fabry-Perot interferometer was
used to identify the wavelength of these strong modes, and after
repeated tests the presence of the 170.6 um line was confirmed,
although no 392 um line could be seen. The use ¢of a dielectric
guide is thought to be a contributing factor in the difficulty
in identifying the 392 um line, and the use of a metal guide,
with its lower losses is suggested. The power level of the
170.6 um was measured as ~ 2 mW compared with ~ 20 mW for the
118.8 um line.

A method by which one laser line can be suppressed whilst
allowing another to be easily icentified has been described.
This technique could easily be applied to other wavelengths since
such filters are easily designed and constructed.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS.

We have shown in this report the techniques and methods
involved with submillimetre waveguide lasers. Mesh techniques
in the submillimetre region have also been described and app-
lications presented.

It is the intention of this Chapter to review the work
performed under the contract and to make recommendations which
are considered to be worth pursuing, The programme undertaken
has resulted in a number of new results and techniques which will
be of interest to submillimetre workers,

The cw CO: laser commonly used by submillimetre laser labs
is of the !?c!®0, species. We have shown that by the isotopic
substitution of molecules to !C !%0, a new field of work is
opened up. The isotopic substitution results in a change in the
emission frequencies emitted by the laser, thus by making the
change !2C to !'3C we are able to increase the number of I.R.
frequencies available for optical pumping. The !3®C substitution
however is not the only available, other isotopes are, !'2C, !“cC,
160, '70, '%0 , and these can be combined to give an even larger
number of new frequencies. The significance of this increase in
new I.R. lines is seen in the optical pumping process described
in the report. The emission of submillimetre radiation is de-~
pendent on a chance coincidence between a submillimetre absorption
frequency and an I.R. pumping frequency. It is evident that if
we increase the number of I.R. frequencies then we should have an
increased chance of new submillimetre emissions. We have shown
this new technique of isotopic pumping is feasible by using
13¢1%0, optically pumping deuterated forms of methanol and
ammonia to produce 17 new submillimetre wavelengths between 78.5 um
and 917 um.

The natural extension of this work is to use the powerful
CO2 laser at our disposal to investigate a larger number of lasing
candidate molecules. This would first be done with an opto-
acoustic search with absorptions being investigated for possible
lasing action. A research proposal has already been submitted
to the US Army European QOffice for this project (including other
avenues of work described in this Chapter).

The isotopic !'3C laser has been used to investigate the
stability, mode properties and tuning characteristics of the PLj
pump laser. The output of the !3CO; laser has been observed by
a heterodyning technique and it is further intended to determine
the effect of the CO, laser output on the submillimetre laser
action, and this will be performed under the new proposed contract.

The performance of the !'%C0O, laser with particular atten-
tion to cooling effects has been observed. Cooling to O°C has
given rise to increases in both output power and the number of I.R.
lines observed.
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A high power CO, laser - the PL., has been described,
with such a laser being used in the programme of isotopic
pumping.

submillimetre waveguide laser has been designed, con-
structed and tested to produce a working laser which we have
shown can produce submillimetre powers in excess of 1 mW over
a large frequency range. The design was flexible to allow a
wide range of 1I/P, O/P couplers and wavequides to be used.
The laser has been used in a number of the programmes described
within this report, including the fine tuning characteristics
of the submillimetre laser.

We have shown non-linearities in the tuning of the sub-
millimetre laser. As described, in general submillimetre laser
emission exhibits two gain peaks which are associated with co -
and counter-propagating beams in the waveguide rescnator. The
separation of the peaks - the Doppler splitting - should be linear
with pump frequency offset as predicted by rate equation theory.
We have shown that dispersion - a nonlinearity in cavity length
versus frequency =- and two photon light shift effects are present
which produce a deviation from that expected by rate equation
theory. The measurements taken were from cavity length consider-
ations and in order to determine the relative magnitude of the
two effects an additional direct frequency experiment should be
carried out in addition to the previous experiment described.

The experimental apparatus for this experiment has been described
and a report on the results should be available in the near future.

The splitting we observed was with !'°*NH; and CH;0H and it
was the high efficiency of the transitions at 153 um and 118.8 um
that enabled us to perform such measurements. With a high effic-
lency transition it is possible operate with extremely low pump
powers and submillimetre laser pressures and this results in the
necessary standing wave situatiocn being set up for the experiment.

With the increased interest in optically pumped submilli-
metre lasers fcr high resolution laser spectroscopy, heterodyne
measurements, frequency synthesis, plasma research and solid state
physics it is important to have high frequency stability and
spectral purity and the programme undertaken goces part of the way
to describe the necessary performance and explain the operation
of the submillimetre laser. Further work is required to measure
the submillimetre frequency output and stability (as already
discussed) and secondly we would require to study rate coeffic-
ients for inelastic molecular collisions in the field of the
submillimetre laser. No experimental data exists for the rate
coefficients and it is proposed to measure individual rotaticnally
inelastic rate coefficients and wall deactivation rate coefficients
in an external gain cell.
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Mesh techniques have also been investigated. A wide
range of "inductive" and "capacitive" type meshes have been
characterised, showing the complimentary nature of the two
structures. These meshes have been used in simple Fabry Perot
configurations as scanning interferometers and were used to
determine submillimetre emission wavelengths from our laser.

A low pass blocking filter, based on interference effects
has been designed and constructed to block submillimetre wave-
lengths resulting from cascade type emissions in CH3;OH. In
addition to the powerful 118.8 pm line pumped by the 9P36 trans-
ition, 2 lcnger wavelengths are also emitted at 170.6 um and
392 um, The filter was used to block the 118.8 um line outside
the cavity to enable easier identification of the remaining lines.
This has been shown to be a useful technique for laser line
supression,

The low temperature performance (< 4 K) of a mesh low pass
filter has been shown for the first time in this programme. The
filter was constructed with Invar supports and TORR-SEAL epoxy.
Such a result is useful in astronomical observations. Further
work on filters with 3 or more elements is now planned to give
improved rejection, while retaining the 4 K performance.

A range of materials suitable for use in the submillimetre
region have been characterised both at room temperatures and
Liquid Nitrogen temperatures. Such materials are necessary for
use as window or filter devices.

In conclusion we have investigated a number of techniques
and phenomenon in the submillimetre region, but would recommend
further studies as described in this report to lead to a fuller
understanding of the optically pumped submillimetre laser.
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APPENDIX 1

MATERIALS SUITABLE FOR USE IN THE
SUBMILLIMETRE REGION

Al.l INTRODUCTION

The increasing interest in the submillimetre region of
the electromagnetic spectrum (40 uym tc ~ 1.2 mm), as seen in
the increased number of relevant publications, has led to the
demand for more information regarding the materials which are
likely to be incorporated within submillimetre systems.

This report brings together a range of materials which
have been, or are likely to be used by workers. The materials
discussed are: T.P.X., P.T.F.E., Alkythene 11, Fused and
Crystal Quartz, Sapphire and Mylar. Material performance at
77 K is also described.

Al.2 EXPERIMENTAL APPARATUS AND DATA

The equipment used to obtain the spectra presented was
a Beckman RIIC FS720 Michelson type Interferometer [48] which
could be used through the range ~ 6 cm~! to 500 cm~!. Such a
coverage was achieved with a suitable choice of Beamsplitter
thickness (Mylar) and Golay detectors (quartz and diamond
windows). With such a system, however, spectra recordéd between
6 cm~! and 10 cm~! was noisy. The optical arrangement of the
interferometer is shown in Fig. Al, The transmission profiles
were recorded with the samples placed at position A, as shown in
Fig. al.

Infrared spectra described were obtained using a Perkin
Elmer 580 spectrometer.

Various discussions have been presented on materials
(49-53], and this appendix is intended to compliment such works.
All materials described are readily available from the suwpliers given
in Table Al.

Two samples of T.P.X. (4-methyl-pentene-l) have been used
as windows for the submillimetre laser in our laboratory. The
thicknesses used were as detailed in Fig. A2. The general
transmission profiles are identical but for a difference in levels.
The transparency of the material in both the visible and sub-
millimetre region makes it an excellent candidate for window or
lens use. The 10 pm transmission is effectively zero.

Figure A3 shows the profile of a 2 mm thick sample of P.T.F.E.
(polytetra-flourethylene}. The edge around 200 cm™! (50 pm) is a
useful feature, displaying characteristics similar to commercially
available low pass filters [54].
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Cooling to liguid Nitrogen temperatures (77 K) had
little effect on the edge or overall transmission.

Thinner samples have been investigated, ranging from
150 um to 950 um and the effect of thinning the material is
shown in Fig. A4 for 250 um and 950 um samples. The insert
shows the I.R. transmission for the two thicknesses (the trans-
mission of the 2 mm sample at 10 um being zero).

A not so commonly used low density polyethylene is
Alkythene 11, which is partially opaque in the visible. A 5 mm
thick sample resulted in the transmission shown in Fig. A5, with
the insert showing the I.R. performance.

Two widely used materials are Fused and Crystal quartz
and although they have been extensively discussed [51~53] they
are included for completeness. A 1 mm sample of fused quartz
(Suprasil 2) was measured, with the resultant profile shown in
Fig. A6. Cooling to 77 K resulted in little change in profile.

Fig. A7(a) shows the transmission of a 1 mm thick sample
of crystal quartz (z-cut), with the prominent absorption around
130 cm-® being seen. The sample was cooled to 77 K (b), result-
ing in a shift of the absorption band tolonger wavenumbers.

Such a shift was in accordance with a previous discussion. Both
fused and crystal quartz are visibly transparent, with 10 um
blocking being effective in both.

At room temperature sapphire has a transmission profile
as shown in Fig A8(a). At 77 K however the transmission region
opens out as shown in Fig A8(b). The curves shown are for a 1 mm
sample. As for quartz, this material was visibly transparent,
with 10 um being blocked.

Finally, two thicknesses of Mylar (Melinex), 2.5 um and
12 ym have been measured with their profiles being seen in
Fig. A9, Such materials are commonly used as beamsplitters
and substrates for "capacitive" type mesh [39].
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Fig, 3.1 Variation of stcbmillimetre ocutput
power (A = 152.9 um) in EH;j) mode as rescnator
length is varied (AL), Lower scale shows sub=
nillimetre frequency scale deduced from the
Fabry=-Perot relationship ‘3C02 10R(18) laser
offset frequency 22.7 + 0.5 MHz.
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Fig 3.4 15NH3 (A = 152.9 um) laser EK)), mode ocutput power variation
(arbitrary units) as resonator length is varied for 13COz
10R(18) laser input power levels of 0.05 W (A), 0.08 W (B)
and 2.3 W (C). Lower scale shows submillimetre frequency
scale deduced from the Fabry-Perot relationship,
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INDUCTIVE CAPACITIVE

Fig.4.1 Transmission line equivalent circuits and
capacitive mesh,
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Fig. 4.2 Geometrical parameters of inductive and
capacitive mesh,
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i
2 LASER MODE co, N, He
% $ $
PL3 Sealed 15.4 14.2 64.4
v PL3 Flowing 12 14 74
? PL, Sealed 15.4 14.2 | 64.4
PL4 Flowing 7 25 68
4 {

Table 1.1 Gas Mixes used in CO2 Lasers.




Laser Gas C0, line Submillimetre A cw submillimetre
(um) power (mW)
CD30D 10R18 41 18.5
CH30H SR18 65 0.93
CZH“(OH)2 P34 70.1 5.3
CH30H 9P 34 70.6 5.3
CH,0H 10R16 71 1.6
CoH, (OH), 9R10 95.8 4.2
CH3OH SR10 896.5 15.0
C2Hu(OH)2 3P36 118.0 18.9
CH ;0H 3P36 118.8 20.0
CHaNHZ SP24 1u8.5 0.8 =
CHaOH 10R38 164 4,56 %
CH30H 9P 36 170.8 (with 2
blocking filter) ‘
CH30H 3R18 186 3.2 %
CH3OH 10R38 2u6 0.74
HCOOH 9R16 401 1.14
HCOOH 9R20 428 1.60 *
HCOOH 9R18 yul 5.0 *
CH,I 10P18 447 3.4 %
CH4F 3pP20 438 1.14 #
4COCH SK26 5§12 0.96 *
CH 40H $P16 $70 5.6 %
CHZCF2 10P2u4 663 0.68 *#
CHZCF2 10P22 890 0.4Q =
Licu,r 3p32 1222 6.0 *
* metal guide
Table 2.1 Submillimetre laser performance (with normal 12c1602 .

pumping).
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Molecule Purity Supplier

CD3OD 99.0 atom % D BOC, Prochem, London, UK
CH300 99.0 atom % O BOC, Prochem, London, UK

€0, 0H 99.0 atam % 0 BOC, Prochem, London, UK

]SNH3 99.3 atom % ]SN BOC, Prochem, London, UK

NH, 99.6% 4N, 0.4% 15N Cambrian Chemicals, London, UK

(Natural Isotopic Abundance)
Table 2.2 Molecules used to yield new submillimetre emissions.




optical pumping.

]3C]602 Pump Molecule Wavelength Power
Laser “Line Power (um) (mW)
(Watts)
10P24 13.7 "Snm, 78.5 £ 0.3 2.3
9R28 6.25 CH 00 86.7 = 0.3 11.6
10P18 15.5 Tnm, 110.0 + 0.3 8.4
10P14 16.2 15NH, 112.3 + 0.3 1.6
10P14 13.5 NH, 112.3 + 0.3 (A) 5.0
10P24 14.5 NH, 124.6 = 0.3 (A) 2.5
9p18 13.9 €D, 0 143.4 = 0.3 2.6
10R18 17 NH, 152.9 = 0.3 (8) 9.8
9P14 8.5 (0,00 167.5 = 0.3 2.6
9?12 6 0,00 182.0 = 0.5 5.2
9P36 6 D, 0H 221.0 = 0.3 0.44
9R34 10.5 €040 234.7 = 0.3 1.0
9P15 10 CD0H 309.8 = 0.5 1.3
9P16 13 €D, 00 310.0 = 0.5 2.6
9P18 10 €400 3746 = 3.5 0.20
10R10 13.2 T 388.5 = 0.5 1.3
10R10 13.7 NH, 388.5 = 0.5 7.8
9P 20 1.2 €0, OH 530.4 = 0.5 0.9
9P20 7.5 €000 533.0 = 0.5 0.12
3R24 .25 CHy 00 317 = 3 0.3
Table 2.3 New cw submillimetre emissions r

resulting from !3C!¢Q,
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]
12.16 .
o C 02 Pump Molecule kavelength Power
e Laser “Line Power (um ) (mW)
. (Watts)
10R34 27 CD3OD 181.5 £ 0.5 0.16
10R16 37 CD3OD 365, = 0.5 13
y
Table 2.4 New cw submillimetre emissions resulting from
120160, pumping.
:
!
L,
&
e L




No. of lines per inch Metal | Effective g zi al/g
(L.P.I.,) value (um)
100 copper 285 1.1 0.22
150 copper 200 0.9 0.26
250 copper 11¢€ 1.0 0.24
00 nickel 74 1.4 0.15
500 copper 59 1.0 0.2u
750 copper 40 0.65 0.135
750 nickel 40 .75 0.31
1000 copper 28 0.575 0.38
1000 nickel 29 0.8 0.29
1000 coprer 25 C.S5 0.25
1270 copper Z5 C.Su 0.38
13020 cepper 21 0.50 0.40

Details of the available inductive meshes

ad




No. of lines per inch Metal Effective g value

(L.P.I.) (um)
30 Aluminium 25

46 " 32.6
70 " 51
; 141 " Sk

282 " 103

805 " 202

686 " 400

1016 " 597

1ull " §19

Table 4.2 Details of available

capacitive mesh
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MATERIAL SUPPLIER
T.P.X. Yarsley Technical Centre,

Trowers Way, Redhill, Surrey, U.K,
P.TQFQE. IQCQIO Ltdl’

Alkythene 11

Mylar/Melenix

Fused Quartz

Crystal Quartz

Sapphtre

Plastics Division, Welwyn Garden City,
Herts, U.K.

I.C.I. Ltd.,
Plastics Division, Welwyn Garden City,
Herts, U.K.

IQC.IC Ltd-,
Plastics Division, Welwyn Garden City,
Herts, U.K.

Heraeus,
26 Albion ‘lay, Kelvin Estate,
fast Kilbride, Glasgow G75 0YD,

Specac Analytical Accessories Ltd.,
Unit 3, Lagoon Road, St. Mary Cray,
Orpington, Kent, U.K.

Oriel Scientific Ltd.,
P.0. Box 136, Kingston-upon-Thames,
Surrey, U.K.

Table Al

Suppliers of Materials Described.







