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(54) Laser tuning by spectrally dependent spatial filtering

(57) A laser tuning mechanism which embodies
"spectrally dependent spatial filtering" (SDSF) and con-
templates two key elements of the tuning mechanism.
The first element of the SDSF tuning mechanism is a
spectrally dependent beam distortion (i.e. alteration of
the amplitude and/or phase profile of the beam) provid-
ed by an SDSF tuning element in a laser cavity. The sec-
ond element of the SDSF tuning mechanism is an int-
racavity spatial filter which makes the round trip cavity

loss a sensitive function of both beam distortion and cav-
ity alignment. Such a laser can be aligned so that a spe-
cific beam distortion, which is provided by the SDSF tun-
ing element at a tunable wavelength, is required to ob-
tain minimum round trip cavity loss, thereby providing
tunable laser emission. A preferred embodiment of the
SDSF tuning mechanism is an external cavity semicon-
ductor laser having a zeroth order acousto-optic tuning
element.
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Description

[0001] The invention relates to tunable lasers.

BACKGROUND

[0002] A laser consists of a pumped gain medium sit-
uated within an optical resonator. The pumped gain me-
dium provides light amplification, and the optical reso-
nator provides optical feedback, such that light circu-
lates within the optical resonator along a beam path and
is repeatedly amplified by the gain medium. The optical
resonator (or laser cavity) may be either a ring cavity or
a standing-wave cavity. Optical pumping and electrical
pumping by current injection into the gain medium are
two known pumping methods. The emitted light wave-
length need not be in the visible part of the electromag-
netic spectrum. One of the elements within the optical
resonator acts as the output coupler, whereby a certain
fraction of the circulating power is emitted from the op-
tical resonator to provide the useful laser output. A par-
tially transmitting mirror is a typical output coupler. For
semiconductor lasers, the output coupler is typically an
end face of a semiconductor gain chip, which may be
coated to provide a reflectivity which optimizes perform-
ance. It is frequently useful for laser control to position
one or more secondary output couplers in the optical
resonator, so that a small fraction of the circulating op-
tical power is emitted from the secondary output coupler
(s) in such a way as to be easily separated from the main
laser output beam emitted from the output coupler.
[0003] A tunable laser is obtained when one or more
suitable tuning elements are combined with a gain me-
dium that provides gain in a wavelength band of interest.
The most common type of laser tuning element is a tun-
able optical bandpass filter inserted into the laser cavity.
A bandpass filter has relatively low loss in a narrow
wavelength band (centered at a center wavelength λc),
and relatively high loss for all other wavelengths with
significant gain. Since the laser emission wavelength is
at or near the wavelength at which the net gain (i.e. gain
- loss) is maximal, a tunable bandpass filter is a suitable
laser tuning element, provided the variation of filter loss
with wavelength is greater than the variation of gain with
wavelength.
[0004] In order to make a semiconductor laser tuna-
ble, it is sometimes desirable to employ an external cav-
ity geometry, to permit the use of tuning elements that
cannot be present in a monolithic semiconductor laser
cavity. As light makes a round trip within an external cav-
ity semiconductor laser, light is emitted from a pumped
semiconductor gain medium, passes through various
optical elements, and impinges on the gain medium as
a return beam. Semiconductor gain media typically in-
clude an epitaxially grown multilayer structure, and are
classified according to the propagation direction of the
emitted light. A gain medium is a surface emitter if the
propagation direction is perpendicular to the plane of the

layers. A gain medium is an edge emitter if the propa-
gation direction is in the plane of the layers. Edge emit-
ting semiconductor gain media typically include a single
mode optical waveguide. An optical beam emitted from
a single-mode optical waveguide has an amplitude and
phase profile, referred to as the mode profile, which is
determined by the waveguide. The amplitude and phase
profile of the return beam is generally not exactly the
same as the mode profile, and in such cases, not all of
the return beam power is launched (i.e. coupled) into
the gain medium waveguide. For example, if a certain
power Pb impinges on the waveguide endface, only
some lesser amount of power P0 is actually launched
into the waveguide. The coupling efficiency η = P0/Pb
depends on how close the return beam amplitude and
phase profile is to the mode profile.
[0005] One kind of laser tuning element is an acousto-
optic (AO) device. AO devices are described in text-
books such as J. Xu and R. Stroud, Acousto-Optic De-
vices: Principles, Design and Applications, Wiley, New
York, 1992. An AO device is a device where an AO in-
teraction is manifested. The AO interaction is a para-
metric three wave mixing process within a medium
where an incident optical beam and an acoustic beam
interact to generate one or more diffracted optical
beams. Commonly employed AO media include quartz,
TeO2, and Hg2Cl2. However, the AO interaction can oc-
cur to some extent in any material medium (i.e. anything
except a vacuum). Suitable AO laser tuning elements
are typically designed to ensure that the diffracted radi-
ation consists essentially of a single beam, referred to
as the diffracted beam or the first order beam. That por-
tion of the incident optical beam which is not converted
to the diffracted optical beam is the undiffracted beam,
also referred to as the zeroth order beam. Typically, both
zeroth order and first order beams are emitted from the
medium. The incident beam and the zeroth order beam
have the same optical frequency, which differs from the
frequency of the first order beam by plus or minus the
acoustic frequency. The zeroth and first order beams
may also differ in other ways, such as propagating in
different directions, and/or having different states of po-
larization. The acoustic beam in an AO device is typi-
cally generated by a transducer affixed to a surface of
the medium, where applied electrical power at a suitable
radio frequency (RF) acts to launch an acoustic beam
having the same frequency into the AO medium.
[0006] Since the AO interaction is a parametric three
wave mixing process, the incident optical beam is effi-
ciently converted to the diffracted beam only for a nar-
row range of incident optical beam wavelengths, cen-
tered about some center wavelength λc at which the
phase matching condition is met. The center wave-
length λc of the AO interaction can be changed by
changing the RF frequency applied to the AO device.
Therefore, if we regard an AO device as an optical three
port device, with one input and two outputs (zeroth order
and first order), then transmission from input to first or-
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der output (first order transmission) gives a tunable
bandpass filter, and transmission from input to zeroth
order output (zeroth order transmission) gives the cor-
responding tunable notch filter (i.e. relatively high loss
for a narrow range of optical wavelengths centered
about some center wavelength λc, and relatively low
loss for wavelengths outside this range). Although many
different AO devices are known, such as AO tunable fil-
ters, AO deflectors and AO modulators, this general de-
scription (i.e. bandpass filter in first order transmission
and notch filter in zeroth order transmission) is generally
applicable to AO devices.
[0007] Acousto-optic devices were first used to tune
dye lasers [e.g. as described in Streifer et al., Applied
Physics Letters 17(8) p335 1970; Taylor et al., Applied
Physics Letters 19(8) p269 1971; Hutcheson et al., IEEE
Journal of Quantum Electronics, p 462 Apr 1974]. Sub-
sequently, AO devices were used to tune other lasers
where the gain medium has a broad bandwidth, such as
fiber lasers [US 5,189,676 Wysocki et al; US 5,255,274
Wysocki et al; US 5,812,567 Jeon et al], semiconductor
lasers [Coquin et al., Electronics Letters 24(10) p599
1988; Koh et al., Proc. SPIE v3631 p98 1999; Zorabedi-
an, IEEE Journal of Lightwave Technology 13(1) p62
1995], and titanium-doped sapphire lasers [US
5,835,512 Wada et al 1998]. In addition, there are sev-
eral reports in the patent literature where methods of
tuning a laser with an AO device are disclosed, such as
[US 4,118,675 Rahn et al 1978] where the AO device
simultaneously acts as both a beam deflector and dis-
persive element to force oscillation at a desired wave-
length. GB 2,153,137 Hall et al. 1985, discloses the use
of an AO beam deflector and separate dispersive ele-
ment to tune a laser. US 5,724,373 Chang 1998, dis-
closes a method for AO laser tuning where the AO in-
teraction provides a waveguide mode conversion de-
vice, and narrowband filtering is obtained by use of this
AO device in combination with appropriate polarization
optics within the laser cavity.
[0008] In all the above cited references the diffracted
(i.e. first order, deflected or mode converted) beam is of
primary importance for the tuning mechanism, and the
undiffracted (i.e. zeroth order, undeflected or non-mode
converted) beam is not utilized by the tuning mecha-
nism. All of these references teach the use of an AO
device in first order transmission to tune a laser. Since
first order transmission through an AO device entails a
frequency shift, much of the prior art cited above is con-
cerned with the effect of the uncompensated frequency
shift on laser operation, and/or on various methods of
compensating for the frequency shift so as to eliminate
its effect on laser operation.
[0009] One reference teaches the use of other than
the first order beam (although not the zeroth order
beam) in an AO interaction to tune a laser. US 5,384,799
Osterwalder 1995, discloses the formation of a periodic
refractive index perturbation within an AO device due to
a standing acoustic wave. Osterwalder further discloses

a tunable narrowband feedback mechanism into the la-
ser cavity, based on the narrowband reflection created
by the disclosed periodic refractive index perturbation.

SUMMARY

[0010] The present invention comprises a laser tuning
mechanism which embodies "spectrally dependent spa-
tial filtering" (SDSF) and contemplates two key elements
of the tuning mechanism. The first element of the SDSF
tuning mechanism is a spectrally dependent beam dis-
tortion (i.e. alteration of the amplitude and/or phase pro-
file of the beam) provided by an SDSF tuning element
in a laser cavity. The second element of the SDSF tuning
mechanism is an intracavity spatial filter which makes
the round trip cavity loss a sensitive function of both
beam distortion and also cavity alignment. Such a laser
can be aligned so that a specific beam distortion, which
is provided by the SDSF tuning element at a tunable
wavelength, is required to obtain minimum round trip
cavity loss, thereby providing tunable laser emission. A
preferred embodiment of the SDSF tuning mechanism
comprises an external cavity semiconductor laser hav-
ing a zeroth order acousto-optic tuning element.
[0011] Known tunable laser approaches have difficul-
ty providing low tuning time (i.e. < 1 ms), high output
power (i.e. > 40 mW), broad tuning range (i.e. > 70 nm),
and single mode operation (i.e. SMSR > 50 dB) simul-
taneously. The present invention solves this problem by
providing apparatus and method to obtain the indicated
level of performance for all of the parameters identified
above simultaneously.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

Fig 1 schematically shows the round trip transmis-
sivity vs. wavelength for two different laser align-
ments.

Fig 2 schematically shows a preferred configuration
for the AO tuning element.

Fig 3 shows measured power in zeroth and first or-
der beams vs. wavelength for an AO tuning ele-
ment.

Fig 4 schematically shows an embodiment of the
invention.

Fig 5 shows measured output power vs. emission
wavelength from an embodiment of the invention.

Fig 6 shows the tuning curve and measured side
mode suppression ratio for an embodiment of the
invention.
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Fig 7 shows a portion of the tuning curve and meas-
ured side mode suppression ratio for an embodi-
ment of the invention.

Fig 8 shows measured round trip transmissivity vs.
wavelength for a nominal laser alignment.

Fig 9 shows measured round trip transmissivity vs.
wavelength for an optimized laser alignment.

Fig 10 shows measured side mode suppression ra-
tio vs. two laser alignment parameters: return mirror
tilt and AO tuning element position.

Fig 11 shows an embodiment of a monitor sub-
assembly.

Fig 12 shows an alternative embodiment of a mon-
itor subassembly.

Fig 13 shows measured monitor signals for zeroth
and first order beams for an embodiment of the in-
vention.

DETAILED DESCRIPTION OF THE DRAWINGS

[0013] The basis of the SDSF tuning mechanism can
be understood by reference to Fig 1. Consider a laser
with an SDSF tuning element, such as an AO device
operating in zeroth order transmission. Next assume the
laser cavity is aligned for maximum output power (i.e.
minimum round trip loss) when the beam distortion pro-
vided by the SDSF tuning element is negligible. As in-
dicated below, an SDSF tuning element only significant-
ly distorts the beam over a limited range of wavelengths
centered at some center wavelength λc. Therefore, the
wavelength dependence of the round trip transmissivity
will be as indicated by the solid curve on Fig 1. The trans-
missivity is roughly constant at a background value T0,
and is reduced for wavelengths near λc due to increased
loss attributable to the distortion provided by the SDSF
tuning element. Since no transmissivity peak is present,
laser tuning cannot be obtained with this cavity align-
ment.
[0014] Now consider the same laser, except that the
cavity is aligned such that the beam distortion provided
by an SDSF tuning element at a particular wavelength
λ0 is required for minimum round trip loss. In this situa-
tion, the wavelength dependence of the round trip trans-
missivity will be as indicated by the dotted curve on Fig
1. Due to the changed alignment of the laser, the back-
ground transmissivity T1 is necessarily less than the
transmissivity T0. The round trip transmissivity T at λ0
is greater than T1 due to the compensation of the cavity
"misalignment" by beam distortion, and this creates the
peak at λ0 shown in Fig 1. This intracavity bandpass fil-
ter is tunable by changing the center wavelength λc,
since λ0 and λc will tune together. It is therefore not nec-

essary to vary the cavity alignment in order to tune the
laser.
[0015] The SDSF tuning mechanism becomes more
effective as the round trip cavity loss (or transmittance)
is made a more sensitive function of cavity alignment
and beam distortion. Thus, the presence of a spatial fil-
ter within the laser cavity, either as a separate element,
or as an inherent part of another element (i.e. a single
mode waveguide gain medium) will enhance the SDSF
tuning mechanism by enabling tuning over a greater
range of wavelengths. However, there may be cases
where spatial filtering is not necessary to practice the
invention.
[0016] A preferred AO tuning element is schematical-
ly shown in Fig 2. AO medium 20 is formed from a suit-
able acousto-optic material. Preferred materials include
materials such as tellurium dioxide (TeO2) and mercur-
ous chloride (Hg2Cl2), since these materials provide a
very high AO figure of merit. In general, an AO interac-
tion is either collinearly or noncollinearly phasematched.
For the preferred materials TeO2 and Hg2Cl2, collinearly
phasematched AO interactions are forbidden by crystal
symmetry. Therefore, the phasematching in these ma-
terials is noncollinear, which means that the acoustic
phase velocity is not in the same direction as the phase
velocity of the incident optical beam. However, since
beams in anisotropic media, such as TeO2 and Hg2Cl2,
propagate in the direction of the group velocity, and the
phase and group velocities are typically in different di-
rections, it is still possible to align the acoustic and op-
tical beams in a noncollinearly phasematched AO de-
vice in these preferred materials. Collinear alignment of
the beams provides the advantages of reduced filter
bandwidth and reduced electrical power consumption.
One approach for aligning the beams is the use of an
acoustic reflection, as shown on Fig 2, where transducer
22 emits an acoustic beam which is reflected from sur-
face 26 of the device to generate acoustic beam 28
which has a group velocity which is collinear with optical
beam axis 24. Kusters (US 3,687,521) teaches the col-
linear alignment of the optical and acoustic beams in a
noncollinearly phasematched AO device, as well as the
use of an acoustic reflection to bring about the desired
alignment of the beams. The acoustic anisotropy in ma-
terials such as TeO2 and Hg2Cl2 is so large that the
acoustic reflection is as schematically indicated on fig 2
(i.e. the angle of reflection is substantially different from
the angle of incidence), which is helpful for aligning the
beams. In some cases, it is preferable to place trans-
ducer 22 on a cut face of medium 20 that does not make
a right angle with surface 26 in order to align the optical
and acoustic beams.
[0017] Although we have demonstrated laser tuning
using various AO devices as the laser tuning element,
a presently preferred AO tuning element is a TeO2 de-
vice with the collinear beam configuration as shown in
Fig 2, where the interaction length is approximately 20
mm. The following results pertain to the preferred AO
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tuning element described in this paragraph. Since the
AO tuning element has no moving parts, rapid laser tun-
ing (i.e. tuning time < 1 ms) can be obtained.
[0018] Fig 3 shows measured spectra for zeroth order
(solid line) and first order (dotted line) transmission
through a TeO2 AO tuning element having the configu-
ration shown in fig 2. For this measurement, approxi-
mately 90 mW of RF power is applied to transducer 22,
and this value of RF power is chosen to maximize dif-
fraction efficiency into the first order beam. If the RF
power is larger than 90 mW, the diffraction efficiency is
reduced, since power is transferred from the zeroth or-
der beam to the first order beam and then back into the
zeroth order beam as the beams pass through the tun-
ing element. The RF frequency applied to transducer 22
is varied as indicated on the lower horizontal axis of Fig
3, and the zeroth order output and first order output are
measured. The input optical wavelength is held constant
as the RF frequency is varied. Since an AO interaction
defines a one-to-one relation between RF frequency
and optical wavelength, the wavelength spectra are re-
lated to the RF spectra as indicated by the upper and
lower horizontal axes on Fig 3. Thus the directly meas-
ured RF spectrum at a fixed wavelength of roughly 1545
nm is equivalent to the optical spectrum obtained at a
fixed RF frequency of roughly 47.56 MHz. As seen on
Fig 3, the AO tuning element provides a notch filter in
zeroth order transmission, i.e. relatively high loss for
wavelengths in a narrow wavelength band centered on
a center wavelength λc (roughly = 1545 nm) and rela-
tively low loss for all other wavelengths. Such notch fil-
tering is a characteristic property of SDSF tuning ele-
ments, as indicated in the discussion of Fig 1.
[0019] Fig 4 is a schematic diagram of a tunable laser
assembly 30 constructed according to an embodiment
of the invention. It is convenient to start the discussion
at output face 34-2 of semiconductor gain element 34
and follow a round trip within the laser cavity. Output
face 34-2 is preferably coated to provide a low level of
reflectivity which optimizes laser output power. Typical
reflectivities for output face 34-2 are approximately in
the range of 1 to 10 percent. Light reflected from output
face 34-2 propagates through gain element 34 and is
emitted from internal face 34-1 of gain element 34. Gain
element 34 is preferably an electrically pumped semi-
conductor single or multiple quantum well structure
which is also a single mode optical waveguide. For
emission wavelengths at or near 1.5 microns, it is also
preferable to grow the structure so that the quantum
wells are under compressive strain, to provide optical
gain primarily for TE polarized light. The preferred quan-
tum well strain for other emission wavelengths is not
necessarily compressive strain. Tensile strain, or no
strain, may be preferred, depending on the particular de-
sired emission wavelength. Internal face 34-1 is prefer-
ably anti-reflection coated and designed to intersect the
waveguide axis of gain element 34 at an acute angle,
as shown in Fig 4. These measures both tend to reduce

deleterious effects of reflections from internal face 34-1
on laser operation.
[0020] Optical radiation is emitted from internal face
34-1 of gain element 34 as a beam with approximate
horizontal and vertical beam divergences of 40 degrees
and 52 degrees respectively (full angle 1/e intensity
width). Laser tuning according to the present invention
has been observed with a variety of semiconductor gain
elements, having various beam divergences, so these
parameters are not crucial for practicing the invention.
The beam emitted from internal face 34-1 propagates
to lens 36, which collimates the beam. A currently pre-
ferred lens 36 is Geltech model 350140, which is an as-
pheric lens with 1.45 mm focal length, but other lenses
with various focal lengths can be employed to practice
the invention. The collimated beam propagates from
lens 36 to grid fixing etalon 38, which is optional. Since
grid fixing etalon 38 is optional, discussion of its prop-
erties and effect on laser performance will be deferred.
[0021] The beam exiting lens 36 (and etalon 38 if it is
present), is received by AO medium 20 and propagates
along optical axis 24 within AO medium 20. Preferably,
AO medium 20 is as described in the prior discussion of
Fig 2. Electrical power at a suitably chosen RF frequen-
cy is applied to transducer 22 which is affixed to AO me-
dium 20. Transducer 22 generates an acoustic beam
which propagates within AO medium 20. The AO inter-
action of the optical beam propagating along beam axis
24 and the acoustic beam generated by transducer 22
gives rise to a first order optical beam (dash-dotted line,
later labeled 50-A). The undirected, or zeroth order,
beam is emitted from AO medium 20 and impinges on
return mirror 40. Return mirror 40 has an internal surface
40-1 coated to provide high reflectivity. A typical reflec-
tivity for internal surface 40-1 is approximately 99%. In-
ternal surface 40-1 of return mirror 40 and external face
34-2 of gain element 34 are the two surfaces which de-
fine the laser cavity for laser assembly 30. Thus, a cavity
round trip is completed by reflection of the zeroth order
beam from internal surface 40-1, then propagation back
through AO medium 20, etalon 38 (if present), lens 36,
and gain element 34. Laser output beam 32 is emitted
from external face 34-2 of gain element 34.
[0022] Additional optical elements may be placed out-
side the laser cavity in the path of output beam 32 to
provide increased functionality. For example, output
power monitoring, output power control, high speed
modulation with a data signal, improvement of the po-
larization purity of the beam, and/or coupling to an op-
tical fiber are all functions which can be implemented
with suitable elements placed outside the laser cavity.
Output power control is particularly significant for appli-
cations which require the same output power at all emis-
sion wavelengths, or the same output power over a laser
lifetime. Typically, a variable optical attenuator is used
to provide output power control, although alternatively
a gain element can be used to perform this function. Out-
put power control can also be obtained by suitable con-
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trol of gain element 34, but in many cases it is preferable
for output power control to be performed by elements in
the output beam path, as indicated above.
[0023] Some applications require stable single-mode
operation of the laser for extended periods of time. In
order to ensure stable, single-mode laser operation, var-
ious signals can be obtained from within the cavity of
laser assembly 30 to enable control of the laser. Fig 4
shows three monitor beams 50-A, 50-B and 50-C which
are coupled into optional monitor subassembly 60. Pref-
erably, these beams are obtained by transmission
through return mirror 40, so internal surface 40-1 of re-
turn mirror 40 preferably has an appropriate transmis-
sivity (e.g. approximately 1%), and external surface
40-2 of return mirror is preferably curved to properly fo-
cus the three beams into monitor subassembly 60.
Beam 50-A, indicated with a dash-dotted line on Fig 4,
is the fraction of the first order beam which is transmitted
through return mirror 40. Beam 50-B, indicated with a
solid line on Fig 4, is the fraction of the zeroth order
beam which is transmitted through return mirror 40.
Beam 50-C, indicated with a dotted line on Fig 4, is the
fraction of the beam generated by reflection from a sur-
face of grid fixing etalon 38 which is transmitted through
return mirror 40. Beams 50-A, 50-B and 50-C all prop-
agate in slightly different directions, as shown in Fig 4.
Beams 50-A and 50-B propagate in different directions
due to noncollinear phasematching in AO tuning ele-
ment 20. Grid fixing etalon 38 must be tilted so that
beams reflected from its surfaces leave the laser cavity,
and this tilt can be chosen to ensure separation of beam
50-C from beams 50-A and 50-B as shown on Fig 4. The
operation of monitor subassembly 60 will be discussed
below.
[0024] Monitor subassembly 60 is shown as optional,
since the invention may be practiced without control of
the laser based on monitor signals. For an embodiment
without monitor subassembly 60, there is no need to
provide beams 50-A, 50-B and 50-C, and there is no
also need to design an appropriate curved external sur-
face 40-2 of return mirror 40.
[0025] Fig 5 shows measured fiber-coupled output
power vs. emission wavelength for an embodiment of
the invention as shown in Fig 4. High power (i.e. > 40
mW fiber coupled power) over a broad tuning range (>
70 nm) is obtained.
[0026] Fig 6 shows the measured side mode suppres-
sion ratio (SMSR) in dB log scale (solid line and left ver-
tical axis) and emission wavelength (dotted line and
right vertical axis) as functions of RF frequency applied
to the AO medium corresponding to the results shown
in Fig 5. The emission wavelength curve gives the rela-
tion between RF frequency applied to transducer 22 of
AO tuning element 20 to laser emission wavelength, and
the SMSR is the ratio of the power in the desired lasing
mode to the power in the most intense "non-lasing"
mode. The high SMSR over the entire tuning range as
seen in fig 6 demonstrates single-mode lasing over the

entire tuning range.
[0027] Fig 7 shows a small section of the results of
Fig 6 on a magnified scale. Here, the effect of grid fixing
etalon 38 is clearly seen, since the laser discretely tunes
from roughly one etalon transmission peak to the next,
and does not tune to intermediate wavelengths. The
reason for this is that grid fixing etalon 38 introduces a
high intracavity loss at all wavelengths except at its
transmission peaks. Here the spacing of the etalon
transmission peaks, which is referred to as the free
spectral range (FSR) of the etalon, is 25 GHz, and the
laser tunes to channels (i.e. wavelengths) which are 25
GHz apart. Free space wavelength λ and frequency f
are related by c = λf where c is the free space speed of
light, so the "color" of monochromatic light may be spec-
ified either by giving its wavelength or its frequency. Dis-
crete tunability is advantageous for applications where
the laser is required to tune only to discrete channels
equally spaced in frequency, such as in dense wave-
length division multiplexing (DWDM) applications. Ex-
cellent open loop wavelength accuracy can be obtained
by lining up the laser channels as defined by the trans-
mission peaks of the grid fixing etalon with the desired
frequency grid during laser assembly, and measured
open-loop deviations from the desired grid are typically
less than 1 GHz over a tuning range of at least 5 THz.
[0028] In some DWDM applications, such as sources
for test equipment, the open loop wavelength accuracy
provided by discrete tunability is sufficient. In these cas-
es, discrete tunability allows the wavelength control loop
that is typically necessary for tunable sources to be elim-
inated. For other DWDM applications, such as sources
for optical communication, discrete tunability may not
permit elimination of the wavelength control loop. In
such cases, discrete tunability still provides advantages,
such as reduced total size and part count (relative to a
laser + external locker configuration), and greater flexi-
bility in overall laser control, since wavelength accuracy
is ensured with a stable, passive intracavity device.
[0029] In order to perform its intended function, grid
fixing etalon 38 in fig 4 is preferably inserted into the
laser cavity such that the etalon surface normals make
a small angle (preferably 0.1-2 degrees) with respect to
the cavity axis, to thereby ensure that the beams reflect-
ed from the etalon surfaces do not efficiently couple into
the laser cavity. The etalon finesse is moderate (e.g. 2
< finesse < 10), and this value of finesse is chosen to
provide low loss in transmission through the tilted
etalon, and the desired level of spectral selectivity. Since
the etalon serves as an absolute wavelength reference
for the laser, the etalon is preferably fabricated using
materials, such as fused silica, that are mechanically
stable and temperature insensitive.
[0030] The advantages provided by insertion of a grid
fixing etalon within a tunable laser can also be achieved
using similar methods, such as by appropriately engi-
neering a parasitic etalon that is already present within
the cavity (e.g. an etalon formed by the two faces of a
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semiconductor gain element) to perform the grid fixing
function. It is also possible to use the overall optical path
length of the laser cavity to perform the grid fixing func-
tion, since the longitudinal mode spacing of a laser is
determined by the round trip optical path length. In gen-
eral, we refer to lasers that either have one or more grid
fixing etalons, or that employ equivalent methods, as
featuring "discrete tunability".
[0031] As indicated above, discrete tunability can be
implemented or modified by several distinct physical
mechanisms, which are typically simultaneously
present to varying degrees in practice. For example,
even when the effect of the parasitic etalon formed by
the faces of gain element 34 on fig 4 is reduced by AR
coating and tilting as indicated above, this parasitic
etalon can still affect laser performance. In the presence
of multiple mechanisms which tend to implement and/
or affect discrete tunability, it is advantageous to ensure
the various mechanisms operate consistently with each
other to achieve the desired result.
[0032] In a laser where discrete tunability is achieved
by insertion of a grid fixing etalon, it is desirable to select
the gain element (chip) length so that its parasitic etalon
has a free spectral range (FSR) that is substantially
equal to the grid fixing etalon FSR divided by an integer
≥ 1. When this is done, the parasitic chip etalon will have
the same effect on laser operation at all channels. Thus
the tendency of the chip etalon to interfere with tuning
by inducing mode hops to channels which have reduced
chip etalon induced loss is decreased. It is also desira-
ble to choose the overall laser cavity length to provide
a laser cavity longitudinal mode spacing (referred to as
the laser cavity FSR) that is substantially equal to the
grid fixing etalon FSR divided by an integer ≥ 2. For ex-
ample, if the grid fixing etalon has an FSR of 25 GHz,
then 12.5 GHz or 8.33 GHz or other integer submultiples
of 25 GHz are all preferable values for the FSR of the
laser cavity. Since the loss introduced by misalignment
of the cavity mode frequency comb relative to the chan-
nels defined by the grid fixing etalon is the same for ad-
jacent channels if the cavity FSR is a submultiple of the
etalon FSR, the tendency of the laser to mode hop is
reduced.
[0033] The results shown in figs 5-10 are for a laser
configuration with a 25 GHz grid fixing etalon where the
cavity FSR is a submultiple of 25 GHz and the chip
length is approximately 860 microns. The resulting chip
etalon FSR is approximately 50 GHz. Although this laser
demonstrates excellent performance as seen in the in-
dicated figures, it is preferred for the chip etalon FSR to
match the grid etalon FSR (i.e. 25 GHz for this particular
case), for the reasons given above. The preferred chip
length for a 25 GHz laser is roughly 1.7 mm, which is
rather long for a gain chip. We have found that gain chip
nonlinearities can interfere with single mode tuning per-
formance, and that gain chip nonlinearities tend to in-
crease as the chip length increases, if no change is
made to the epitaxial design of the gain chip. Thus the

design of a preferred gain chip is normally achieved by
first setting the chip length to match the desired discrete
tunability frequency spacing, then designing the active
region (especially the number of quantum wells) to pro-
vide good tuning performance and high power at the
predetermined length.
[0034] Implementation of the present invention does
not require discrete tunability, or a grid fixing etalon with-
in the laser cavity. A preferred embodiment of the inven-
tion has a grid fixing etalon inserted into the cavity to
realize the indicated additional advantages of discrete
tunability that are over and above the advantages pro-
vided by the SDSF laser tuning mechanism.
[0035] Fig 8 shows measured round trip cavity trans-
mission vs. wavelength for a laser as indicated in Fig 4
with a nominal cavity alignment. This measurement is
performed with gain element 34 operating below thresh-
old, so the effects of spatial filtering at the gain element
waveguide end faces is included in the measurement.
Nominal alignment means that all passive optical ele-
ments are centered on the beam axis, AO medium 20
is aligned so that the zeroth order optical beam and
acoustic beam within the medium are coaligned as in-
dicated on fig 2, return mirror 40 is aligned for retro re-
flection of the zeroth order beam, and lens 36 is aligned
for minimum round trip loss with no RF supplied to AO
tuning element 20. As expected, the round trip loss for
the nominal alignment is low for all wavelengths which
are far away from the center wavelength of the AO in-
teraction, since this nominal alignment will clearly give
minimal round trip loss in the absence of AO-induced
beam distortion and attenuation. The RF power applied
to transducer 22 is 250 mW for the measurement shown
in fig 8. Since peak notch depth for AO medium 20 is
observed at 90 mW RF power, as indicated in the dis-
cussion of fig 3, an applied RF power of 250 mW places
AO medium 20 into an overdriven state, which accounts
for the double valley structure of the notch in fig 8.
[0036] The curve in fig 8 shows no bandpass filtering
behavior, and as expected from this result, a laser as
indicated in fig 4 with nominal alignment does not pro-
vide tunability. The discussion of fig 1 emphasized the
importance of choosing a laser alignment which differs
from the nominal alignment in order to enable the SDSF
tuning mechanism. Of course, there are many ways for
the alignment of a laser to differ from the nominal align-
ment, including but not limited to: a tilt of return mirror
40 away from the alignment for retro reflection, a trans-
lation of lens 36 along the optical axis of the laser cavity,
a lateral translation or a tilt of AO medium 20 away from
the condition of overlapping optical and acoustic beams,
and decentering or tilting other optical elements such as
lens 36 or gain element 34.
[0037] In principle, any combination of the above
alignments may enable the SDSF tuning mechanism.
The presently preferred SDSF enabling alignments are
tilting of return mirror 40 about the y axis on fig 4, and
lateral translation of AO medium 20 in the x direction on
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fig 4. Restricting the alignment to a 2-D parameter space
enables systematic exploration of the parameter space,
and excellent laser performance has been obtained for
optimized alignment parameters. Other alignment pa-
rameters are preferable in some instances to the mirror
tilt and AO tuning element position for enabling the
SDSF tuning mechanism.
[0038] Fig 9 shows round trip cavity transmission vs.
wavelength for a laser as indicated in fig 4 where return
mirror 40 is tilted by 0.84 mrad about the y axis on fig 4
away from a retro reflection condition and AO medium
20 is laterally translated by 0.7 mm in the x direction on
fig 4 away from a condition of overlapping optical and
acoustic beams. The results shown in figs 5, 6 and 7 are
also obtained with this cavity alignment. As seen on fig
9, a pronounced round trip transmission peak is present,
which is the bandpass filter responsible for laser tuning
via the SDSF tuning mechanism.
[0039] Fig 10 shows a 2-D grayscale plot of the meas-
ured laser SMSR vs. the tilt and position alignment pa-
rameters. Increased SMSR, indicated by darker shad-
ing on fig 10, corresponds to improved laser perform-
ance. Fig 10 shows good laser performance over a
range of parameter values centered roughly on tilt = -0.8
mrad and position = 2.1 mm. Since position = 2.8 mm
is the position of AO medium 20 at which the optical and
acoustic beams overlap precisely, the deviation from
"nominal" alignment is 0.7 mm. The operating point cho-
sen in figs 5, 6, 7, and 9 is centered in the region of high
SMSR indicated on fig 10.
[0040] Although the above numerical values might
change if the components that comprise the laser sys-
tem change, appropriately modified values may readily
be obtained by procedures similar to those outlined
above. It is also possible that changing the components
that comprise the laser will require a choice of preferred
alignment parameters other than the mirror tilt and AO
tuning element translation identified above. Skilled art
workers will be able to easily determine which alignment
parameters to use to enable the SDSF tuning mecha-
nism for a given set of laser components.
[0041] Fig 11 shows a schematic diagram of an em-
bodiment of monitor subassembly 60, which provides
means for monitoring. On fig 11, beams 50-A, 50-B and
50-C enter monitor subassembly 60. As indicated in the
discussion of fig 4, beam 50-A is the fraction of the first
order beam that passes through return mirror 40, beam
50-B is the fraction of the zeroth order beam that passes
through return mirror 40, and beam 50-C is the fraction
of the beam generated by reflection from a surface of
grid fixing etalon 38 which is transmitted through return
mirror 40. Beams 50-B and 50-C have the same polar-
ization, which is orthogonal to the polarization of beam
50-A, since beam 50-A is generated from beam 50-B
via a birefringent AO interaction in AO medium 20.
Beams 50-A, 50-B and 50-C are received by polarizing
beam splitter 62, which is designed for minimal reflec-
tion and maximal transmission of beams 50-B and 50-C,

and partial reflection and transmission of beam 50-A, as
indicated on fig 11.
[0042] The transmitted portion of beam 50-A is re-
ceived by detector 72-A which is an element of detector
array 72. The reflected portion of beam 50-A passes
through lens 64 and impinges on wedged interferometer
66. Reflections of beam 50-A are generated from front
surface 66-1 of wedged interferometer 66 and back sur-
face 66-2 of wedged interferometer 66 and these two
reflected beams interfere to create fringe pattern 68
(schematically indicated with a wavy line on fig 11). De-
tector array 70, having two elements 70-A and 70-B is
positioned so that elements 70-A and 70-B sample two
points in fringe pattern 68 that are separated by approx-
imately one quarter of the fringe pattern spatial period
as measured on the line passing through the centers of
both detectors, as indicated on fig 11. If a fringe maxi-
mum is present on one of the detector elements, then
the other detector element will sample a half-maximum
point of the fringe pattern. This 90 degree spacing (or
any odd integer multiple thereof) between the detectors
is referred to as "spatial quadrature". Lens 64 is chosen
to ensure proper alignment of fringe pattern 68 with de-
tector array 70. A coating is deposited on back surface
66-2 of wedged interferometer 66 that provides a linear
dependence of reflectivity on wavelength.
[0043] Elements 72-A, 62, 64, 66, 66-1, 66-2, 70, 70-A
and 70-B on fig 11 comprise a wavelength monitor,
where the signals from detectors 70-A, 70-B and 72-A
can be used to determine the emission wavelength of
the laser. A detailed description of the operation of these
elements as a wavelength monitor is given in copend-
ing, commonly assigned application entitled "Apparatus
and Method for Determining Wavelength from Coarse
and Fine Measurements", the disclosure of which is in-
corporated by reference herein. Briefly, the signal from
detector 72-A is used to normalize the signals from de-
tectors 70-A and 70-B to remove the effect of power var-
iation. Normalized signals from detectors 70-A and 70-B
suffice to measure the absolute wavelength sufficiently
accurately to determine the channel of laser operation.
[0044] Beams 50-B and 50-C are received by ele-
ments 72-B and 72-C, respectively, of detector array 72.
The signals provided by detectors 72-A and 72-C are
normalized for power variation using the signal of detec-
tor 72-B. The normalized signal from detector 72-A is a
measure of the difference between the center wave-
length of AO tuning element 20 and the lasing wave-
length. The normalized signal from detector 72-C is a
measure of the difference between the lasing wave-
length and the wavelength of the nearest transmission
peak of the grid fixing etalon.
[0045] Fig 12 shows a schematic diagram of an alter-
native embodiment of monitor subassembly 60, which
provides an alternative means for monitoring. The em-
bodiment of fig 12 differs from the embodiment of fig 11
in the method for monitoring wavelength. On fig 12,
beam 50-A impinges on polarizing beam splitter 62, as
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on fig 11, and the reflected portion of beam 50-A is re-
ceived by detector 76 after passage through linear
transmission filter 74. Linear transmission filter 74 has
a transmissivity which is very nearly a linear function of
wavelength. The signal from detector 72-A is used to
normalize the signal from detector 76, and the normal-
ized signal from detector 76 suffices to measure the ab-
solute wavelength with sufficient accuracy to determine
the channel of laser operation.
[0046] Various methods of using the signals provided
by the embodiments of figs 11 and 12 to provide laser
control will be apparent to the skilled art worker. A pre-
ferred approach is to utilize standard control methods to
hold the temperature of grid fixing etalon 38 to a fixed
value T0. The nominal etalon temperature T0 is deter-
mined during initial fabrication and test of laser assem-
bly 30 so that the etalon transmission peaks are appro-
priately aligned to the desired discrete tuning grid. With
this arrangement, the grid fixing etalon provides a fixed
frequency reference for every laser channel.
[0047] To maintain proper alignment of the lasing
mode with a transmission peak of grid fixing etalon 38,
the electrical current provided to gain element 34 is con-
trolled so that the normalized signal from detector 72-C
is held constant at a predetermined value that provides
proper alignment. During initial assembly and test of la-
ser assembly 30, measurements are performed which
determine the desired normalized signal from detector
72-C for each channel, and these values are stored in
a first lookup table for use in the control system.
[0048] To maintain proper alignment of the lasing
mode with the AO tuning element, the RF frequency pro-
vided to AO tuning element 20 is controlled so that the
normalized signal from detector 72-A is held constant at
a predetermined value that ensures proper alignment.
During initial assembly and test of laser assembly 30,
measurements are performed which determine the de-
sired normalized signal from detector 72-A for each
channel, and these values are stored in a second lookup
table for use in the control system. It is possible to use
the temperature of the AO tuning element as a control
variable in addition to, or instead of, the RF frequency.
[0049] The wavelength measurement provided by the
embodiments of figs 11 and 12 is used to verify that the
laser is lasing on the desired channel. If there is a dis-
crepancy between the channel selected by the user and
the channel measured by monitor subassembly 60, then
a fault condition is transmitted to the laser control proc-
essor and/or to the user.
[0050] In the discussion of figs 11 and 12, we have
referred to normalizing a first detector signal relative to
a second detector signal in order to obtain suitable con-
trol signals. In many cases, this normalization simply in-
volves forming the ratio of the two signals, so that optical
power fluctuations do not affect the control signals. In
other cases, normalization may require more than just
forming a ratio. If a background signal is present on one
or both detectors (e.g. due to stray light), then it may be

preferred to subtract out the background signal before
forming the ratio to be used as a control signal. More
generally, each normalized signal is a function of some
or all of the detector signals. In addition, the detectors
may be located other than as indicated in figs 4, 11 and
12, and provide the same or equivalent functionality.
[0051] Several control mechanisms discussed in con-
nection with figs 11 and 12 are based on varying the
optical length (i.e. physical length times index of refrac-
tion) of the laser resonator and/or elements within the
resonator. For example, altering either the current ap-
plied to an electrically pumped semiconductor gain ele-
ment, or the temperature of such a gain element, chang-
es the optical length of the gain element and the round
trip optical length of the resonator.
[0052] An example of the signals provided by back-
side monitor 60 on fig 4 is given in fig 13, which shows
measured monitor signals from an embodiment of the
invention as shown in fig 4 that includes grid fixing etalon
38. The open circles on fig 13 show the measured zeroth
order monitor beam power (i.e. from beam 50-B on fig
4) vs. RF frequency applied to AO tuning element 20.
The solid squares show the normalized first order mon-
itor beam signal (i.e. from beam 50-A on fig 4) vs. RF
frequency applied to AO tuning element 20. For this ex-
ample, the normalized first order signal is the ratio of
first order power to zeroth order power. As the RF fre-
quency applied to AO tuning element 20 varies, the laser
tunes discretely from channel to channel, and transi-
tions from one channel to an adjacent channel appear
as discontinuities and/or slope discontinuities in the sig-
nals shown on fig 13.
[0053] The zeroth and first order monitor signals
shown on fig 13 vary smoothly between the discontinu-
ities caused by channel transitions, which enables the
use of these signals in various control schemes to en-
sure proper alignment of the tuning element and lasing
mode whereby drift within AO tuning element 20 does
not lead to an undesired channel transition. For exam-
ple, one approach is to control the RF frequency applied
to AO tuning element 20 to ensure the zeroth order sig-
nal is held at a local minimum. An alternative approach
is to control the RF frequency applied to AO tuning ele-
ment 20 to ensure the normalized first order signal is
held constant at a suitably chosen fixed value (e.g. 0.21
would be one suitable choice based on the results of fig
13). Alternatively, an initial calibration procedure may be
employed to record the zeroth and/or first order monitor
signals obtained when the laser is tuned to the center
of each channel in a lookup table. Subsequently, when
the laser is tuned to a particular channel, the tuning el-
ement is controlled (e.g. by altering the RF frequency
applied to AO tuning element 20 and/or the temperature
of AO tuning element 20) to ensure the monitor signals
do not drift from the values stored in the lookup table for
that channel.
[0054] A preferred embodiment of the SDSF tuning
mechanism makes use of an AO device in zeroth order
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transmission as the SDSF tuning element. Since the AO
interaction is a typical example of a three wave para-
metric interaction, other three wave parametric interac-
tion devices, such as electro-optic devices or nonlinear
optical devices, are also suitable SDSF tuning ele-
ments. Alternatively, the AO interaction can be regarded
as the diffraction of light by an optically thick grating, so
thick grating devices (i.e. volume holograms) with con-
trollable grating properties are also suitable SDSF tun-
ing elements.
[0055] SDSF tuning elements may operate either in
transmission or in reflection. Since three wave mixing
and diffraction from a volume hologram are both narrow-
band processes which necessarily provide a notch filter
in transmission, SDSF tuning elements operate most
simply in transmission. Reflective mode SDSF tuning el-
ements may be constructed in various ways. One ap-
proach is to bond a mirror to a transmissive mode SDSF
tuning element. An alternative approach is to combine
several volume holograms which provide narrowband
reflection in different wavelength bands into an assem-
bly with a notch filter in its reflectivity spectrum.
[0056] An SDSF tuning element must impose a spec-
trally dependent distortion on an optical beam. For this
reason, suitable SDSF tuning elements are either bulk
optical devices where the beam amplitude and phase
profiles are two-dimensional, or planar waveguide de-
vices where the beam amplitude and phase profiles are
one-dimensional.
[0057] Therefore, an "SDSF tuning element" compris-
es either a bulk or a planar waveguide device which op-
erates in transmission or in reflection to provide a tuna-
ble spectral notch filter wherein the physical mechanism
is either diffraction from at least one thick grating, or par-
ametric interaction. Suitable control inputs for SDSF
tuning elements include electrical signals with pre-
scribed frequency and/or amplitude.
[0058] A preferred embodiment of the SDSF tuning
mechanism makes use of a single mode waveguide
gain medium, which provides an intracavity spatial filter.
There are other suitable methods of providing an intrac-
avity spatial filter, such as the insertion of a pinhole into
the laser cavity. The purpose of the spatial filter is to
make the round trip loss a more sensitive function of
cavity alignment and beam distortion, which will tend to
increase the single mode tuning range. However, it is
possible to obtain an adequate single mode tuning
range for certain applications via the SDSF tuning
mechanism without a spatial filter.
[0059] As is evident from the preceding discussion,
the present invention provides a laser and laser tuning
mechanism, of which a preferred embodiment is a ze-
roth order acousto-optically tuned laser. As such, it will
be apparent to one skilled in the art that various modifi-
cations to the details of construction and method shown
here may be made without departing from the scope of
the invention, e.g. folding the optical path within the la-
ser cavity and/or tuning element in order to make the

laser more compact. The application of well known laser
engineering principles to lasers which tune via the dis-
closed mechanism falls within the scope of the present
invention.

Claims

1. A laser comprising an optical resonator, said reso-
nator comprising:

a) a pumped gain medium;

b) (i) an SDSF tuning element and/or (ii) an
acousto-optic tuning element wherein an opti-
cal beam circulating within said resonator pass-
es through a tuning element as a zeroth order
beam and/or (iii) means for selecting an emis-
sion wavelength; and

c) an output coupler;

whereby radiation is emitted from said output cou-
pler at substantially a single emission wavelength,
said single emission wavelength being in the case
of option (b) (iii) said emission wavelength.

2. The laser of claim 1 wherein said resonator further
comprises a spatial filter.

3. The laser of claim 1 or 2 wherein said gain medium
is a single mode waveguide.

4. The laser of claim 1, 2 or 3 wherein said SDSF tun-
ing element is a volume hologram.

5. The laser of any preceding claim wherein a three
wave parametric interaction occurs within said
SDSF tuning element.

6. The laser of claim 5 wherein said three wave para-
metric interaction is an acousto-optic interaction.

7. The laser of any preceding claim wherein said gain
medium is a semiconductor single mode waveguide
which is electrically pumped.

8. The laser of any preceding claim wherein said res-
onator further comprises a grid fixing etalon.

9. The laser of claim 8 further comprising means for
monitoring the difference between said emission
wavelength and a wavelength of maximum trans-
mission of said grid fixing etalon.

10. The laser of claim 8 or 9 wherein the length of said
gain medium is selected so that said gain medium
has a free spectral range (FSR) which is substan-
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tially equal to the FSR of said grid fixing etalon di-
vided by an integer; or wherein the round trip path
length of said resonator is selected so that said res-
onator has an FSR which is substantially equal to
the FSR of said grid fixing etalon divided by an in-
teger.

11. The laser of claim 1 wherein a parasitic etalon within
said resonator provides discrete tunability; and/or
wherein the round trip path length of said resonator
is selected so as to provide discrete tunability.

12. The laser of any preceding claim wherein said res-
onator is a standing-wave resonator or a ring reso-
nator.

13. The laser of any preceding claim further comprising
means for monitoring said emission wavelength,
and/or further comprising means for monitoring the
difference between said emission wavelength and
a center wavelength of said SDSF or acousto-optic
tuning element.

14. The laser of claim 13 wherein an acousto-optic in-
teraction occurs within said SDSF tuning element.

15. The laser of any preceding claim wherein said gain
medium is an electrically pumped semiconductor
single mode waveguide and said output coupler is
an endface of said single mode waveguide.

16. A method for generating a laser beam comprising
the steps of:

a) pumping a gain medium positioned within an
optical resonator, said resonator defining an in-
tracavity beam path;

b) passing light traveling on said beam path
through (i) an SDSF tuning element and/or (ii)
an acousto-optic tuning element in zeroth order
so that said light is not frequency shifted; and

c) emitting light from within said resonator at
substantially a single emission wavelength to
provide said laser beam.

17. The method of claim 16 further comprising passing
light traveling on said beam path through a spatial
filter.

18. The method of claim 16 or 17 wherein said gain me-
dium is an electrically pumped semiconductor or
other single mode waveguide.

19. The method of any of claims 16 to 18 wherein said
SDSF tuning element is a volume hologram, and/or
wherein a three wave parametric interaction occurs

within said SDSF tuning element.

20. The method of claim 19 wherein said three wave
parametric interaction is an acousto-optic interac-
tion.

21. The method of any of claims 16 to 20 further com-
prising passing light traveling on said beam path
through a grid fixing etalon.

22. The method of claim 21 further comprising:

d) emitting a portion of a beam reflected from
said grid fixing etalon to provide an etalon sig-
nal at a detector;

e) emitting a portion of a beam circulating on
said beam path to provide a reference signal at
a detector;

f) deriving a normalized etalon signal from said
etalon signal and said reference signal; and

g) controlling the optical length of said beam
path to hold said normalized etalon signal fixed
to a predetermined value.

23. The method of claim 22 wherein said gain medium
is an electrically pumped semiconductor single
mode waveguide and wherein said optical length is
varied by altering the current supplied to said gain
medium.

24. The method of claim 21 wherein the length of said
gain medium is selected such that said gain medi-
um has a free spectral range (FSR) which is sub-
stantially equal to the FSR of said grid fixing etalon
divided by an integer, and/or wherein the optical
length of said beam path is selected such that said
resonator has an FSR which is substantially equal
to the FSR of said grid fixing etalon divided by an
integer.

25. The method of any of claims 16 to 24 wherein a par-
asitic etalon within said resonator provides discrete
tunability, and/or wherein the optical length of said
beam path is selected so as to provide discrete tun-
ability.

26. The method of any of claims 16 to 25 wherein said
resonator is a standing-wave resonator or a ring
resonator.

27. The method of any of claims 16 to 26 wherein an
acousto-optic interaction occurs within said SDSF
tuning element, said method further comprising:

d) emitting a portion of a first order beam from
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said resonator to provide a first order signal at
a detector;

e) emitting a portion of a zeroth order beam
from said resonator to provide a zeroth order
signal at a detector;

f) deriving a normalized first order signal from
said first order signal and said zeroth order sig-
nal; and

g) controlling the center wavelength of said tun-
ing element to hold said normalized first order
signal fixed to a predetermined value.

28. The method of claim 27 wherein said center wave-
length is varied by altering an electrical frequency
supplied to said tuning element, and/or wherein
said center wavelength is varied by altering the tem-
perature of said tuning element.

29. The method of any of claims 16 to 26 further com-
prising

d) emitting a diagnostic beam from said reso-
nator;

e) splitting said diagnostic beam into a first
beam and a second beam;

f) filtering said second beam with an optical fil-
ter having a linear dependence on wavelength;

g) detecting said first beam at a first detector to
provide a first signal;

h) detecting said filtered second beam at a sec-
ond detector to provide a second signal; and

i) deriving a wavelength measurement from
said first signal and said second signal.

30. The method of any of claims 16 to 26 further com-
prising

d) emitting a diagnostic beam from said reso-
nator;

e) splitting said diagnostic beam into a first
beam and a second beam;

f) reflecting said second beam from a wedged
interferometer having a coating on its back sur-
face wherein the reflectivity of said coating de-
pends linearly on the wavelength of said sec-
ond beam;

g) detecting said first beam at a first detector to

provide a first signal;

h) sampling a fringe pattern created by said
interferometer at a second detector to provide
a second signal and a third detector to provide
a third signal, wherein said second and third de-
tectors are spaced apart so as to provide spatial
quadrature; and

i) deriving a wavelength measurement from
said first signal, said second signal, and said
third signal.

31. The method of any of claims 16 to 30 further com-
prising passing light traveling on said beam path
through a grid fixing etalon, and also further com-
prising:

d) emitting a portion of a zeroth order beam
within said resonator to provide a zeroth order
monitor beam;

e) emitting a portion of a first order beam within
said resonator to provide a first order monitor
beam; and

f) emitting a portion of a beam reflected from a
surface of said grid fixing etalon to provide an
etalon monitor beam.

32. The method of claim 31 further comprising:

g) splitting said first order monitor beam into a
first sub beam and a second sub beam;

h) detecting said first sub beam at a first detec-
tor to provide a first order reference signal;

i) reflecting said second sub beam from a
wedged interferometer having a coating on its
back surface wherein the reflectivity of said
coating depends linearly on the wavelength of
said second beam;

j) sampling a fringe pattern created by said
interferometer at a second detector to provide
a second signal and a third detector to provide
a third signal, wherein said second and third de-
tectors are spaced apart so as to provide spatial
quadrature; and

k) deriving a wavelength measurement from
said first order reference signal, said second
signal, and said third signal.

33. The method of claim 32 further comprising:

1) detecting a portion of said zeroth order mon-
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itor beam at a detector to provide a zeroth order
signal;

m) deriving a normalized first order signal from
said first order reference signal and said zeroth
order signal; and

n) controlling an electrical frequency supplied
to said tuning element to hold said normalized
first order signal fixed to a predetermined value.

34. The method of claim 33 further comprising:

o) detecting a portion of said etalon monitor
beam to provide an etalon signal;

p) deriving a normalized etalon signal from said
etalon signal, said zeroth order signal and said
first order signal; and

q) controlling the current supplied to said gain
element to hold said normalized etalon signal
fixed to a predetermined value.
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