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module configured to receive, at least a portion of the laser light generated by the laser, to generate a control signal (705) and feed
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criminating element (704) which is preferably continuously frequency tuneable, and where the laser control module is placed outside
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LASER DEVICE WITH FREQUENCY STABILISING CONTROL MODULE

TECHNICAL FIELD

This application relates to a laser device exhibiting low levels of frequency
noise and to application of such laser devices for example in interferometric

sensing.

BACKGROUND ART

Single frequency fiber lasers are commonly known to produce laser light with
a very high degree of frequency stability and a corresponding very low level
of frequency noise. This has made this class of lasers particularly suited for a
number of applications within interferometric and remote sensing where the
frequency noise of the laser light is a limiting factor. Development within
especially the field of geo-seismic sensing has called for even lower levels of
frequency noise than are typically obtained from standard, non-conditioned
fiber lasers. Some of these applications further require that the lasers can be
tuned while at the same time they must exhibit very low frequency noise. It is
known from numerous publications within the field of laser based
spectroscopy, and especially from the field of laser trapping and cooling that
frequency locking of the laser frequency to stable interferometers with high
finesse can lead to significant reductions in laser frequency noise (prior art
examples include [Trdbs et al], [Gréverie et al]). Laser frequency locking in
the prior art is typically obtained using large size interferometers which are
un-suited for integration with compact laser systems devised for field

applications.

On the other hand, compact, hermetically packaged, and fiber coupled
interferometers for laser wavelength locking are well known from the field of
optical telecommunications, where so-called wavelength lockers are used to
maintain the laser frequency within a typical filter bandwidth e.g. in a dense
wavelength division multiplexed optical communication system. Such telecom

grade wavelength lockers are un-suited for the purpose of laser frequency
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noise reduction due to their low coefficient of finesse (also simply called low
finesse), and further they cannot be tuned in wavelength or frequency. The
prior art describes a frequency tunable telecom grade wavelength locker
([Tuominen et al]). However, this wavelength locker again has a very low

finesse and is hence unsuited for laser frequency noise reduction.

The prior art further describes a frequency tunable external cavity diode laser
incorporating thermally tunable etalons e.g. as in US2004/0101016 Al. Itis
well known in the art that extending the cavity length of e.g. diode lasers
leads to a reduction in linewidth and similarly in the fundamental phase noise
as defined by the Shawlow-Townes limit. This is typically obtained by
coupling the output of the diode laser to an external cavity comprising an
output coupler and a high reflectivity mirror. However, when extending the
cavity length, the cavity free spectral range is reduced, and spectral filtering
elements are typically needed to ensure single mode operation. These
spectral filtering elements (or mode filters) are placed inside the extended
cavity, such as is the case for the tunable etalons described in
US2004/0101016 Al. In this document the thermal tunability of the etalons
secures frequency tunability of the external cavity laser by effectively
changing the optical path length of the cavity. However, while the etalon in
this manner assists in obtaining single mode operation, its potential
insensitivity to technical noise (such as can be obtained via a compact etalon

design and hermetic sealing) is not utilized.

WO 03/005502 A2 discloses a similar example where a thermally tunable
etalon is placed inside the laser and is likewise used to tune the wavelength

of an external cavity diode laser.

DISCLOSURE OF INVENTION

The present invention aims to provide laser devices and techniques to
alleviate at least some of the problems described above and preferably the
invention aims at improving the frequency noise of frequency tunable

compact laser devices.
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It is an object of the invention to provide a laser device that generates laser
light and that comprises a tunable laser and a tunable laser control module
that acts to stabilize the frequency of the laser and provide a high frequency
stability of the laser light, and at the same time maintain frequency tunability

of the device.

It is further an object of the invention to provide a laser device (herein also
referred to as a frequency stable laser device) which is compact and robust
against environmental impact such as vibration and/or ambient temperature

changes.

In an embodiment of the invention it is further an object to provide a
frequency stable tunable laser device which is suitable for application in
interferometric sensing systems, such as are used in geo-seismic applications

or in fiber optical gyroscopes.

These and other objects have been solved by the invention as defined in the

claims and as described herein below.

It has been found that the invention and embodiments thereof have a
number of additional advantages which will be clear to the skilled person from
the following description.

The laser device of the invention comprises a tunable laser that generates
laser light and a laser control module configured to receive at least a portion
of the laser light, to generate a control signal and to feed the control signal
back to the laser for stabilizing the frequency, wherein the laser control
module comprises a tunable frequency discriminating element which is
preferably continuously frequency tunable, and where the laser control
module is placed outside the laser cavity. In use the control module generates
a control signal to feed back to the laser in order to stabilize the frequency of
the laser and in this manner improve the frequency stability of the laser light
compared to its stability without the feed back control signal. Thereby the

laser device of the invention is a frequency stable laser device,
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According to a further aspect, there is provided a laser-based sensing system, comprising: a
laser device, comprising, a tunable laser comprising a laser cavity and a laser control module
located outside the laser cavity; wherein the tunable laser is configured to generate laser light
having a frequency, the laser control module is configured to receive at least a portion of the
laser light generated by the laser, to generate a control signal and to feed the control signal
back to the laser for stabilizing the frequency; wherein the laser control module comprises a
frequency discriminating element comprising interferometer mirrors and a tunable
iterferometer length, wherein the interferometer length is tunable by an actuator arranged
between the interferometer mirrors and by thermal variation; and wherein the laser based

sensing system further comprises a sensor element for interrogation by the laser device.

According to another aspect, there is provided a laser device, comprising: a tunable laser
comprising a laser cavity and a laser control module located outside the laser cavity, wherein
the tunable laser is configured to generate laser light having a center frequency, the laser
control module is configured to receive at least a portion of the laser light generated by the
laser, to generate a control signal and to feed the control signal back to the laser for
stabilizing the frequency; and wherein the laser control module comprises a frequency
discriminating element comprising interferometer mirrors and a tunable interferometer
Iength, wherein the interferometer length is tunable by an actuator arranged between the

iterferometer mirrors and by thermal variation.

According to a further aspect, there is provided a laser device, comprising a tunable laser
comprising a laser cavity and a laser control module placed outside the laser cavity, wherein:
the tunable laser is configured to generate laser light having a center frequency, the laser
control module is configured to receive at least a portion of the laser light generated by the
laser, to generate a control signal and to feed the control signal back to the laser for
stabilizing the frequency, and the laser control module comprises an interferometer
comprising inter(erometer mirrors and a tunable interferometer length, wherein the
iterferometer length is tunable by an actuator arranged to control the distance between the

interferometer mirrors.

According to a further aspect, there is provided a laser device, comprising: a tunable laser

comprising a laser cavity and a laser control module, wherein: the tunable laser is configured

Date Regue/Date Received 2021-08-19
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to generate laser light having a center frequency, the laser control module is configured to
receive at least a portion of the laser light generated by the laser, to generate a control signal
and to feed the control signal back to the laser for stabilizing the frequency, and the laser

control module comprises a frequency discriminating element.

It has been found that the invention and embodiments thereof have a number of advantages

which will be clear to the skilled person from the following description.

The disclosure also discloses a laser device which comprises a tunable laser that generates
laser light and a laser control module configured to receive at least a portion of the laser light,
to generate a control signal and to feed the control signal back to the laser for stabilizing the
frequency, wherein the laser control module comprises a tunable frequency discriminating
element which is preferably continuously frequency tunable, and where the laser control
module is placed outside the laser cavity. In use the control module generates a control signal
to feed back to the laser in order to stabilize the frequency of the laser and in this manner
improve the frequency stability of the laser light compared to its stability without the feed

back control signal. Thereby the laser device is a frequency stable laser device.

Date Regue/Date Received 2021-08-19
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Methods of stabilizing a laser using a feedback signal are well known and the
laser device of the invention may be configured to perform the stability
regulation using the generated control signal by any method, such as the

method generally known from PID controller systems.

According to an embodiment of the invention the objects above are fulfilled
by providing a device, comprising a laser that generates laser light and a laser
control module that receives at least a portion of the laser light and generates
a control signal to feed back to the laser in order to stabilize the frequency of
the laser and in this manner improve the frequency stability of the laser light,
wherein the laser control module comprises a frequency discriminating
element which is frequency tunable, and where the laser control module is
placed outside the laser cavity. In an embodiment the frequency
discriminating element is continuously frequency tunable. In an embodiment

the frequency discriminating element is stepwise frequency tunable.

In a preferred embodiment the tunable laser is a fiber laser, preferably a fiber
DFB laser. The fiber laser, particularly single longitudinal mode and single
frequency fiber Bragg grating based fiber lasers, such as DFB (distributed
feedback) or DBR (distributed Bragg reflector) fiber lasers, constitute a class
of compact laser devices which exhibits lower levels of frequency noise
compared to many other types of similarly compact lasers. When used
according to the invention, i.e. when locking the frequency of the laser to the
frequency of a laser control module (that constitutes a stable frequency
reference), very low levels of frequency noise can be obtained across a wide
range of frequencies for example suitable for application in one or more

interferometric sensor applications.

In anr embodiment the tunable laser is a diode laser, such as a
semiconductor diode laser or an external cavity diode laser (also known as an
extended cavity type semiconductor diode laser). Notice that in the latter case
the tunable laser according to the invention has at least one frequency

selective element inside the laser cavity (as described in e.g. prior art
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US2004/0101016 A1) and another frequency selective element in the laser

control module outside the laser cavity. In yet an embodiment the tunable
laser is a solid state laser such as e.g. a compact diode pumped solid state
laser, such as e.g. a compact diode pumped non-planar ring oscillator type
solid state laser. The laser device can advantageously comprises two or more

lasers of same of different type, e.g. combinations of the above embodiments.

In a preferred embodiment, the laser control module is encapsulated in a
housing preferably to reduce impact of ambient temperature variations. The

housing may comprise thermal insulation.

In a preferred embodiment, the laser control module is encapsulated in a
hermetically sealed housing, such that the components inside the hermetic
seal are shielded from ambient perturbations from vibration, acoustics, and/or

humidity and/or variation of temperature and/or air pressure.

According to an embodiment of the invention, continuous tunability of the
frequency discriminating element is fulfilled by providing a temperature
sensitive discriminator which is monitored by a temperature sensor and
controlled by a thermo-electric device. Especially, improved stability is fulfilled
by positioning the temperature sensor in physical contact or close proximity to
the temperature dependant frequency discriminating element and further by
isolating the temperature dependant frequency discriminating element from
thermal variations caused by thermal radiation, thermal convection or thermal
guiding. The temperature sensor could be any of but not limited to the
following components: Negative Temperature Coefficient (NTC) thermistor,
Positive Temperature Coefficient (PTC) thermistor, Resistance Temperature
Detector (RTD) or thermocouple. The thermo-electric element could be any of
but not limited to the following components: Peltier element, thin film heating
element or other resistive heating elements. According to an embodiment of
the invention, the thermo-electric element could be located inside or outside a
hermetically sealed housing together with the other components of the laser

control module.
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According to an embodiment of the invention, continuous tunability of the
frequency discriminating element is fulfilled by providing a discriminator which
is sensitive to changes in the dimensions of the discriminator. In a preferred
embodiment a frequency discriminating element which is sensitive to changes
in the dimensions could be a Fabry-Perot interferometer, where the distance
between the mirrors is controlled by an actuator which could be a piezo

electric actuator, a magnetostrictive actuator or a thermal expansion actuator.

According to an embodiment of the invention, continuous tunability of the
frequency discriminating element is fulfilled by providing a discriminator which
is sensitive to the angle between the laser light beam and the discriminator.
In a preferred embodiment a frequency discriminating element which is
sensitive to changes in the angle between the laser light beam and the
discriminator could be a Fabry-Perot interferometer, where the angle between
the laser light beam and the interferometer is controlled by an actuator which
could be a piezo electric actuator, a magnetostrictive actuator or a thermal

expansion actuator.

According to an embodiment of the invention the frequency discriminating
element is an interferometer, and in a preferred embodiment the
interferometer is a Fabry-Perot interferometer. The Fabry-Perot
interferometer has the particular advantage with respect to the invention that
a combination of high finesse and a suitable free spectral range can be
obtained using a small interferometer that easily fits into a compact
hermetically sealed laser control module (e.g. as in figure 1) as described
above. In the prior art extremely low noise laser systems have been enabled
using stabilized high finesse interferometers ([Trobs et al], [Gréverie et al]),
but these are typically large and bulky and are as such unsuited for use in a
compact laser product aimed for industrial applications. In a preferred
embodiment the interferometer finesse is higher than 10, preferably higher
than 40, or even higher than 100. In a preferred embodiment the
interferometer Free Spectral Range is within the range 1 GHz — 200 GHz,
preferably within the range 10 GHz — 50 GHz. The combination of a relatively
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high finesse (e.g. around 50) and a suitable Free Spectral Range (e.g. 25 GHz)
secures a steep slope (measured e.g. in dB/GHz) in the interferometer
transmission function. This steep slope secures that small excursions of the
laser frequency result in @ measurable current from the photo detectors (see
figure 2, points 4 and 5) with a suitably high signal/noise ratio in the control
signal that feeds back to the laser (see figure 3). The choice of Free Spectral
Range enables a small size of the Fabry-Perot interferometer. As an example,
a Free Spectral Range of 25 GHz corresponds to an interferometer length of
approximately 6 mm for an air spaced interferometer (mirrors spaced 6 mm
apart with air in between), and approximately 4.1 mm for a solid silica
interferometer. This size makes it possible to fit the interferometer into a
compact laser control module as described above and as depicted in figures 1
and 2. The choice of finesse of e.g. 50 represents a compromise between the
need for a steep slope in the interferometer transmission function and what is
easily feasible. First of all the interferometer mirrors need to have a high
reflectivity and secondly integrating the interferometer in a compact laser
control module requires accurate alignment of the optical fiber with respect to

the interferometer optical axis to maintain the maximum possible finesse.

In an embodiment of the invention the device comprises the use of Mach-
Zender interferometers, ring resonator interferometers, and Michelson
interferometers. These interferometers hold the advantage that they can be
fabricated using waveguide technology. On the other hand, e.g. the Mach-
Zender interferometer would require a long path length imbalance to obtain a
suitably steep frequency response for frequency noise reduction through
locking. This again leads to larger size interferometers which are less suited

for integration with compact laser devices.

According to an embodiment of the invention the frequency discriminating
element is temperature tunable. Some applications for low noise laser devices
according to the invention require that the frequency be locked to obtain a
low level of frequency noise while still being able to tune the center frequency

of the locked laser. This can be required e.g. when using a laser device
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according to the invention for interrogation of complex systems of multiple
interferometers e.g. in geo-seismic sensing systems, where the individual
sensor interferometers are frequency separated. In the prior art ([Trobs et al],
[Gréverie et al]), locking to high finesse interferometers to reduce the laser
frequency noise is typically obtained using interferometers built from materials
with low thermal expansion coefficients. Furthermore, these interferometers
will typically be air spaced. E.g. a Fabry-Perot interferometer used for this
purpose will consist of two high reflectivity mirrors spaced by a low thermal
expansion material, where the spacer is hollow, consisting e.g. of a tube, 3
rods to hold the mirrors or similar structures. When further employing active
thermal stabilization to the interferometer, such an interferometer holds the
very significant advantage that its frequency response (i.e. the sensitivity of
the position of the peaks (or the steep slope) in its transmission function) can
be very low. This again means that a laser locked to such an interferometer
can be expected to exhibit low frequency noise also at low frequencies (e.g.
sub-Hz — 100 Hz) corresponding to typical thermal fluctuations in the
environment. Such air spaced low thermal expansion interferometers are
typically also employed in low finesse wavelength lockers for telecom
applications, where the purpose is not to reduce the laser frequency noise,
but rather to maintain the laser frequency within a typical filter bandwidth e.g.
in a dense wavelength division multiplexed optical communication system.
Such telecom grade wavelength lockers are un-suited for the purpose of laser
frequency noise reduction due to their low finesse (typically 2-4), and further
they cannot be tuned in wavelength or frequency. The prior art describes a
frequency tunable telecom grade wavelength locker ([Tuominen et al]).
However, this wavelength locker again has a very low finesse and is hence
unsuited for laser frequency noise reduction. It is generally acknowledged in
the field that low thermal expansion materials must be used in
interferometers used for the purpose of laser frequency noise reduction
through frequency locking for the reasons described here. Low thermal
expansion interferometers on the other hand do not allow continuous

frequency tuning of the device. In order to allow continuous frequency tuning
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of the device the interferometer length must be continuously tunable. This
can be accomplished by various means, e.g. by inserting a piezo electric
element or a magnetostrictive element or other actuator between the
interferometer mirrors (if a Fabry-Perot interferometer is used), or by means
of changes in the angle of the interferometer with respect to the optical axis
of the system or by other means. In a preferred embodiment the frequency
discriminating element is temperature tunable. In a further preferred
embodiment the temperature tuning coefficient is higher than 1 pm/K,
preferably higher than 5 pm/K. In vet a preferred embodiment temperature
tunability is obtained by fabricating the frequency discriminating element from
solid silica. Silica holds the advantage that it is a highly optical transparent
material that is easily machined to the right size and shape. It further has a
thermal response of approximately 1.25 GHz/K rendering it suitable for

thermal tuning.

When constructing a laser control module based on a typical telecom grade
wavelength locker design but modified to use a solid silica etalon with high
finesse a relatively high frequency sensitivity to ambient temperature
variations must be expected compared to using an air spaced low thermal
expansion interferometer. This translates into expecting a relatively high level
of laser frequency noise at low frequencies. Surprisingly it turns out that by
applying a thermal design of the wavelength locker, especially by careful
attention to the position of the temperature sensor relative to the frequency
discriminating element, the sensitivity of the locked laser device center
frequency to ambient temperature variations can be reduced significantly to
reduce correspondingly the laser device frequency noise at low frequencies.
In a preferred embodiment the temperature sensor is placed in direct contact
with the frequency discriminating element. This will serve to reduce the
impact on the center frequency of the frequency discriminating element
originating from possible gradients between the wavelength locker case
temperature and the temperature of the frequency discriminating element. If

the temperature sensor is not placed close to or in direct contact with the
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frequency discriminating element, ambient temperature variations may lead to
false temperature readings which again lead to false temperature adjustments
of the frequency discriminating element which finally lead to an increase in

frequency noise (typically at low frequencies).

In a preferred embodiment of the invention the power of the portion of the
laser light directed to the laser control module is monitored before entering
the frequency discriminating element (figure 2, points 1 and 2), thus
generating a reference signal (figure 2, point 4), and the control signal is
constituted by the difference between the reference signal and the power
transmitted through the frequency discriminating element (figure 2, point 5).
Subtracting the reference signal secures that variations in laser power are not
interpreted as laser device frequency excursions; such power variations would
otherwise lead to a false signal from the laser control module leading to a

corresponding increase in frequency noise.

In a preferred embodiment of the invention the frequency discriminating
element is a silica based Fabry-Perot interferometer and the power is
detected using photo detectors. Typical examples of suitable photo detectors
include, but are not limited to, InGaAs pin detectors which have a high
responsivity at 1550 nm (typically around 1 Ampere/Watt), are sufficiently
small that they fit easily into a compact wavelength locker type laser control

module, and have a bandwidth that far exceeds the requirements.

In a preferred embodiment of the invention the photo detectors are serially
connected so that the anode of one photo detector is connected to the
cathode of the other, and the control signal is taken from the common
terminal of the two photo detectors (figure 2, point 5). By serially coupling the
photo detectors this way the signal is automatically generated as the
difference between the photo current generated from the light transmitted
through the frequency discriminating element and the photo current

generated from the reference light. This reduces noise and hence improves
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the signal/noise ratio of the control signal that feeds back to the laser for

frequency stabilization.

In a preferred embodiment of the invention the detected difference signal
between the frequency discriminating element and the reference can be offset
by an external control signal and thus enabling faster frequency tuning of the
laser light than obtainable by tuning the frequency discriminating element
while simultaneously improving the frequency stability of the laser light. Using
this external control signal enables tuning of the laser frequency at a speed
that is limited by the lasers tuning mechanisms, whereas the frequency tuning
range is limited by the spectral width of the frequency discriminating elements
locking slope.

In a preferred embodiment of the invention, an independent power
measurement of the reference signal is fulfilled by providing a current mirror
to copy the current through the reference photo detector without affecting
the measurement of the difference signal between the reference signal and
the frequency discriminating element signal. This enables using the reference
photo detector to provide feedback for reducing the laser light intensity noise
without the requirement of adding further optical components and thus
reduce the system complexity and the requirement on the laser power for

optimum noise reduction.

In an embodiment consists of a system with multiple wavelength separated
lasers, each laser comprising a device according to the invention. Such as
system can be used e.g. to interrogate complex sensor systems based on
wavelength separated sensor elements (e.g. fiber interferometers). In yet a
embodiment the light generated from the multiple lasers is multiplexed into
one single optical fiber, preferably using a fiber coupled arrayed waveguide
grating (AWG) or other fiber coupled devices for wavelength multiplexing. By
multiplexing the wavelength separated laser signals the combined laser
interrogation signal can be directed in an efficient manner to a multiple of

fiber based wavelength separated sensor elements.
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In one embodiment the laser devices or multiple wavelength laser systems
according to the invention can be used in interferometric sensing applications,
such as geo-seismic applications, in fiber optical gyroscopes, or in coherent

LIDAR/vibrometer applications.

It should be emphasized that the term “comprises/comprising” when used
herein is to be interpreted as an open term, i.e. it should be taken to specify
the presence of specifically stated feature(s), such as element(s), unit(s),
integer(s), step(s) component(s) and combination(s) thereof, but does not

preclude the presence or addition of one or more other stated features.

All features of the inventions including ranges and preferred ranges can be
combined in various ways within the scope of the invention, unless there are

specific reasons for not to combine such features.

BRIEF DESCRIPTION OF DRAWINGS

The invention will be explained more fully below in connection with preferred
embodiments and with reference to the drawings in which:

FIG. 1 is a schematic sketch of a compact high finesse wavelength locker.

FIG. 2 is a schematic sketch of a preferred embodiment of high finesse
wavelength locker with frequency discriminator and photo detectors arranged
for balanced detection

FIG. 3 shows interferometer transfer functions with a possible locking point

FIG. 4 shows frequency noise of a fiber DFB laser with (freq. stabilized laser)
and without (non-stabilized laser) the improvements by using a laser control

module outside the laser cavity according to the invention

FIG. 5 shows an external cavity diode laser from prior art, as e.g. shown in
figure 2 of ([US2004/0101016 A1]).

Figure 6 illustrates the use of the tunable etalon inside the external cavity

diode laser shown in fig. 5.Fig. 7 shows a laser device according to the
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invention. It comprises a tunable laser configured to generate laser light and
a laser control module configured placed outside the laser cavity. The laser
control module comprises an etalon with high finesse and the transmission

through the etalon is fed back into the cavity to stabilize the laser frequency.
Fig. 8 illustrates the locking point on the etalon used in figure 7.

Fig. 9 shows a laser device according to the invention where the tunable laser
is an external cavity diode laser as shown in fig. 5. The figures are schematic
and may be simplified for clarity. Throughout, the same reference numerals

are used for identical or corresponding parts.

Figure 1 shows the design and the function of a wavelength locker as
described in the text, particularly in example 1. The top part of figure 1 shows
the outline of a fiber coupled wavelength locker approximately 40 mm x 15
mm X 8.5 mm. The bottom part of figure 1 illustrates the functionality of the
wavelength locker: light from the optical fiber is divided by a beam splitter
(BS) into one part that acts as a reference signal (detected by photo detector
PD1) and another part that is passed through a frequency discriminating
element, here specifically a solid silica etalon (detected by photo detector
PD2). The two photo detectors are serially connected such that the anode of

PD2 is coupled to the cathode of PD1 — creating a balanced detection scheme.

Figure 2 also shows the functionality of a generic wavelength locker
illustrating the frequency selective nature of the frequency discriminating

element.

Figure 3 shows the transmission function of interferometers with different
values of the finesse as well as an indication of a typical position of the

locking point. The locking point, however, does not need to be at the 50%
mark. The locking point can be adjusted by measuring the amplified signal

from the balanced detection against an offset voltage value.
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Figure 4 illustrates how the devices and techniques of the invention can be

used to improve the frequency noise of a tunable fiber DFB laser.

Figure 5 shows an external cavity diode laser from prior art 500, as e.g.
shown in figure 2 of US2004/0101016 Al. The laser cavity comprises a high
reflectivity mirror 501, a tunable etalon (502), a lens (503), and a diode laser
503. The back side of the diode laser act as an output coupler and the laser

output is thereby going through laser diode(504.

Figure 6 illustrates the use of the tunable etalon inside the external cavity
diode laser shown in fig. 5. The laser gain band 601 overlaps with several
cavity modes 602 and in the absence of an etalon the laser can lase on
several cavity modes simultaneously. This is also referred to as that lasing at
several longitudinal modes. However, the transmission spectrum of the etalon
(603) has a narrow passband and thus acts as a mode selector so that the
laser only lases at one laser cavity mode. The tunability of the etalon allows
for fine tuning of the laser frequency through adjustment of the laser cavity

optical path length

Fig. 7 shows a laser device according to the invention. It comprises a tunable
laser with a single output mode 700. The output of the laser traverses an
optical fiber 701 and an optical coupler or splitter 702. One of the output
ports of the coupler is laser output 703. The other output is sent to a high
finesse tunable etalon 704 and the transmission of the etalon 705 is sent back

into the laser cavity to generate an error signal to stabilize the laser frequency.

Fig. 8 illustrates the etalon transmission spectrum (800) and a suitable locking
point 801 for the tunable laser 700 shown in figure 7. By designing the etalon
with a high finesse and with a compact design, the etalon center frequency

can be made more stable than that of the laser, so that frequency locking the

laser to the etalon reduces the frequency noise of the laser.

Fig. 9 shows a laser device according to the invention where the tunable laser

700 consists of an external cavity diode laser 500 as shown in fig. 5.
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EXAMPLE

An example of the embodiment of a device according to the invention was
produced in the following way. A low noise distributed feedback fiber laser
operating at 1542.5 nm and providing an output power of approximately 50
mW and a spectral linewidth of < 1 kHz was fabricated according to standard
production processes. A hermetically sealed custom designed wavelength
locker with dimensions of approximately 40 mm x 15 mm x 8.5 mm was
fabricated. The frequency discriminating element consisted of a solid silica
Fabry-Perot interferometer with a free spectral range of 25 GHz and a finesse
of approximately 50. The temperature sensor was fixed in direct contact with
the interferometer. A portion of the light from the distributed feedback fiber
laser is passed via optical fiber to the custom designed wavelength locker.
Inside the wavelength locker the light from the optical fiber was collimated
and divided by a beam splitter into one part that acts as a reference signal
detected by a reference photo detector and another part that is passed
through the solid silica interferometer and detected by a signal photo detector.
The two photo detectors were serially connected such that the anode of the
signal photo detector was coupled to the cathode of the reference photo
detector — creating a balanced detection scheme. The outline and the
schematic of the wavelength locker is illustrated in figures 1 and 2. The fiber
laser and wavelength locker were packaged in the same mechanical enclosure
(dimensions 23 mm x 92 mm x 200 mm) including thermal control of both
fiber laser and wavelength locker and additional thermal shielding of the
wavelength locker to reduce the impact of ambient thermal variations. The
fiber laser frequency can be tuned using thermal and piezo control. By locking
the fiber laser to one of the steep wavelength locker slopes (using feedback
to both fiber laser temperature and piezo voltage), the frequency noise of the
fiber laser could be reduced by more than two orders of magnitude over a
broad frequency range — as illustrated in figure 4. Using an external
modulation input it was possible to provide fast tuning of the laser without

compromising the obtained improvement in frequency noise.
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Further scope of applicability of the present invention will become apparent
from the detailed description given hereinafter. However, it should be
understood that the detailed description and specific examples, while
indicating preferred embodiments of the invention, are given by way of
illustration only, since various changes and modifications within the spirit and
scope of the invention will become apparent to those skilled in the art from

this detailed description.

Some preferred embodiments have been shown in the foregoing, but it should
be stressed that the invention is not limited to these, but may be embodied in

other ways within the subject-matter defined in the following claims.
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WHAT IS CLAIMED IS:

1. A laser device, comprising:

a tunable laser configured to generate laser light having a frequency and a laser
control module configured to receive a portion of the laser light generated by the tunable
laser to generate a control signal and to feed the control signal back to the tunable laser for
stabilizing the frequency;

wherein the tunable laser comprises a laser cavity and the laser control module
comprises a continuously frequency tunable frequency discriminating element, and where the
laser control module is located outside the laser cavity; and

wherein the laser control module without the tunable laser is encapsulated inside a
hermetically sealed housing which isolates the tunable frequency discriminating element

from ambient temperature variations.

2. The laser device according claim 1, wherein the tunable laser operates in a single
longitudinal mode.
3. The laser device according to claim 1 or claim 2, wherein the tunable laser is selected

from a fiber laser, a diode laser or a solid-state laser.

4. The laser device according to any one of claims 1-3, wherein the frequency

discriminating element comprises solid silica.

5. The laser device according to any one of claims 1-4, wherein the laser control module

is fiber coupled to the tunable laser.

6. The laser device according to any one of claims 1-5, wherein the laser control module

is temperature controlled.

7. The laser device according to any one of claims 1-6, wherein the frequency

discriminating element comprises an interferometer.
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8. The laser device according to claim 7, wherein the interferometer comprises a Fabry-

Perot interferometer.

9. The laser device according to claim 7 or claim 8, wherein the interferometer finesse is

at least 40.

10.  The laser device according to any one of claims 7-9, wherein the interferometer

finesse is at least 100.

11.  The laser device according to any one of claims 7-10, wherein the interferometer has

a Free Spectral Range within the range from about 1 GHz to about 200 GHz.

12.  The laser device according to any one of claims 7-10, wherein the interferometer has

a Free Spectral Range within the range from about 10 GHz to about 50 GH~.

13.  The laser device according to any one of claims 1-12, wherein the frequency

discriminating element is temperature tunable.

14.  The laser device according to claim 13, further comprising a temperature sensor in

direct contact with the frequency discriminating element.

15.  The laser device according to any one of claims 1-14, wherein the frequency

discriminating element is tunable by means of piczo induced length changes.

16.  The laser device according to any one of claims 1-15, wherein the tunable laser has an
optical axis and the frequency discriminating element is arranged with an angle to the optical
axis, and wherein the frequency discriminating element is tunable by means of changes in the

angle of the frequency discriminating element with respect to the optical axis.

17.  The laser device according to claim 16, wherein the frequency discriminating element

comprises an interferometer.
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18.  The laser device according to any one of claims 1-17, wherein the device is
configured to monitor the power of the portion of the laser light directed to the laser control
module before entering the frequency discriminating element to generate a reference signal,
and where the device is configured to generate the control signal by the difference between

the reference signal and the power transmitted through the frequency discriminating element.

19.  The laser device according to any one of claims 1-18, wherein the discriminating
element comprises a silica based Fabry-Perot interferometer comprising photo detectors

arranged for detecting power.

20. The laser device according to claim 19, wherein the power is detected using two
photo detectors and the photo detectors are serially connected so that an anode of one photo
detector is connected to a cathode of the other, and the control signal is taken from the

common terminal of the two photo detectors.

21.  The laser device of any one of claims 1-20, wherein the laser light generated by the
tunable laser traverses an optical coupler or splitter comprising one output port for laser

output and one output port for feeding light back to the tunable laser.

22. A laser-based sensing system, comprising:
a laser device, comprising,

a tunable laser configured to generate laser light having a frequency;

a laser control module configured to receive a portion of the laser light
generated by the tunable laser to generate a control signal and to feed the control signal back
to the tunable laser for stabilizing the frequency;

wherein the tunable laser comprises a laser cavity and the laser control module
comprises a continuously frequency tunable frequency discriminating element, and where the
laser control module is located outside the laser cavity,

wherein the laser control module without the tunable laser is encapsulated
mside an hermetically sealed housing which isolates the tunable frequency discriminating

element from ambient temperature variations; and
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wherein the laser-based sensing system further comprises a sensor element for

interrogation by the laser device.

23. A laser-based sensing system, comprising:
a laser device, comprising,

a tunable laser comprising a laser cavity and a laser control module located
outside the laser cavity;

wherein the tunable laser is configured to generate laser light having a
frequency, the laser control module is configured to receive at least a portion of the laser light
generated by the laser, to generate a control signal and to feed the control signal back to the
laser for stabilizing the frequency;

wherein the laser control module comprises a frequency discriminating element
comprising interferometer mirrors and a tunable interferometer length, wherein the
interferometer Iength is tunable by an actuator arranged between the interferometer mirrors
and by thermal variation; and

wherein the laser based sensing system further comprises a sensor element for

interrogation by the laser device.

24.  The laser-based sensing system according to claim 22 or claim 23, wherein the sensor

element comprises a geo-seismic sensor.

25.  The laser-based sensing system according to claim 22 or claim 24, wherein the

frequency discriminating element comprises solid silica.

26.  The laser-based sensing system of any one of claims 22-25, wherein the frequency

discriminating element has a finesse of at least 40.

27.  The laser-based sensing system of any one of claims 22-26, wherein the laser based

sensing system is configured for use as a geo-seismic sensing system.
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28.  The laser-based sensing system according to any one of claims 22-27, wherein said
system further comprises multiple laser devices, wherein the tunable lasers of the multiple

laser devices comprise wavelength separated tunable lasers.

29.  The laser-based sensing system according to claim 28, wherein the system is
configured to provide that the light generated from the multiple laser devices is multiplexed

into one single optical fiber.

30.  The laser-based sensing system according to claim 29, wherein the system comprises

an arrayed waveguide grating (AWG) configured to providing the multiplexing.

31.  The laser-based sensing system according to claim 28 or claim 29, wherein the system
comprises multiple sensor elements, said multiple sensor elements comprising said sensor

element.

32.  The laser-based sensing system according to claim 31, wherein said multiple sensor

elements comprise wavelength separated sensor elements.
33.  The laser-based sensing system of any one of claims 22-32, wherein the laser light
generated by the tunable laser traverses an optical coupler or splitter comprising one output

port for laser output and one output port for feeding light back to the tumable laser.

34.  The laser-based sensing system according to any one of claims 22-33, wherein the

frequency discriminating element comprises an interferometer.

35.  The laser-based sensing system according to claim 34, wherein the interferometer

comprises a Fabry-Perot interferometer.

36.  The laser-based sensing system according to any one of claims 22-35, wherein said

sensor element comprises an interferometer.
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37.  The laser-based sensing system according to any one of claims 22-36, wherein said
system comprises multiple sensor elements, said multiple sensor elements comprising said

sensor element.

38.  The laser-based sensing system according to claim 37 wherein said multiple sensor

elements comprise wavelength separated sensor elements.

39. A laser device, comprising:

a tunable laser comprising a laser cavity and a laser control module located outside
the laser cavity, wherein the tunable laser is configured to generate laser light having a center
frequency, the laser control module is configured to receive at least a portion of the laser light
generated by the laser, to generate a control signal and to feed the control signal back to the
laser for stabilizing the frequency; and

wherein the laser control module comprises a frequency discriminating element
comprising interferometer mirrors and a tunable interferometer length, wherein the
mterferometer length is tunable by an actuator arranged between the interferometer mirrors

and by thermal variation.

40.  The laser device of claim 39, wherein the laser control module is encapsulated inside

a hermetically sealed housing.

41.  The laser device of claim 39 or claim 40, wherein the laser is a single frequency laser.

42.  The laser device of any one of claims 39-41, wherein the laser is selected from a fiber

laser, a diode laser or a solid-state laser.

43, The laser device of any one of claims 39-42, wherein the laser comprises a single

frequency laser.

44. The laser device of any one of claims 39-43, wherein the interferometer comprises a

Fabry-Perot interferometer.
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45.  The laser device of any one of claims 39-44, wherein the interferometer comprises

solid silica.

46.  The laser device of any one of claims 39-45, wherein the interferometer has an

interferometer finesse of at [east 40.

47.  The laser device of any one of claims 39-46, wherein the interferometer has a Free

Spectral Range of at least 25 GHz.

48.  The laser device of any one of claims 39-47, wherein the interferometer length is

tunable by means of piezo inducement.

49.  The laser device of claim 48, wherein the wherein the interferometer comprises
serially connected photodetectors to provide that an anode of one photo detector is connected
to a cathode of the other, and the control signal is taken from the common terminal of the two

photo detectors.

50.  The laser device of any one of claims 39-49, wherein the laser has an optical axis and
the interferometer is arranged with an angle to the optical axis, wherein the interferometer
length is tunable by means of changes in the angle of the interferometer with respect to the

optical axis.

51.  The laser device of any one of claims 39-50, wherein the laser device comprises a

temperature sensor.

52.  The laser device of claim 51, wherein the temperature sensor is in direct contact with

the interferometer.

53.  The laser device of any one of claims 39-52, wherein the interferometer is a

temperature dependent frequency discriminating element.
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54.  The laser device of any one of claims 39-53, wherein the laser device comprises a

thermo-electric element located for thermally tuning the interferometer.

55.  The laser device of any one of claims 39-54, wherein the interferometer is

encapsulated inside a thermally insulated housing.

56.  The laser device of any one of claims 39-55, wherein the device is configured to

monitor the power of the portion of the laser light directed to the laser control module before
entering the interferometer to generate a reference signal, and where the device is configured
to generate the control signal by the difference between the reference signal and the power of

the laser light transmitted through the interferometer.

57.  The laser device of any one of claims 39-56, wherein the interferometer is a silica

based Fabry-Perot interferometer and the power is detected using photo detectors.

58.  The laser device of any one of claims 39-57, wherein the fiber laser center frequency

is continuously tunable using thermal and piezo control for tuning the interferometer Iength.

59.  The laser device of any one of claims 39-58, wherein the actuator is a thermal

expansion actuator.

60. A laser device, comprising

a tunable laser comprising a laser cavity and a laser control module placed outside the
laser cavity,

wherein:

the tunable laser is configured to generate laser light having a center frequency,

the laser control module 1s configured to recetve at least a portion of the laser light
generated by the laser, to generate a control signal and to feed the control signal back to the
laser for stabilizing the frequency, and

the laser control module comprises an interferometer comprising interferometer
mirrors and a tunable interferometer length, wherein the interferometer length is tunable by

an actuator arranged to control the distance between the interferometer mirrors.
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61. A laser device, comprising:

a tunable laser comprising a laser cavity and a laser control module,

wherein:

the tunable laser is configured to generate laser light having a center frequency,

the laser control module is configured to receive at least a portion of the laser light
generated by the laser, to generate a control signal and to feed the control signal back to the
laser for stabilizing the frequency, and

the laser control module comprises a frequency discriminating element.

62.  The laser device of claim 61, wherein the frequency discriminating element is an
interferometer.
63. The laser device of claim 62, wherein the interferometer comprises a ring resonator.

64.  The laser device of claim 62, wherein the interferometer comprises a Fabry-Perot

interferometer, a Mach-Zender interferometer or a Michelson interferometer.

65.  The laser device of claim 63, wherein the interferometer is fabricated using

waveguide technology.

66.  The laser device of claim 64, wherein the interferometer is fabricated using

waveguide technology.

67.  The laser device of claim 61, wherein the frequency discriminating element comprises

is continuously frequency tunable.

68.  The laser device of claim 61, wherein the tunable laser is a single frequency laser.

69. The laser device of claim 61, wherein the tunable laser is selected from a fiber laser, a

diode laser or a solid-state laser.
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70.  The laser device of claim 62, wherein the interferometer comprises solid silica.

71. The laser device of claim 62, wherein the interferometer has an interferometer fincsse
of at least about 40.
72.  The laser device of claim 62, wherein the interferometer has a Free Spectral Range of

at least about 25 GHz.

73.  The laser device of claim 61, wherein the laser device comprises a temperature

SEnsor.

74.  The laser device of claim 73, wherein the temperature sensor is placed in direct

contact with the frequency discriminating element.

75.  The laser device of claim 61, wherein the frequency discriminating element is
temperature tunable.
76.  The laser device of claim 75, wherein the laser device comprises a thermo-electric

element located for thermally tuning the frequency discriminating element.

77.  The laser device of claim 61, wherein the device is configured to monitor the power
of a portion of the laser light directed to the laser control module before entering the
frequency discriminating element to generate a reference signal, and

wherein the device is configured to generate the control signal by a difference
between the reference signal and the power of the laser light transmitted through the

frequency discriminating element.

78.  The laser device of claim 61, wherein the laser control module is encapsulated inside

a hermetically sealed housing.

79.  The laser device of claim 61, wherein the laser control module is placed outside the

laser cavity.
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