SUBMILLIMETER WAVE LASERS

There are many types of submillimeter-wave lasers, including
optically pumped (1), direct discharge, free-electron lasers (2),
and pulsed cyclotron resonance Ge lasers (3). This article will
concentrate on the most common variety, namely, optically
pumped submillimeter-wave lasers. Optically pumped sub-
millimeter-wave lasers, in turn, come in a number of versions,
including continuous-wave (cw), pulse-pumped (4), and cav-
ity-dumped (5). Within each of these categories there are a
large number of variations in cavity design and pump geome-
try. The present article will concentrate on the most ubiqui-
tous of these, namely, continuous-wave optically pumped sub-
millimeter-wave lasers.

THE SUBMILLIMETER-WAVE PORTION
OF THE ELECTROMAGNETIC SPECTRUM

A discussion of optically pumped submillimeter-wave lasers
would not be complete without at least a brief introduction to
this important region of the electromagnetic spectrum.
Loosely defined, the submillimeter-wave (SMMW) portion of
the spectrum, also referred to as the far-infrared (FIR), lies
between the infrared and the microwave (see Fig. 1). The
SMMW region, a subset of which is often referred to as the
terahertz region, contains wavelengths (frequencies) from
roughly 2 mm (150 GHz) to 15 um (20 THz, 20 X 102 Hz).
This region is one of the least explored accessible areas of the
electromagnetic spectrum, owing primarily to the technical
difficulties that one traditionally encounters here. These dif-
ficulties are mostly associated with lack of low-loss long-dis-
tance atmospheric transmission combined with a paucity of
commercially available detectors, sources, and components;
although in recent times more SMMW devices have become
commercially available (a trend which appears to be acceler-
ating).

It is valuable to connect some physically intuitive concepts
with the SMMW spectrum. For purposes of illustration, if one
were to associate a temperature with the energy of a 1 THz
photon, that would correspond to 48 K. Thus many SMMW
physical effects must be observed at low temperatures so as
to prevent random thermal fluctuations from disturbing the
measurements.

Numerous scientifically interesting and technologically im-
portant processes take place in the SMMW region. For exam-
ple, whereas molecular vibrational transitions occur in the
long-wavelength infrared (IR) region, molecular rotational
transitions occur in the SMMW region. Thus in order to more
accurately identify molecular constituents of astronomical ob-
jects, SMMW astronomy/spectroscopy is often employed (6,7).

1 MHz < Radio Frequency < 1 GHz
(Radio, TV, cordless phones, etc.)
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Similarly where semiconductor valance-to-conduction band
transitions typically lie in the short-wavelength infrared to
long-wavelength ultraviolet (UV), hydrogenic donor and ac-
ceptor transitions (8,9) lie in the SMMW region. SMMW radi-
ation also has the property of fairly good transmission
through many plastics and composites. Thus there is interest
in SMMW measurements for the characterization (10) and
monitoring of plastics (11) and plastic curing processes.

HISTORICAL OVERVIEW

It would be beyond the scope of this article to provide an ex-
haustive discussion of any topic; therefore all discussions will
be brief in nature but will provide references for the reader
interested in more complete information.

Optically pumped SMMW lasers (OPSLs) were first dem-
onstrated in 1969 and 1970 by Chang and Bridges (1). These
authors produced pulsed SMMW radiation by pumping low-
pressure CH3F gas (methyl fluoride), placed in a resonator,
with a Q-switched CO, laser. Shortly thereafter, cw SMMW
lasing was produced (12). Prior to these important advances,
SMMW lasers relied on discharge driven SMMW lasers (13).
Producing such transitions was a very cumbersome and inef-
ficient process requiring a combination of high current and
high voltage. Additionally, these discharge-pumped SMMW
lasers were comparatively limited in available lasing wave-
lengths. Thus, in many ways, the birth of the OPSL helped to
open up the field of SMMW science and technology, by provid-
ing a readily accessible source of coherent SMMW radiation
which covered the entire SMMW spectrum (in the form of dis-
crete, limited-tunability, laser lines). Note that tuning can be
added to OPSL output via sideband generation (14—16). Nu-
merous review articles on OPSLs have been published
through the years (17-19), any of which is a good source for
more OPSL information.

OPERATIONAL OVERVIEW

A generalized schematic representation of an OPSL system is
presented in Fig. 2. The SMMW laser cell consists of the fol-
lowing: a vacuum envelope in which a molecular gas at low
pressure is placed, some source of optical feedback (end mir-
rors), and a method of admitting IR pump radiation and emit-
ting SMMW radiation. A grating-tuned CO, laser (emission
in the 9 um to 11 wm range) is typically used to pump the
SMMW laser. This pump radiation is often admitted into the
OPSL cavity through a small input-coupling hole in one end
mirror. The SMMW radiation produced in the OPSL is then
typically emitted through either an output-coupling hole or

400 THz < Visible light < 850 THz
(Vision, atomic structure)

1 GHz < Microwave < 150 GHz
(HF Radar, Ovens, communications)

20 THz < Infrared < 400 THz
(Lidar, heat, VCR remotes,

molecular vibrational transitions)

150 GHz < Submillimeter-wave, SMMW < 20 THz

(Molecular rotational transitions)

Figure 1. Subset of the electromagnetic
spectrum, SMMW region highlighted.
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Figure 2. Schematic diagram of a general
OPSL system.

some sort of uniform output coupler (20). To understand how
this device produces SMMW radiation, one must examine the
quantum-mechanical molecular processes which take place.
The present section will provide only a very general overview
of these processes; a more thorough discussion will follow in
the section entitled “Continuous-Wave Optically Pumped
Submillimeter-Wave Lasers: In Detail.”

OPSLs all operate on molecular rotational transitions. For
purposes of illustration we will consider a specific OPSL ex-
ample for explanation. A representative diagram of the opera-
tion of an OPSL, operating on the 118.83 wum line in metha-
nol, is presented in Fig. 3(a), an illustration of the origin of
the methanol quantum numbers is presented in Fig. 3(b), and
a physical diagram of the lasing process is presented in Fig.
4. In the lasing process: (1) an IR photon with an energy
which very closely matches a transition from a particular ro-
tational state in the ground vibrational manifold to a rota-
tional state in an excited vibrational manifold is absorbed by
a gas molecule; (2) if the conditions are correct, this process
causes a population inversion between rotational states; (3)
the inverted rotational transition lases and emits in the
SMMW, either in the excited manifold due to the pumping, or
in the lower manifold due to depletion of the lower state; and
(4) the molecule is left in the excited vibrational manifold and
must return to the ground manifold before it can participate
in a cw lasing process again.

A physical diagram of the lasing process of Fig. 3 is pro-
vided for further illustration in Fig. 4. In this example the
9.69 um IR photon excites the C—O stretch mode. The mole-
cule then lases between the J = 16 and J = 15 rotational
levels, emitting a photon at 118.83 um.

First excited
vibrational

manifold
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vibrational {
manifold —_—

Figure 3. (a) Schematic energy diagram

of 2.5 THz methanol laser. (b) Illustration

of methanol quantum numbers; the top

“large” atom is oxygen, the bottom “large”

atom is carbon, and the rest are hydrogen. (a)

Laser gas a+ ~ 100 mtorr

SMMW laser cell

With the large energy difference between the rotational
and vibrational energy level separations, one might expect
the lasing process to be quite inefficient. This is in fact the
case. The majority of the pump radiation is simply converted
to heat. The theoretical limit on efficiency for the OPSL is
given by the well-known Manley—Rowe limit (21):

€ = VFIR (1)

where € is the efficiency of converting pump radiation into
SMMW radiation, v is the frequency of the emitted SMMW
photons, and v is the frequency of the pump photons. So for
example, for the 118.83 um laser line in CH3;0H the efficiency
limit is 4%. Typical efficiency at this transition is on the order
of 0.2%, and the best reported efficiency (22) is 1% for high
power operation and is 0.8% for high-efficiency lower power
operation (37). This example is one of the higher efficiency
transitions; typical OPSL efficiencies are in the range of
0.005% to 0.1%.

TYPICAL PERFORMANCE AND APPLICATIONS

OPSL lines are available throughout the SMMW spectrum.
Some of the stronger examples and their published output
powers are indicated in Fig. 5. In general, once one has an
OPSL system, virtually any of the available lines can be ob-
tained by a combination of (1) introduction of the appropriate
gas into the SMMW resonator, (2) operation of the pump laser
at the corresponding line, and (3) tuning of the SMMW cavity

FIR
118.8 um
(2.5 THz)

J—Rotational sublevel
K-Projection of J

e e = in molecular frame
7-Splitting . .
of J due to Vibrational level
oscillatory (C—-0O stretch)
orbital motion
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Figure 4. Physical representation of the
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to the correct length. Thus OPSLs offer great versatility after
the initial capital investment.

It should be noted that in the past, both the pump laser
and the SMMW laser have typically been of either the flowing
gas or short-term sealed-off types. As a result, the mainte-
nance and consumable costs have been considerable. How-
ever, in the recent past the same all-metal-seals, ultra-high-
vacuum technology which has led to no-service CO, industrial
and scientific lasers (24), has begun to be applied to OPSLs.
These advancements are expected to dramatically improve
the service interval of OPSLs.

For those interested in operating an OPSL system, a fairly
thorough listing of OPSL lines is available from CRC Press
(25) and other sources (26,26a) and more lines are discovered
and published every year (27). It should be remembered that
the output powers shown in Fig. 5 represent published re-
sults; more output power can often be obtained either by
SMMW resonator optimization for a given line or by pumping
with a higher-power pump laser. The data at 1.6 and 2.5 THz
already represent high-efficiency results obtained with opti-
mized, high-pump power, laser systems.

Along with the versatility offered by OPSLs comes a cer-
tain degree of complexity. While it is possible to construct a
functional OPSL fairly easily, design and construction of a
robust, reliable OPSL requires a fair degree of sophistication
on the part of the system architect. Many experimentalists
have experienced frustration in trying to obtain data with un-
reliable, poorly engineered OPSLs. The resulting anecdotes
have plagued the OPSL business. However, in recent years it
is becoming increasingly clear that properly engineered
OPSLs can offer high reliability and round-the-clock unsuper-
vised operation for months or more. As an example, the 2.5
THz local oscillator for NASA’s CHEM 1 satellite is an OPSL
under construction by DeMaria ElectroOptics Systems (23).
This OPSL will operate autonomously in space on a 5 year
atmospheric measurement mission. Another example is the
fully autonomous, wavelength-tunable, SIFIR laser under de-
velopment at DEOS for Goddard Space Flight Center (47).
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Figure 5. Histogram of some of the stronger OPSL lines.

2.5 THz lasing process in methanol.

The applications of OPSLs are just beginning to take
shape. As the reliability of the OPSL becomes more estab-
lished, it is expected that its applications will grow as well.
Some of the typical applications in place today are: semicon-
ductor spectroscopy, radar scale modeling (28), plasma diag-
nostics (29), and local oscillator sources for heterodyne radi-
ometry (23). OPSLs have also found application in plastics/
polymer inspection (11), an area which is expected to grow in
the future.

CONTINUOUS-WAVE OPTICALLY PUMPED
SUBMILLIMETER-WAVE LASERS: IN DETAIL

Theory of Operation

This section is intended to provide a more in-depth coverage
of the theory of operation of OPSLs and is organized into sub-
sections as follows: “Cavity Configurations,” “OPSL Model-
ing,” “Frequency Stability and Laser Tune-Up,” and “Ampli-
tude Stability.” The first subsection is intended to provide a
physical picture of some of the typical OPSL cavity arrange-
ments. The second subsection provides a mathematical frame-
work for understanding OPSLs, and the remaining two sub-
sections give some detailed information concerning the
operation and stability of OPSLs.

Cavity Configurations. A large variety of cavity configura-
tions have been devised for OPSLs. Some of the more typical
examples are presented in Fig. 6. It should be noted that
standing-wave, axially pumped OPSLs are the most common
variety and thus will be referred to in this article as “typical.”
Furthermore, more attention will be given to standing-wave
OPSL issues in this article than to issues specific to other
OPSL configurations.

Both the zigzag and transversely pumped versions [Fig.
6(d,e)] offer some degree of decoupling of the pump and emis-
sion frequency (see section entitled “Frequency Stability and
Laser Tune-up”), but unfortunately also provide significantly
less than optimal efficiency. The ring version (f) offers less
susceptibility to SMMW feedback, immunity to pump feed-
back, and immunity to “two-photon-light-shift” effects (30).
Unfortunately the ring configuration also provides less than
optimal efficiency (30), output direction switching, and sig-
nificant complications for optimal output coupling. The
Gaussian resonator [Fig. 6(b)] is very useful when a small
internal beam size is desired, such as in a cavity-dumped la-
ser (5). The half-symmetric Gaussian resonator [Fig. 6(a)] and
the waveguide resonator [Fig. 6(c)] are probably the most
common configurations in use. The half-symmetric Gaussian,
combined with a standard hole output coupler, is an excellent
choice where optimal efficiency and mode purity take a back
seat to easy change of output line (e.g., spectroscopy applica-
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Figure 6. Typical OPSL cavity configurations. (a) Half-symmetric Gaussian resonator. (b)
Gaussian resonator. (c) Waveguide resonator. (d) “Zigzag” pumped resonator. (e) Transversely

pumped resonator. (f) Ring resonator.

tions and detector development). The dielectric waveguide
resonator is an excellent choice when efficiency and mode pu-
rity are paramount. While a metal, overmoded waveguide can
be used with this resonator configuration, such a laser will
typically emit a large number of transverse modes simultane-
ously (31), with the specific spectrum changing erratically
over time.

With any cavity, output coupling is an important issue.
The transverse and zigzag pumped configurations separate
the pump and SMMW radiation, thereby allowing the output
coupler to only need specific optical properties in the SMMW
region. All of the other cavity configurations described require
that the output coupler have specific optical properties at both
the pump and SMMW frequency simultaneously. Ideally the
output coupler would have 100% reflection at the pump fre-
quency and some predetermined (<100%) reflectivity at the
SMMW frequency (typically in the range of 85% to 95%).

The simplest form for the output coupler is the well-known
hole coupler. In this embodiment the output coupler is a “100
%” mirror with a central hole. Typical hole diameters are on
the order of 4 mm to 5 mm, depending on the effective mirror
outer diameter and the gain of the SMMW line. Since such
an output coupler does not provide a vacuum window, one
must be employed following the output coupler. This window
must pass the SMMW radiation, and it might be desirable
that it reflect or absorb any pump radiation which propagates
through the output coupling hole.

Where higher efficiency and mode purity are required, a
uniform output coupler is desired. This device is dichroic in
nature. The dichroism can be accomplished in a number of
ways. Some of the more typical versions are arrays or grids
of small metal structures fabricated on a coated substrate
(32). These form a frequency-selective surface. The substrate
is made of a material which has low absorption in the SMMW
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and may then be coated with a dielectric high-reflectivity
coating for the pump frequency. Great care must be taken to
insure the lowest SMMW loss for the high-reflectivity coating,
lest a great deal of the SMMW output will be lost to this ab-
sorption. A representative diagram of a uniform output cou-
pler is presented in Fig. 7.

OPSL Modeling. Modeling of OPSLs has received a great
deal of attention through the years. While the physical/rate
equation models are extremely useful in elucidating key pa-
rameters and influences on OPSL performance, they do not in
general provide the most accurate predictive results. How-
ever, phenomenological modeling, combined with careful at-
tention to the physical and rate equation results, can yield
excellent predictive and scaling results.

Physical/Rate Equation Models. A number of excellent rate
equation model results for OPSLs have been published over
the years (33—35). While these works have produced a num-
ber of important results, only a very small subset will be cov-
ered here.

Theoretical Framework. An energy-level model of a typical
OPSL (similar to the diagram of Fig. 3) is represented in Fig.
8 (34). This is a typical four-level system where the levels are
as follows: 0, lower rotational sublevel of the pump transition
in the ground vibrational manifold; 1, lower laser level (rota-
tional sublevel) in the excited vibrational manifold; 2, upper
laser level (rotational sublevel) in the excited vibrational
manifold (assumed here to be the upper pump transition
level); and 3, ensemble of all of the other rotational sublevels
in the excited vibrational manifold. In some OPSLs there is a
cascade process which populates the upper laser level after
the pump has populated a level above the upper laser level.

The rate of pump excitation is w,, the rate of equilibration
of rotational levels within a vibrational level is w, and is on
the order of 107/s to 10%/s [these levels are collision (pressure)

SMMW photon

Wp

0 —_—
Figure 8. Energy-level model for an OPSL.
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surface (FSS) output coupler for an OPSL.

broadened], and the rate of deexcitation back down to the
lower vibrational manifold is w, and is on the order of 10°%/s
to 10%/s (36) [these levels are velocity (Doppler) broadened at
typical operating pressures]. The reason for the mixed broad-
ening is that the cross section for change of rotational state
upon collision is orders of magnitude larger than that for
change of vibrational state, w, > w,.

It should now be clear that the pumping mechanism must
be extremely specific if a population inversion is to be main-
tained. If a pump source having a spectrum encompassing
several rotational sublevels were used, then the rotational re-
laxation rate would be expected to prevent any population in-
version buildup. This situation differs substantially with
many other laser systems, where the pump merely has to pop-
ulate above the upper laser level which will then be naturally
filled by the inherent transition probability differences. In
these systems the pump can be very broad indeed, often using
flashlamps or electrical discharge for excitation. Of course, in
some systems, discharge pumping can be somewhat specific.
The CO, laser is a good example, where the discharge-
pumped N, level is chosen to closely match the desired excita-
tion level of CO,.

The presence of the other rotational sublevels in the ex-
cited vibrational manifold not only provides a path to un-
wanted loss of population in the upper laser level, but also
helps to empty the lower level (helping to maintain inver-
sion). If collisions are equally likely to depopulate both levels
1 and 2, but the pump source is preferentially populating
level 2, then level 1 will tend to have a lower population than
level 2 (population inversion), and the molecules in 2 will
have many equally likely levels to go to via collisions; thus
the nonradiative 2 — 1 transition should not significantly de-
grade the inversion. If the other rotational sublevels were not
present, then after emission of an SMMW photon the lower
level would have to depopulate via a vibrational transition.
This rate is so slow that the population inversion would be
significantly degraded in cw operations, and the lasing might
be expected to cease. In pulsed OPSLs the constraints are less
severe in that the lasing process can take place before many
of the nonradiative deexcitation mechanisms can take effect.
Thus in pulsed operation, many more lines are accessible and
the lines typically operate at higher pressure.

This seems an appropriate place to discuss a topic related
to vibrational transition broadening, namely, vibrational bot-
tle-necking. A fairly recent measurement of the order of mag-
nitude of the vibrational bottle-neck time has provided data
important to understanding the processes which control the
efficiency of OPSLs (36). In that work the authors were able
to demonstrate, at pressures similar to that typical of cw
OPSLs, a linear relation of FIR average power with pump-
pulse repetition rate up to at least 100 kHz, suggesting a vi-
brational relaxation rate of at least 10° s™1. Since the vibra-
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tional relaxation processes in the laser are complex, involving
energy exchange not only with other gas molecules but also
directly with the laser tube walls, a direct calculation of the
relaxation rate appears intractable. Thus the experiment of
Ref. 36 provided the first direct, in laser, measure of the
timescale of the bottle-necking effect.

Setting up the rate equations commensurate with Fig. 8, a
number of important results can be obtained (34). In particu-
lar, the output power versus input power and pressure may
be obtained. With suitable approximations (any of: p < p,
U< UU > U,), the general form is given by

v 1 p/ps U p®
Py = tQ-FIR - 2
rir =1Q VIR |:t+a 1+p/ps1+U/Us G 2)
where
G Lt f4) and @=:- &1
= vV = _—
27302 tspC?Vhvrg g1+8s

where ¢ is the FIR coupling loss, @ is the FIR loss to other
sources, L is the active laser length, p is the internal pres-
sure, U is the input pump power (in suitable units), f(v) is the
normalized Lorentzian of width Aw (Awy = w,/m = Cp), v
and v are the respective FIR and pump radiation frequen-
cies, , is the spontaneous lifetime of level 2, C is the constant
which relates w, to pressure, ¢ is the fraction of the pump
power which pumps the 0 — 2 transition, p, is the pressure
where the pump absorbed in the gas equals the pump lost to
all other sources (i.e., wall losses, etc.), U, is directly related
to the saturation power of the pump transition, and g; denotes
the degeneracy of state i.

Examining Eq. (2), FIR output will increase linearly with
U for U < U, and will then saturate for U > U,. The FIR
output will begin proportional to p, maximize, and then de-
crease to zero at some high pressure. If a series of further
approximations are made, then an interesting conclusion re-
lated to the optimal operating pressure, p,:, is reached,
namely:

Dopt & U for p < ps

and

Dopt @ U forp > p

At low pump powers, very good agreement with the above
relations has been obtained for the strong line at 118.83 um
in CH;0H.

An example of the tuning of the OPSL output power with
pressure and pump power is presented in Fig. 9 (37). As
shown there, as the input power is increased, the optimal
pressure increases. Further evaluation of these data has
shown good agreement with the general pressure relations
presented above.

Physical Theory. While the above discussion has provided a
theoretical framework for OPSLs, a theory which only con-
tacts direct variables is also desired. As an example of a “first-
principles” physical theory for the 118.83 um OPSL in
CH;0H, consider the following self-consistent model (35).
This model is introduced here merely to provide the reader
with exposure to the general form of the equations that gov-
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Figure 9. OPSL output power versus pump power and operating
pressure.

ern OPSL operation. Reference 35 should be consulted if more
in-depth knowledge is desired. It must be remembered that
this model still requires either some experimentally deter-
mined input or significant approximations for predictions and
is therefore self-consistent instead of purely predictive. How-
ever, the model does provide insight into the physical parame-
ters and processes in OPSLs. Following a rate equation ap-
proach, one arrives at an expression for the gain at the center
of the FIR transition:

8FIR = /

1 o0
SO - (g—2f1 - fz) (— [ swav+ ffAN()) Fo)
g]_ l-‘V —00

hvgirLo (U, vprr)
82
1+ )I
(1452

1

dv

T
(1 +2 PR 1 (@, um)>
ISAT

3)

The first term in the bracket in Eq. (3) represents the FIR
gain contribution from active molecules (35), while the second
term is related to excited-state FIR absorption (38). The fol-
lowing terms are defined (35):

* g, and g, are the degeneracy degrees of upper and lower
FIR lasing levels, respectively (39):

82 _ 1065

81

* f» and f; are the population equilibrium fractions of these
levels within the upper vibrational manifold (40):

fo =1.83x1073, fi=264x1073

* % is the equilibrium fraction of the upper vibrational

state referred to the total number of molecules per unit
volume (40):

fy=6.78x1073

* N, is the total number of molecules per unit volume.



 Isup is the FIR saturation intensity:

Ref. 35 gives 2.5 W cm ™2 torr 2

e Ly(v, vpr) is the normalized Lorentzian function of full
width = ApgrAvy which enters into the FIR emission cross
section, where Ay is the homogeneous linewidth (35):

Avy = 28 MHz torr™!

* v, = Ay is the rotational relaxation rate.

I, is the vibrational relaxation rate, related to w, in the
last section.

S() = S*(v) + S (v) is the pump source term, where
S*(v) dv represents the number of molecules in the veloc-
ity range v to v + dv which are pumped per unit volume
per unit time by the forward and backward circulating
CO, IR pump beam:

+ _ 2 2
Sty dv = 2B A0 e
V T + —
IR V2 4 AMrAVH 1 I +Iig
) 1,

e f(v) is the Maxwellian velocity distribution of width
2Av = 2V 2kzT/m and is related to the Doppler widths of
the pump and lasing transitions.

Before attempting to integrate Eq. (3) and utilize the re-
sult to predict the FIR output power, a number of simplifi-
cations are made. First, treating the IR intensity as if it is
constant for both directions and radially uniform (this ap-
proximation is not particularly accurate) (41) and assuming
that the IR absorption coefficient, FIR intensity, and FIR gain
are similarly uniform, we can define a pump intensity Iz (33)
given by

_he (1
= 5% () @

where Py is the input pump power in watts, A is the FIR
guide area in cm?, L is the cavity length in cm, By is the IR
per-pass loss to mechanisms other than the FIR gas, and « is
the saturated IR absorption coefficient given by

O,:LI (5)
14+ R
+IS

where I, is the IR transition saturation intensity (Ref. 35
gives I, = 169 W cm 2 torr2).

With these approximations [and rate equation results for
the pump transition (35)], and noting that the FIR output
power Ppr = 2tAlmr (where ¢ is the output coupling fraction),
we may find an analytic expression for the FIR output power:

I 1

PFIR = tAISAT { %nFabsFtransI— -1 (6)
SAT
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where
1 v
n= 2 FIR (7)
1422 | Vir
81
is the quantum efficiency,
aL
F,.=—— (8)
abs oL +ﬁIR
is the fraction of pump power absorbed in the gas, and
t(1—Ae) 1
F, = —|— 9
trans |: t+a 1 + h ( )

is the fractional transmission loss of the FIR radiation, where

_ 82, 1 e Mg
Ae—)/r<g1f1 fz) <Fv NOfM2IIR“

and is related to FIR excited state absorption,

> p(8v/Av)

p(8v/Av) =/ f ()L, vgrg) dv

and

Ji
1421k
j - MR I

)“FIR ’1+2IFIR
ISAT

and is related to hole burning.

To develop an intuitive feeling for the order of magnitude
of some of the quantities here, consider the following two
graphs. In Fig. 10, the saturation degree of the pump transi-
tion for the 118.8 um line is presented. As shown there, over
this range of pump power this laser’s pump transition will be
in the moderate saturation regime; thus neither the strong
or weak saturation simplifications are applicable. Many other
OPSL lines operate in the same regime.

Another quantity of interest is the fraction of pump power
absorbed by the laser gas. Using the same example as above,
this result is presented in Fig. 11. As shown there, the frac-
tional absorption increases rapidly as a function of 8. There-
fore it is expected that the efficiency of the OPSL will be a
strong function of 8.

Phenomenological Modeling. While the physical theory out-
lined in the section entitled “Physical/Rate Equation Models”
provides a good starting point, it is desirable to have a simple
predictive theory of the laser’s performance wherein design
parameters can be adjusted and then the laser’s output pre-
dicted. To that end, a phenomenological theory of the laser’s
operation in terms of observed “lumped-sum” quantities, such
as gain and saturation intensity, has been developed. These
quantities may be determined by fitting a distributed-loss Ri-
grod model (42) to the output power data obtained as a func-
tion of output coupling percentage. From Egs. (16) and (19) in
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Figure 10. Saturation degree of the vi-
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Ref. 42, one can derive

Ppig =Pspr(1 = lmc —73)
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where L is the active cavity length in cm, vy, is the small-
signal gain in cm™!, o is the guide loss in em™, r, is the re-
flectivity of the output coupler, [, is the guide-mirror coupling
loss, and

rr=1-1IC —Im(IC
by the input coupling hole)

is the loss introduced

hole loss hole loss

Equation (10) can be fit to output power versus output cou-
pling and the relevant Rigrod parameters can thereby be de-
termined. These results permit later prediction of laser per-
formance as a function of cavity parameters and provide
information vital to understanding the operating regime of
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Figure 11. Fractional pump power absorption versus pressure. The
four curves are for different values of 8. The laser parameters as-
sumed are the same as for Fig. 10, but the pump power is held fixed
at 7.5 W.
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the laser. An example of such a fitting procedure for two dif-
ferent cavity configurations, both operating on the 118.83 um
laser line and at the same pump power (5 W), is presented in
Fig. 12. The values for the Rigrod parameters for these fits
are in the respective ranges Pgyr ~ 320 mW to 190 mW, total
internal loss ~1% to 7%, and small signal gain ~0.12% to
0.24%/cm.

Examination of Eq. (10), in different gain/loss regimes, il-
lustrates critical design issues. For example, the OPSL sys-
tem being employed in the NASA CHEM 1 satellite operates
in the low-gain, low-loss regime (23). Therefore very small
changes in loss can have considerable effects on overall per-
formance. More detail on this example is found in the section
entitled “An Example OPSL System: The NASA CHEM 1 Sat-
ellite, 2.5 THz Laser Local Oscillator.” In the high-gain high-
loss regime, small changes in loss do not have a substantial
effect on output power. Very few, if any, cw OPSLs operate in
the high-gain high-loss regime.

Frequency Stability and Laser Tune-up. A properly designed
OPSL can provide a high degree of frequency stability and
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Figure 12. Output power versus output coupling, for three different
cavity configurations.



repeatability. The repeatability can be significantly effected
by cavity design, tune-up procedure, and pump frequency
locking technique. If a standing-wave OPSL is used, as is
most common, there can also be a pressure dependence (43).
The repeatability will be a function of the design, tune-up,
and frequency control procedure. While the natural linewidth
of a typical OPSL may be on the order of millihertz, a number
of factors typically degrade this significantly.
While from the simple relation (44)

b= {[2”"”0(?“1/2)2“] } (11)

where Av is the linewidth, Ay, is the full width of the passive
cavity resonance, h is Planck’s constant, v, is the center fre-
quency of the laser transition, u is the population inversion
factor (1 in an ideal four-level laser), and P is the output
power of the laser, the short-term linewidth of an OPSL
might be expected to be on the order of <1 mHz, there are a
number of processes which degrade the frequency stability of
OPSLs. The simplest of these are cavity length fluctuations
induced by mechanically coupled mirror vibrations. The mag-
nitude of this effect can be easily estimated with

7l (12)

A‘}Vib% V{ L

where L is the OPSL nominal cavity length, AL is the me-
chanically coupled change in cavity length, » is the nominal
OPSL operating frequency, and Aw, is the resulting fre-
quency change. The reader may note that this approximation
is merely a nonactive cavity calculation and also assumes
that the cavity is many wavelengths long. Also, gain-induced
frequency pulling will reduce the Eq. (12) result slightly. To
give the reader a feel for typically achieved results, note that
the best nonvibrationally stabilized OPSLs operating at 2
THz have vibrationally induced linewidths of ~30 kHz (this
corresponds to ~20 nm of mirror motion), and more typical
results are on the order of 150 kHz (this corresponds to ~100
nm of mirror motion). Even better results can be achieved if
active vibrational stabilization is employed, providing that
the pump source is of sufficient spectral purity.

As described in the section entitled “Operational Over-
view,” all OPSLs operate on molecular rotational transitions.
However, it may not be immediately obvious that the pump
(vibrational) transition is Doppler-broadened, while the lasing
(rotational) transition is pressure-broadened. Thus the typical
OPSL process is mixed-broadened. This complication has
many impacts on frequency stability and therefore on design
considerations.

As described in the section entitled “Physical/Rate Equa-
tion Models,” the reason for the mixed broadening is that the
cross section for changing of vibrational state upon collision
with another gas molecule is orders of magnitude smaller
than that for changing of rotational state. Thus the rotational
levels are homogenized on a time scale of tens of nanoseconds,
whereas the vibrational levels are not homogenized at the
typical operating pressures. These conditions lead to a situa-
tion where the vibrational transition is inhomogeneously
Doppler-broadened while the rotational transitions are homo-
geneously pressure-broadened.

The mixed broadened nature of the OPSL, combined with
other properties, lead to a number of important design consid-
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erations. In a typical OPSL, an excited molecule will lase
prior to undergoing an inelastic, velocity-changing collision
(45). This effect is often called “velocity memory.” The Dopp-
ler width of the vibrational transition will be on the order of
50 MHz, and the integrated width of a well-behaved pump
laser will be on the order of 50 kHz. Thus the pump radiation
directly interacts with only a limited portion of the Doppler
line (45a). The velocity memory effect, combined with the lim-
ited pump field interaction with the vibrational line, serves
to couple the OPSL frequency stability with the pump laser
frequency stability. The Doppler portion of this coupling can
be expressed as

VFIR }

Vpump

where FMy; is the Doppler-coupling-induced FIR frequency
modulation, FM,,., is the FM dither impressed on the pump
laser, vpr is the FIR operating frequency, and v, is the
pump frequency.

With this information in mind, it becomes clear that the
tuning of an OPSL system can tend to be an iterative process,
unless one has a priori independent knowledge of the precise
pump frequency (independent pump frequency knowledge is
not typical of OPSL systems, but several such OPSL systems
have been operated) (46,47). The operator of the system will
typically adjust the cavity length of the OPSL until emission
is observed. Over the majority of the cavity length, no SMMW
emission will be observed because the typical OPSL operable
linewidths are on the order of 10 MHz. The operator then
adjusts the pump frequency within its tuning range to opti-
mize OPSL output power, then returns to the OPSL cavity
length adjustment, and so on. This process effectively “walks”
both lasers toward the optimal OPSL efficiency point in fre-
quency. For a standing-wave OPSL, the maximum efficiency
is achieved when pumping off vibrational line-center. This is
due to the fact that the optimal efficiency is a function of the
total number of molecules available to participate in the las-
ing process. While the Doppler-broadened line’s absorption co-
efficient peaks at line center, since the pump field will be
propagating in both directions, two velocity groups may be
excited by pumping off line-center; thus the total number of
excited molecules when pumping off line center will exceed
the total number when pumping on line center, even though
the absorption on line center is greater. The frequency of op-
eration resulting from iterative tuning may or may not corre-
spond to OPSL transition line center, depending on the cavity
design and on a number of interacting efficiency and feed-
back effects.

In effect the selection of OPSL cavity length selects the
velocity groups which best contribute to the lasing process. It
is this feature which makes the absolute frequency of a typi-
cal OPSL vary from tune-up to tune-up (on the order of 2
MHz), depending on the care taken by the operator. This ef-
fect can be avoided in a system with an independent absolute
pump frequency lock. In such a system the pumped velocity
group can be independently selected and then the OPSL out-
put optimized. The resulting OPSL absolute frequency can be
extremely reproducible if great care is taken in OPSL cavity
tune-up and pressure repeatability, or if a transversely
pumped cavity is employed (43) and if the absolute two-pho-
ton regime is avoided when working with a standing-wave
cavity (46).

(13)

FMFIR = FMpump {
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The above discussion does not exhaust the OPSL frequency
stability issues. In standing-wave OPSLs, another curious fre-
quency stability effect has been observed, namely, the two-
photon light shift (TPLS). The TPLS can be thought of as a
high-frequency Stark effect induced by interaction of the
Doppler-broadened vibrational transition with the pump field.
This is a manifestly coherent effect, related directly to the
coherent pump employed (in contrast to, say, discharge pump-
ing of other types of gas lasers). This effect is directly related
to Autler—Townes splitting (48).

The general form of the TPLS effect is given by (49)

B> - A
_Af_il’Q
2.Ag+%
Avprg = 112 % (14)
-ﬂ-c‘a

where A; is the FIR cavity offset from FIR line center, vy is the
vibrational and rotational (assumed same) homogeneous line-
width, A, is the pump laser frequency offset from the vibra-
tional transition line center, 8 is the Rabi frequency for the
pump transition, « is the FIR gain per unit length, and the
factor in the denominator is the FIR gain-reduced pulling fac-
tor. It should be noted that 8 is in general, proportional to the
pump field magnitude (which is proportional to the square
root of pump field density), and Ay is proportional to pump
power density.

Because there is noticeable uncertainty in published val-
ues for dipole matrix elements (50), and considerable inaccu-
racy in estimating the circulating pump intensity (41), B is
best estimated from a combination of a model for circulating
pump field (see section entitled “Physical Theory”) (35), and
experimental data.

The results of the TPLS modeling of the 118.83 um line,
with operational parameters commensurate for the NASA
CHEM 1 system (23), are presented in Figs. 13 and 14. As
shown there the expected TPLS is the 60 kHz worst case @ 1
MHz of pump dither, and the TPLS can be minimized by op-
erating the pump laser only slightly off of the vibrational line
center. In a standing-wave OPSL the maximum efficiency
point will naturally be off line center.

Amplitude Stability. High-amplitude stability operation of
OPSLs requires careful attention to a number of design crite-
ria. The present article will concentrate on some of the more

dominant ones: (1) inherent pump laser stability, (2) pump-
laser feedback, (3) inherent SMMW laser cell stability, and
(4) SMMW feedback. While this list certainly does not cover
all of the issues, it does illustrate some of the major points.

1. Inherent Pump Laser Stability. The pump laser stability
can be broken down into three major areas: mode purity
and stability, frequency stability, and amplitude stabil-
ity. For the purposes of this discussion, consider the
pump laser to be isolated from the SMMW laser, and
thus only consider its “independent” properties. The
pump laser’s frequency stability will affect the OPSL’s
amplitude stability through modulation of the percent-
age of pump radiation absorbed (the frequency depen-
dence of the pump transition) and through modulation
of the OPSL operating frequency (the amplitude-fre-
quency tuning of the SMMW transition). As indicated
in the preceding section, these effects may be quite com-
plex to evaluate numerically; however, in general, sta-
ble OPSL operation requires the pump frequency to re-
main fixed to better than ~5 MHz.

The pump laser’s spatial mode purity and spatial
mode stability are often related in that a single mode
pump laser will, by definition, only operate on one
mode. Therefore its mode stability is assured. Mode
changes in the pump laser induce amplitude changes in
the SMMW laser output through time variation of the
pump field distribution within the SMMW cavity. Thus
the highest degree of amplitude stability demands mode
stability, and single-mode pump operation is desirable.
The other consideration for mode purity is efficiency. If
the pump laser is emitting more than one frequency, it
will be a less effective pump, because it will pump veloc-
ity groups other than the desired set.

Amplitude variations in the pump laser couple into
the SMMW laser almost linearly. Therefore if the pump
laser’s amplitude is only stable to 10%, the SMMW out-
put will only be stable to 10%.

2. Pump-Laser Feedback. This topic is of great concern for
stable operation. Since there are presently no practical
high-power isolators for CO, lasers, pump laser feed-
back from the SMMW cavity back into the pump laser
cavity is a serious issue (with the exception of a circu-
lar-polarization isolator, which has the unfortunate
property of affecting the output polarization of the
OPSL and decreasing its efficiency). While a high-band-
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Figure 13. Two-photon light shift versus
pump offset.

I I N S
-2 -1 0 1 2 3 4 5 6 7 8 9 10
A

'p
Pump frequency-offset (MHz)

-6 -5 —4 -3



TPLS-Induced FIR FM (MHz)

AUFIR(App)

0.1

SUBMILLIMETER WAVE LASERS 607

0.09 -
0.08 |-
0.07 |-
0.06 |-
0.05
0.04 -
0.03
0.02 |-
0.01 |-
0 | | | | |

0 0.2 0.4 0.6 0.8 1
App
Pump laser FM (MHz)

width frequency lock can keep the pump laser at the
desired operating frequency, it cannot compensate for
the change in apparent output coupler reflectivity.

For illustration, first consider a single-mode pump
laser. In this case the output coupler and feedback
source can be thought of as a Fabry—Perot output cou-
pler. The reflectivity of such a device is not only a func-
tion of the reflectivity of the output coupler and feed-
back coupling, but also a function of the absolute
distance between the effective feedback source and the
output coupler. [See Egs. (15) and (16), later in this sec-
tion.] In fact the reflectivity will go through a complete
cycle for every A/2 change in distance. With pump wave-
lengths in the 10 wm range, and the thermal expansion
coefficients of typical optical table materials (~10 X
10¢ C1), one can expect substantial changes in effec-
tive reflectivity with even moderate changes in environ-
mental temperature. Since the pump laser will have an
output which varies with output coupling, its amplitude
will vary with temperature. This will induce similar
changes in SMMW output power.

By operating the pump laser in a coupled-cavity
mode, where both end mirrors can be moved, feedback
effects can be mitigated (with suitable control electron-
ics). This approach effectively treats the feedback as a
part of the pump laser cavity, working with it. It should
be noted that pump feedback can also be reduced by (1)
coupling into the SMMW cell with as fast an optic as
practical (still wishing to maintain efficiency, which un-
fortunately optimizes for slow input coupling optics) to
allow reduced input hole sizes (2 mm is a typical input
coupling hole diameter) and to effectively “scramble”
the pump field, (2) employing an off-axis input coupling
hole, or (3) constructing a SMMW ring laser (to com-
pletely eliminate pump feedback).

The effects of pump feedback for a multimode pump
laser are much more complicated. In that case, not only
are the processes discussed above in effect, the pump
laser may also shift transverse modes. To understand
this, consider a multimode pump laser in the presence
of external feedback. The feedback enters the cavity
with a phase which is different than that of the circulat-
ing radiation already within the cavity. This feedback
radiation will induce stimulated emission at the

1.2

1.4 1.6

Figure 14. Worst-case two-photon light
shift versus pump dither amplitude.

“wrong” phase, depleting the gain of the operating
mode. At some point the gain of another transverse
mode may exceed the gain of the desired mode, causing
a change in pump laser spatial mode structure and,
hence, a commensurate change in SMMW output ampli-
tude. At that point the process may start again. Many
times such a system will be seen to operate in a “bista-
ble” fashion, operating at one output level and then
quickly switching to another and back. While all of this
might make it sound like building an OPSL with a
multimode pump laser is folly, this is not the case. A
number of well-behaved OPSL systems employing
multimode pump lasers have been constructed over the
years, and in fact only in recent years, with the advent
of modest cost true waveguide CO, lasers, has construc-
tion of single-mode-pumped OPSLs become practical.

3. Inherent SMMW Laser Cell Stability. Inherent SMMW

Laser Cell Stability - The inherent cell stability can be
broken into two main areas: mechanical stability and
vacuum integrity. For long-term amplitude and fre-
quency stability, the SMMW laser structure must hold
the end mirrors in their correct positions through both
temperature changes and vibrations.

The precision with which the length must be main-
tained is quite impressive. If one takes an example of
an SMMW laser with a cavity length of 1.5 m, operating
at a wavelength of 200 um and assuming that the
FWHM of the SMMW lasing is 10 MHz, then the
SMMW laser will only provide output over a range of
~14 pm every 100 um. Outside of this range the laser
either will have no output or will output at higher-order
transverse modes or other lines. Thus optimization of
the output requires submicron-length translation reso-
lution; and since the output amplitude is a function of
the operating frequency, maintaining a specified ampli-
tude requires submicron mirror-spacing stability.

The vacuum integrity of the OPSL is also paramount
for long-term, stable operation. If the OPSL’s vacuum
integrity is not sufficient to permit sealed-off operation,
then a vacuum pump must be operated and the OPSL
gas flowed. If pump vibrations [even very slight vibra-
tions; see Eq. (12)] are allowed to mechanically couple
into the OPSL cell, then amplitude and frequency varia-
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tions will result. Furthermore, the flowing gas system
is a ready source of contamination. Sealed-off operation
is a very desirable feature.

4. SMMW Feedback. The issue of SMMW feedback can be
broken into three main topics: two-photon light shift,
feedback-induced frequency pulling, and feedback-in-
duced output reflectivity pulling. The first of these can
be avoided by choosing a ring-resonator configuration
(30), and can be minimized by operation of the pump
laser off of the vibrational line center. A simple way to
evaluate the other two is to view the output coupler and
SMMW feedback source as a Fabry—Perot output cou-
pler.

The effective reflectivity of a lossless Fabry—Perot
etalon output coupler is given by

2

L/
er__ e714n fb A(l_Roc) /be

R= (15)
‘ Y 11— VRpRge-itn®"

and the effective phase seen by the cavity at the etalon
face is given by

(16)
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where Ly, is the distance between the output coupler
and the feedback source, R, is the reflectivity of the iso-
lated output coupler, Ry, is the effective reflectivity of
the feedback source, and A is the operating wavelength
of the laser.

First examining Eq. (15), one can see how SMMW
feedback will affect the amplitude stability of the OPSL.
A plot of effective reflectivity versus Ly, is presented in
Fig. 15. As demonstrated there, the feedback in this
typical example pulls the effective reflectivity from a
maximum 94.5% to a minimum of 81%. This pattern
repeats itself for every A/2 change in distance between
the feedback source and the output coupler. Since the
output power will be a function of output coupler re-
flectivity (see Fig. 12), the output amplitude of the
OPSL will modulate with small changes in Lg. This ef-
fect is expected to be reduced in ring-resonator OPSLs.
However, ring-resonator OPSLs may suffer direction
switching induced by feedback, depending on pump con-
ditions.
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With Eq. (16), the feedback-induced frequency pull-
ing can be calculated as

co

Avr —
Y 2L,
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where c is the speed of light, ¢ is given by Eq. (16), and
L. is the OPSL’s nominal cavity length. A plot of Eq.
(17), for the same conditions of Fig. 15, is presented in
Fig. 16. The feedback in this example can pull the out-
put frequency of the OPSL by a total of more than 2
MHz. This may not be acceptable in many applications.
Both of the output coupling effects described above
can be controlled with an appropriate control loop (23)
or their effects can be stabilized through the use of very
rigid and thermally stable structures/environments.

AN EXAMPLE OPSL SYSTEM: THE NASA CHEM 1
SATELLITE, 2.5 THz LASER LOCAL OSCILLATOR

Introduction

In order to provide a global mapping of OH (and also O,), the
Microwave Limb Sounder (MLS) on the CHEM I satellite, to
be launched in 2002, will have channels with a local oscillator
(LO) at 2.52 THz (these channels will be collectively referred
to as the THz channel). The LO for the THz channel is a
methanol laser pumped by a CO, laser.

The THz channel is one of five radiometer channels on the
MLS. While DeMaria ElectroOptics Systems (DEOS) is pro-
viding the Laser Local Oscillator (LLO) system for the THz
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Figure 16. Feedback-induced SMMW frequency pulling. The hori-
zontal axis is in mm, and the vertical axis is the feedback-induced
frequency pulling in MHz.



channel, NASA’s Jet Propulsion Laboratory (JPL) is fabricat-
ing the receivers, performing the systems integration, and
conducting the atmospheric data evaluation.

The LLO is a high-reliability system which uses a combi-
nation of existing and new laser technologies. Starting with
the pump laser technology, the LLO will utilize the same
high-reliability, sealed-off, RF-excited, CO, laser technology
found in sealed-off, RF-excited, industrial CO, lasers and in
numerous high-sophistication CO, laser systems delivered
and fielded over the years. Specifically, this technology has
demonstrated operating life in excess of 35,000 h, shelf life of
over 10 years, operation in high-performance aircraft environ-
ments, spectral purity and stability sufficient for LIDAR ap-
plications, and all within a very compact and rugged package.

Applicable vacuum and optical techniques from the CO,
laser design are incorporated into the SMMW laser design.
Thus while ultra-high-stability and spectral purity SMMW la-
sers which have operated for years with only periodic gas re-
fills have been constructed in the past, the sealing and mirror
mount technologies adopted from the CO, laser designs are
expected to yield SMMW lasers which operate for years with-
out refilling or service of any kind.

In the design of a system as intricate, efficient, and autono-
mous as the LLO, a number of complex interactions, which
may not be imperative for a laboratory-based system, must
be considered to assure a robust design. The remainder of this
section will present the LLO design, with limited details, in
the subsections that follow: “LLO Specifications,” “LLO Con-
figuration,” “High-Efficiency Pump Laser,” “Pump Laser Fre-
quency Control,” and “The SMMW Laser.”

LLO Specifications. The LLO has a long list of specifica-
tions. In the interest of brevity, only those specifications
which relate to topics covered in this section will be pre-
sented.

The LLO must autonomously operate and produce suffi-
cient output power to optimize two Schottky diode receivers.
The output power specification is 20 mW. The required life-
time is 5 years on-orbit plus 2200 h of ground testing. All
specifications are required to be met over the entire lifetime
of the LLO and thus constitute the definition of lifetime.

There are significant constraints on available prime power,
mass, and envelope. The entire LLO (including all control
electronics) must fit in a box no larger than 75 X 30 X 10 cm.
The allowed total mass is 20 kg, and the total available 28
V direct-current (dc) prime power is 120 W. The size/mass/
efficiency portion of the specification drives a large part of the
LLO design.

Further mechanical constraints are in force via the launch
survival specification. While the LLO does not have to operate
during launch, it must of course survive launch. With the
LLO’s position on the Delta II launch vehicle, this amounts
to 14.1 g root mean square (rms) for 1 min on all three axes.
Furthermore, with the launch platform’s acceleration profile,
the time from atmospheric pressure to 1 torr is ~30 s. There-
fore adequate venting must be provided to prevent rupture of
nonpressure enclosures.

The frequency stability requirements are (1) 100 kHz/s
(full width at half-maximum), long-term drift not to exceed 2
MHz from line center, and (2) spectral purity-sidebands
<—30 dBc (>200 kHz off carrier). Since a SuperInvar struc-
ture would not be compatible with the mass budget, a novel
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method of active frequency control for the SMMW laser has
been devised (23).

The required amplitude stability is 1% over 30 s. System
level Rigrod modeling has shown this to be dominated by
feedback interaction with the diplexer/receiver system. DEOS
has devised a novel method to mitigate this effect as well.

The output spatial mode specification is that only power in
the specified TEMy, mode is counted, and the LLO output
beam waist must be 4.1 mm located 465 mm from the LLO-
radiator interface.

The output polarization specification is equal parts hori-
zontal and vertical (within 10%) with any phase relationship.
Thus circular polarization or 45° linear polarization is accept-
able; 45° linear is the baseline for the LLO.

All of the performance specifications must be met in the
presence of feedback from the diplexer/receivers. This is ex-
pected to be less than 20%. Accordingly the specification is
robustness to up to 20% SMMW feedback of arbitrary phase
and polarization. A method to mitigate the SMMW feedback
has also been devised (23).

The temperature range specification for the LLO is non-
trivial as well. The system will be tested from —10 to 50°C
(operational), and from —35°C to 60°C (nonoperational sur-
vival).

LLO Configuration. The LLO block diagram is shown in
Fig. 17. The LLO electronically interfaces with the MLS via
three main connections: prime power, RS-422 communica-
tions, and mixer bias signal.

To illustrate the operation of the LLO, “follow the power.”
Prime power is converted into radio-frequency (RF) power in
the RF power supply. The RF power propagates through coax-
ial hard-line to the pump laser and excites the Pump Laser.
The emitted 9.69 um light propagates through the pump
beam delivery optics and photoacoustic cell into the SMMW
laser. Included in the pump beam optics are beam sample op-
tics which send a very small portion of the pump power into
a frequency amplitude control pyro and health-and-status
thermopile. The SMMW laser converts the pump light to
SMMW light at 118.83 um (2.52 THz). Finally the SMMW
beam delivery optics transform the laser output mode to
match the specified output profile.

A drawing of the LLO is presented in Fig. 18. The control/
interface electronics reside in the upper portion of the housing
(control/interface electronics unit), and the RF power supply
and all optical components are located in the lower portion of
the housing (electrooptic unit). A radiator plate is mounted to
the electrooptic unit and radiates the waste heat created by
the LLO. The radiator is not structural; in fact the LLO pro-
vides the support for the radiator. The LLOs mechanical in-
terface with the MLS is through three bipod struts (not
shown) which mount to tabs shown in Fig. 19.

The optical path for the LLO is presented in Fig. 19. As
shown there, the available space is quite constrained. The
pump beam propagates through the photoacoustic cell (PA
cell) and then through the lens which focuses the beam into
the SMMW laser. Using crossed-Brewster pairs to “pick-off”
small portions of the pump beam, beam samples are sent to
the pyroelectric detector (which is used by the pump laser
frequency/amplitude control electronics) and to the thermo-
pile (pump power, health, and status). Provision has been
made for a 1A plate, if more pump isolation is required.
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RS422 interface <——

Figure 17. Block diagram of LLO.

Figure 18. LLO system, enclosure opened.

Figure 19. LLO optical path.
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The output from the SMMW laser will be transformed to
match the specified beam profile via a Newtonian telescope.
This telescope is formed by two off-axis elliptical mirrors. The
fastest f# in the telescope is ~7. The mirrors will be diamond-
turned Al, fabricated in conjunction with their respective opti-
cal mounts.

The SMMW shutter is included to prevent a gain-switched
SMMW spike, possible during initial turn-on, from damaging
the receivers. (Note that if conditions are right, the pump la-
ser can put out a ~500 W pulse at turn-on.) The back of the
shutter is mirrored, so that when the shutter is closed the
SMMW beam will propagate into the SMMW thermopile
(health and status). As the output telescope for the SMMW
beam is Newtonian, the focal spot from the telescope is an
ideal location for coupling into the thermopile. This obviates
the need for an additional SMMW focusing element in front
of the SMMW thermopile detector.

High-Efficiency Pump Laser. The first requirement for a
high-efficiency pump laser is a high-efficiency RF power sup-
ply. In preparation for the LLO program a high-efficiency
power supply was constructed. This supply demonstrated 75
W of RF out with 100 W of dc in. The RF power supply is a
conductively cooled device that uses a class-C power ampli-
fier stage.

Effective use of the available RF power is also key to high-
efficiency operation. Through a number of patented tech-
niques, DeMaria ElectroOptics Systems (DEOS) is able to
very efficiently couple the RF power into the discharge.

Diagrams of the high-efficiency pump laser are shown in
Fig. 20. This laser is very compact and low in mass (~1.5 kg).
The RF circuit of the laser is formed by the combination of
the electrode/waveguide/enclosure capacitance and the reso-
nating inductors. The RF power is admitted through a RF
feedthrough in the side of the laser. The cavity is formed by
the output coupler, on one end, and the high-efficiency line
selector, on the other. This line selector greatly increases the
efficiency of the laser, since it has an effective reflectivity at
9.69 um of >99%.

As with the entire LLO project, extensive mathematical
modeling of the pump laser has been utilized. In particular,
DEOS has measured Rigrod parameters for a complete dis-
tributed-loss Rigrod model (42) of the pump laser. Based on
this model, it appears that the pump laser will have an out-
put power of ~10 W at delivery. (In a demonstration program,
DEOS delivered a first-generation integrated pump laser/
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Figure 20. High-efficiency pump laser.

RFPS which had an output power of >9 W @ 9P36 with 100
W of DC input.)

Pump Laser Frequency Control. Precise control of the pump
frequency is essential for the LLO to meet all specifications.
During the demonstration program the effects of operating
the pump laser at its line center were studied, since this could
significantly simplify the frequency control. However, it was
found that operation at 9.69 um line center causes a 2 dB loss
in SMMW efficiency. Therefore it was decided that this would
not be acceptable.

Another possible frequency control scheme would involve
trying to lock the pump frequency by observing the SMMW
output. Careful analysis and modeling showed this to be a
poor approach, entangling numerous physical effects and
making the frequency control nonrobust at best.

To obtain an absolute frequency reference to lock the pump
laser against, a photoacoustic cell (see Fig. 21) which uses the
SMMW laser vibrational pump transition in methanol (51),
was designed and tested.

The PA cell is a very simple device. Essentially it is a
sealed cavity which contains methanol at ~500 mtorr, a pre-
polarized microphone, and AR windows.

The physical basis for the PA cell-based pump frequency
locking method is presented graphically in Fig. 22. The pump
laser is dithered about a portion of the methanol vibrational
absorption line, producing an acoustic signal as the amount
of absorbed power is modulated. The pressure of the cell is
set to be low enough that no more than 200 mW of pump
power is absorbed.
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Figure 21. Photoacoustic molecular frequency standard.
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Figure 22. Pump-laser frequency locking method.
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Figure 23. Standing-wave SMMW laser.
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Figure 24. The 1.5 m straight-guide demonstration program Figure 25. Rigrod prediction for SMMW output versus turn loss and
SMMW results. output coupling. Pump power fixed at 5 W.
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Figure 26. Rigrod prediction for SMMW output versus turn loss and
output coupling (plan view of Fig. 25). Pump power fixed at 5 W.

While the pump laser FM will couple into the SMMW out-
put spectrum, this effect should be due to primarily two
sources. The first of these, Doppler coupling induced by veloc-
ity memory effects, was described in the section entitled “Fre-
quency Stability and Laser Tune-up.” With the parameters
for the LLO’s SMMW laser, the Doppler-coupling factor is
~13. Therefore the induced SMMW dither will be down by a
factor of 12 with respect to the pump dither. Because this
technique has already been demonstrated with <1 MHz of
pump dither, this does not appear to be a problem with re-
spect to the 100 kHz short-term frequency noise specification.

The above does not exhaust sources of frequency noise in-
duced by this locking technique. There is also the two-photon
light shift described in the section entitled “Frequency Stabil-
ity and Laser Tune-up” (46). While the model presented there
is not complete, it does give good agreement with the mea-
sured results for other SMMW lines and predicts a <60 kHz
effect here. There do not appear to be any direct measure-
ments of the TPLS for the 2.52 THz line, but Plainchamp (52)
has indicated that the TPLS appears to be anomalously small
for this transition.

The SMMW Laser. For reasons of risk (30) and schedule,
the option of a ring SMMW laser was dropped from the LLO
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Figure 27. Rigrod prediction for SMMW output (mW) versus turn
loss. Output coupling fixed at 9%, pump power fixed at 5 W.

early in the program. A drawing of the standing-wave SMMW
laser for the LLO is shown in Fig. 23.

Both the input and output mirrors are mounted on lead-
zirconate-titanate piezotranslator (PZT)-actuated flexure
stages. The corner mirrors are mounted on diaphragm flexure
alignment mounts. The housing is aluminum with the dielec-
tric waveguides supported inside with flexible wavesprings.

The input coupler and turn mirrors are diamond-turned
copper and the input coupling is through a hole in the input
mirror. The output coupler is a uniform capacitive mesh-type
coupler (20). Modeling of the mesh output couplers was ac-
complished using the GLAYERS program of CSIRO (32).

Both the modeling and the demonstration program results
showed optimal uniform output coupling to be necessary to
achieve high-efficiency operation. Some of the output power
versus pump power results obtained during the demonstra-
tion program are presented in Fig. 24. All of these data were
obtained with the pressure held fixed at the optimal pressure
for 5 W of pump power, to more accurately simulate flight
conditions (i.e., once sealed the SMMW pressure cannot be
adjusted, and therefore optimization at the low end of pump
power is prudent). The results in Fig. 24 bracket the cavity
geometries required to meet the initial internal goal of 20 mW
out with 5 W of pump power. In looking at Fig. 24, it should
be remembered that the delivered pump laser actually had
an output power of >9 W; thus a great deal of margin was
demonstrated.

The results of Fig. 24 are for a straight-guide laser, and
the losses associated with cavity turns are expected to reduce

(b)
Figure 28. SMMW testbed laser. (a) External view, (b) internal view.
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efficiency and improve mode selection. DEOS developed a dis-
tributed-loss Rigrod model, a reformation of Eq. (10), for the
SMMW laser including the effects of turn losses. The results
of this model with 5 W of pump power are summarized in
Figs. 25, 26, and 27.

Figures 25 and 26 plot the output power versus output cou-
pling and turn loss, with the pump power fixed at 5 W. Figure
27 presents the output power versus turn loss with the output
coupling fixed at 9% and the pump power fixed at 5 W.

All of the parameters for the Rigrod model were deter-
mined experimentally during the demonstration program.
There were no adjustable parameters at this stage of the mod-
eling effort. The most important conclusion of these figures is
that turn loss is the key to high-efficiency operation. The
LLO’s SMMW laser operates in the low-gain low-loss regime;
thus any loss is significant. Although not shown in this sec-
tion, the experimental results for a folded SMMW laser show
the threshold regime to be below 5 W of pump power; thus
the LLO’s SMMW laser will be operating above the thresh-
old regime.

To test the SMMW models, and then later to improve
them, a high-versatility testbed laser was constructed. Figure
28 shows the external and internal view of the testbed laser.
The testbed is an aluminum enclosure housing a SuperInvar
plate on which all of the optical stages are mounted. Cavity
translation is accomplished via a 180 um travel PZT. A wide
range of waveguide diameters can be used in this laser and
easily changed, since they are not involved in the vacuum
seal.

The testbed laser also has two ports at each corner to en-
able virtually any cavity configuration. The three guide pieces
are held together in a precision miter, and they are supported
in precision-machined V-blocks and restrained by standard
coil springs stretched across the guide sections. All four of the
gimbal stages are slightly modified commercial units.

The results obtained with the testbed laser are presented
in Fig. 29 along with a comparison to the original model re-
sults obtained. As observed in there, the experimental results
are within 9% of the original prediction. This prediction was
based on an estimate for the turn loss of 0.8%/turn (reflec-
tivity loss + guide—guide loss around the turn as a result of
the unguided region of the mitered corner). If one now takes
the Rigrod model and treats the turn loss as an adjustable
parameter, then with a turn loss of 1.2%/turn and including
the efficiency variation with pump power, the model falls di-
rectly over the experimental data.
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Figure 29. Testbed results: Comparison with original model.
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