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(57) ABSTRACT

A Raman laser conversion device for generating a single
longitudinal mode, SLM, laser output is disclosed. The
device comprises a Raman medium that exhibits a Stokes
emission when subject to pumping by a laser pump input,
the laser pump input having a pump linewidth and the
Raman medium having a Raman linewidth; wherein the
Raman medium is configured to define feedback interfaces
of a resonator such that the Stokes emission resonates within
the Raman medium; and further wherein the free spectral
range, FSR, of the resonator with respect to the pump
linewidth and/or the Raman linewidth or a function thereof

is such that only one longitudinal mode of the Stokes
emission is able to resonate within the Raman medium;
whereby the laser conversion device generates a SLM laser
output that is frequency shifted with respect to the laser
pump input.
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DEVICE, SYSTEM AND METHOD FOR
PRODUCING A SINGLE LONGITUDINAL
MODE LASER OUTPUT

BACKGROUND

[0001] A “single longitudinal mode laser” (sometimes
referred to as a “single-wavelength” or “single frequency”
laser) is a laser in which operation is based on a single
resonator longitudinal mode. This means that it emits quasi-
monochromatic radiation with a very small linewidth and
low phase noise. As a direct consequence, such lasers exhibit
a very long coherence length of greater than 10 metres and
up to 1000 metres. Typical applications of single-frequency
lasers occur in the areas of optical metrology (e.g. with
fibre-optic sensors) and interferometry. Other applications
include optical data storage, high-resolution spectroscopy,
light detection and ranging (LIDAR), holography, and laser
communication, amongst others.

[0002] Conventional techniques for producing a single
longitudinal mode laser output are subject to a number of
problems such as mode competition, which is mainly caused
by spatial hole burning in a standing-wave resonator with
inhomogeneous gain distribution. This effect is intrinsically
unstable since it operates as negative feedback and compli-
cates the single-frequency laser design and operation. Such
complications are generally addressed by designing elabo-
rate optical arrangements requiring the use of multiple
optical elements within the laser cavities, cavity length
stabilization and the use of different interferometric devices
(e.g. optical gratings) for the spectral control of emitted
light. However, this means that single longitudinal mode
generation is particularly sensitive to external disturbances,
and can be difficult to achieve.

[0003] It would be desirable to increase the ease of single
longitudinal mode laser generation, and in particular, to
allow ease of adjustment—or “tuning”—of the frequency of
the laser output.

SUMMARY OF THE INVENTION

[0004] In accordance with a first aspect of the invention
there is provided a Raman laser conversion device for
generating a single longitudinal mode, SLM, laser output,
comprising: a Raman medium that exhibits a Stokes emis-
sion when subject to pumping by a laser pump input, the
laser pump input having a pump linewidth and the Raman
medium having a Raman linewidth; wherein the Raman
medium is configured to define feedback interfaces of a
resonator such that the Stokes emission resonates within the
Raman medium; and further wherein the free spectral range,
FSR, of the resonator with respect to the pump linewidth
and/or the Raman linewidth or a function thereof is such that
only one longitudinal mode of the Stokes emission is able to
resonate within the Raman medium; whereby the laser
conversion device generates a SLM laser output that is
frequency shifted with respect to the laser pump input.

[0005] The laser conversion device according to the pres-
ent invention utilises the non-linear inelastic Raman effect to
shift the frequency of the laser pump input. When pumped
by a “pump” laser, the Raman medium emits Stokes photons
that are Raman shifted with respect to the laser pump input.
When the frequency difference between the pump photons
and the Stokes photons corresponds to an energy of a
specific vibrational or rotational transition within the Raman
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medium (phonon energy), the emission of the Stokes pho-
tons is increased. In this manner, the Raman medium may be
referred to as a Raman “gain” medium.

[0006] As will be explained in more detail below, the free
spectral range (FSR) of the resonator is such that only a
single longitudinal resonator mode for a particular Stokes
order (e.g. a particular Stokes emission) is able to resonate
efficiently within the Raman medium, thereby producing a
single longitudinal mode—or single frequency—output with
small linewidth. In other words, only a single longitudinal
resonator mode is able to resonate efficiently within the
resonator defined by the Raman medium (“Raman resona-
tor”).

[0007] In this way, the device of the present invention
allows Raman conversion of conventional broadband lasers
to a single longitudinal mode output where the conventional
broadband laser acts as the pump laser providing the laser
pump input. Thus, the device of the present invention finds
particular utility when provided as an attachment, or “add-
on”, to an existing broadband laser (which may or may not
be tunable) in order to produce a SLM laser output with
reduced linewidth (typically less than <1 GHz). The output
of the laser conversion device may also provide increased
power spectral density, increased wavelength coverage and
improved beam quality (e.g. longer coherence length) as
compared to the existing pump laser. The existing (pump)
laser is preferably a pulsed laser. However, other pump
lasers may be used, such as amplitude modulated or con-
tinuous wave lasers. Examples of conventional lasers that
may be used to pump the device include a fixed wavelength
Q-switched laser, a tuneable nanosecond pulse laser, or a
tuneable continuous-wave laser.

[0008] It is noted that although the device of the present
invention has particular utility when used to convert an
existing broadband laser to a SLM output with reduced
linewidth and (typically) increased power spectral density,
the device can generate a SLM laser output when subject to
pumping by a narrowband, SLM, laser pump input. In such
cases, although the output from the device is a single
longitudinal mode, the power spectral density may not be
enhanced as compared to the pump.

[0009] The Raman medium is configured to define feed-
back interfaces of a resonator. In this way, the Stokes
emission is fed back (e.g. reflected) at the feedback inter-
faces and resonates completely within the Raman medium
(“Raman resonator”). In other words, the standing wave is
generated substantially completely within the Raman
medium rather than within a cavity resonator defined by
separate optical elements positioned externally to the Raman
medium. In this way, the Raman medium may be considered
to define the resonator. In other words, the Raman medium
simultaneously acts as a Raman gain medium and as a
resonator. This may be referred to an “integrated” design of
the resonator.

[0010] This feature of the present invention advanta-
geously means that single longitudinal mode lasing opera-
tion may be achieved without the use of active feedback
stabilisation mechanisms, or complex optical arrangements
to provide the Stokes feedback. The use of a Raman medium
defining feedback interfaces of the resonator advantageously
means that the device is intrinsically stable and does not
require mechanical feedback control. This also allows
increased ease of maintenance.
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[0011] Herein, the term “resonator” is used to convey that
the resonator exhibits resonance or resonant behaviour; that
is, radiation within the resonator naturally oscillates with
greater amplitude at some frequencies (resonant frequen-
cies) than other frequencies. The device will lase when the
gain is greater than the losses within the resonator.

[0012] In general, a sufficient condition for single longi-
tudinal mode operation is that the free spectral range (FSR)
of the resonator (e.g. defined by the Raman medium) is
greater than the effective gain linewidth of the Raman
medium. The effective gain linewidth (Awg) of the Raman
medium is defined as the sum of the pump laser linewidth
(Awg) and the Raman linewidth (Awg), which is due to
phonon damping and is a property of the Raman medium):

Awg~A0AAD,

[0013] The effective gain linewidth is the spectral range
that can support Stokes output (above lasing threshold).
Longitudinal modes adjacent to the mode resonating within
the Raman resonator are spectrally positioned outside the
effective gain linewidth of the Raman medium, and therefore
remain below the lasing threshold.

[0014] Preferably, the laser pump input is coupled into the
Raman medium with an intensity great enough such that the
device operates in the coherent Raman scattering regime. In
this regime, the pump and Stokes fields are highly corre-
lated. In this way, the phonon field is coherently driven to its
steady-state value, with the correct phonon phase to coher-
ently scatter the fundamental photons of the laser pump
input into the Stokes field. For moderate (Aw~Awy) to large
(Awz>>Awy) pump laser linewidths in the coherent scatter-
ing regime, the Stokes spectrum strongly resembles the laser
pump spectrum, and the Raman effective gain linewidth is
substantially equal to the linewidth of the laser pump input;
hence the effective gain linewidth reduces to Aw~Aw. This
ensures that the maximum Raman gain is achieved, and
hence the coherent scattering regime may also be referred to
as the “high gain” regime.

[0015] When operating in the high gain regime and where
Aw~Awy the FSR of the resonator may be minimised for
SLM operation. This is advantageous, since the FSR of the
resonator is inversely proportional to its length, and conse-
quently the resonator length may be increased while main-
taining single longitudinal mode operation. Increasing the
length of the resonator advantageously allows the device of
the present invention to attain the same gain when pumped
with lower intensity pump lasers, as well as increasing the
confocal parameter of the resonator. This increases the ease
with which the “integrated” Raman resonator of the present
invention may be implemented.

[0016] For narrow pump laser linewidths in the high gain
regime (Aw—0), gain narrowing produces an effective gain
linewidth reduced to:

A0s=Awg *[I12/(golrz)] %

For cases where the intensity of the pump laser input is not
great enough to operate in the high gain regime (and
therefore the device operates in the “low gain regime”), for
narrow pump laser linewidths, the Raman effective gain
linewidth is substantially equal to the Raman linewidth
(Aws~Ampy), for moderate pump laser linewidths Aw—Amz+
Awg, and for large pump laser linewidths, the Raman
effective gain linewidth is substantially equal to the pump
linewidth (Aw~Amy).
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[0017] The coherent scattering regime may be achieved
when the laser pump input has an intensity great enough that
g0l L.>8 wherein g, is the (monochromatic) Raman gain of
the Raman medium, I is the laser pump input beam inten-
sity (typically averaged over fast phase fluctuations) and L.
is the gain length (typically the optical path length of the
resonator)

[0018] Thus, in this way, by configuring the FSR of the
resonator (e.g. by configuring the Raman medium) with
respect to (e.g. such that the FSR of the resonator is greater
than) the pump linewidth and/or the Raman linewidth or a
function thereof (e.g. due to gain narrowing), a single
longitudinal mode laser output may be generated by the
device of the present invention. In particularly preferred
embodiments, the free spectral range of the resonator is
greater than the pump linewidth. Under such conditions, the
inventors have obtained good SLM results. Thus, in a
particularly preferred embodiment of the invention there is
provided a Raman laser conversion device for generating a
single longitudinal mode, SL.M, laser output, comprising: a
Raman medium that exhibits a Stokes emission when sub-
ject to pumping by a laser pump input, the laser pump input
having a pump linewidth; wherein the Raman medium is
configured to define feedback interfaces of a resonator such
that the Stokes emission resonates within the Raman
medium; and further wherein the free spectral range, FSR, of
the resonator is greater than the pump linewidth; whereby
the laser conversion device generates a SLM laser output
that is frequency shifted with respect to the laser pump input.
[0019] In the high gain regime, the condition for produc-
ing a SLM laser output is that the free spectral range, FSR,
of the resonator is greater than the pump linewidth. This
advantageously allows for reduced size (e.g. millimetre-
scale) resonators with a pump linewidth in the tens of GHz.
A typical range of pump laser linewidth is 1-45 GHz.
However, the inventors have also successfully tested pump
lasers with narrow linewidths (e.g. 100 MHz).

[0020] The device of the present invention may generate
Fourier limited pulses from pump pulses with an arbitrary
spectral phase distribution. Since the Raman effect is an
“automatically phase matched process”, or in other words,
the conversion from pump to Stokes depends only on the
envelopes of the pump and Stokes fields (rather than their
phases), the output Stokes pulse phase will be dictated by the
Raman resonator dispersion characteristics and degree of
correlations between fields. For the case of conversion from
moderate or large linewidth pump lasers to single longitu-
dinal mode output, this means that the Stokes linewidth will
approach the Fourier transform limit of the temporal enve-
lope of the pump laser pulse.

[0021] The Raman medium may in general be any mate-
rial that may provide stimulated Raman emission, for
example diamond or Silicon. The Raman medium is pref-
erably a solid state Raman medium. Preferably, the Raman
medium is a (typically monolithic) diamond crystal. Dia-
mond is particularly advantageous since it is a highly stable
Raman material and provides high Raman gain, it has a large
transparency range from UV to the near Infra-Red, a high
damage threshold thereby enabling power scalability, and a
high refractive index allowing reflection of the Stokes at its
uncoated surfaces. Furthermore, diamond has a small ther-
mal expansion coefficient, enabling stable operation.
[0022] Preferred properties of a diamond crystal include
low birefringence (typically An<10~°) and low nitrogen
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concentration (typically less than 50 parts per billion, pref-
erably between 20-40 parts per billion). Further preferred
properties of the monolithic diamond crystal include low
absorption (preferably less than 0.005 cm™ at 1064 nm),
low roughness (preferably Ra<5 nm) and high flatness of
reflecting surfaces (Peak-Valley<1 Fringe at 633 nm).

[0023] As discussed above, the integrated nature of the
Raman medium defining feedback interfaces of a resonator
advantageously means that single mode operation may be
achieved using less complex arrangements than the prior art.
Furthermore, this feature allows increased ease of adjust-
ment, or “tuning” of the SLM output generated by the
device, by varying a parameter of the Raman medium (and
hence varying a parameter of the resonator). This will
consequently change the Stokes emission able to resonate
within the Raman medium, and thus the centre wavelength
of the resonator.

[0024] In general, the tuning may be achieved by adjusting
any property (or “parameter”) of the Raman material that
will adjust the Stokes emission that is able to resonate
efficiently, for example physical length, refractive index,
group index and Raman shift. Therefore, in preferred
embodiments of the present invention, the laser conversion
device further comprises an actuator configured to adjust at
least one parameter of the resonator (e.g. adjusting at least
one parameter of the Raman medium) so as to adjust the
frequency (wavelength) of the SLM output. The actuator is
preferably configured to adjust the optical path length
defined by the resonator.

[0025] This is a particularly advantageous feature of the
present invention, since such “tuning” of a single frequency
laser conventionally relies either on tuning of the pump
laser, or requires a complex system with a multitude of
components requiring fine tuning, and is therefore typically
expensive to achieve. The use of an actuator configured to
adjust a parameter of the resonator (for example by adjusting
the temperature of the Raman medium) advantageously
provides a simple means of “tuning” the SLM frequency
output by the device.

[0026] Such tuning of the device according to the inven-
tion may be performed continuously by continuous adjust-
ment of the desired parameter(s). Thus, this feature of the
invention may be referred to as “continuous” adjustment or
“continuous” tuning of the single frequency laser output.
This feature of the present invention may provide continu-
ous tuning within the free spectral range of the resonator
(typically in the GHz range).

[0027] A preferred manner of providing tunability of the
laser conversion device is through the means of adjusting the
temperature of the Raman medium. Consequently, in pre-
ferred embodiments the actuator comprises means for
adjusting the temperature of the Raman medium (e.g. a
temperature controller). The Raman medium may be placed
in a temperature-controllable oven for example, controlled
by a temperature controller. Providing heat energy to the
Raman medium may impose a change to the centre wave-
length of the resonator through one or more of: changing the
physical length of the resonator via thermal expansion;
inducing a change of group index; changing the refractive
index of the Raman medium for each specific wavelength;
and changing the Raman shift of the Raman medium. The
temperature of the Raman medium may be adjusted in a
range between room temperature (~293 K) and 1200 K. A
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preferred range of temperature adjustment of the Raman
medium (“temperature tuning”) is between 303K and 373K.
[0028] It can be shown that the output frequency tuning of
the device due to thermal expansion can be calculated
approximately as Av~2ATa,;c/h g, where AT is the change in
temperature, o, is the expansion coefficient, c is the speed of
light and As is the Stokes wavelength.

[0029] Inembodiments, the output frequency of the device
may be stabilised (e.g. within ~10 MHz), over time, by
controlling the temperature of the Raman medium. Such
control is typically provided using a feedback loop (typically
a closed feedback loop).

[0030] The inventors have realised that adjusting the tem-
perature of the Raman medium effects a change in both the
Raman shift of the Raman medium as well as other prop-
erties of the Raman medium (e.g. crystal properties). The
combination of these phenomena (e.g. rather than adjusting
only a physical length of the Raman medium) advanta-
geously means that adjusting the temperature of the Raman
medium is an efficient way of providing tuning in order to
obtain maximal output power at an arbitrary frequency.
Indeed, the inventors have found that these tuning effects
have different magnitudes and signs, making the combina-
tion of them useful for tuning. Typically, the adjustment of
the temperature of the Raman medium adjusts the Raman
shift and at least one further property of the Raman medium.
[0031] Alternatively or in addition, the device may com-
prise one or more of: (1) a pressure actuator; (ii) an acoustic
wave actuator, (iii) a magnetic field input, (iv) a voltage
input, and (iv) a position controller configured to adjust the
position of the Raman medium with respect to the pump
laser input. These exemplary actuators may also provide
tuning of the laser conversion device.

[0032] A pressure actuator may be used to apply a pressure
or stress to the Raman medium in order to adjust the
refractive index through birefringence and/or the piezoelec-
tric effect, and thereby adjust the wavelength of the single
frequency laser output. Typical pressures that may be
applied to provide tuning are of the order of GPa, for
example in the range of -20 GPa to 20 GPa, although
pressures of less than 1 GPa in magnitude may be used.
Similar changes may be introduced through the application
of a voltage (electric field) or acoustic waves to the Raman
medium. Application of a magnetic field may provide fre-
quency tuning (e.g. by a change the refractive index of the
Raman medium through the magnetorefractive effect). Typi-
cal magnetic field strengths that may be applied to provide
tuning are in the range of 0.1 T to 1.5 T, preferably between
0.5 Tand 1.5 T. An electric field may be applied in the range
of up to 10°V/cm.

[0033] A position controller may be used to adjust the
position of the Raman medium with respect to the laser
pump input. This may include changing the angle of the
Raman medium with respect to the pump laser input (more
specifically, change the angle of the surface of the Raman
medium that the pump laser is incident upon) so as to change
the propagation axis of the pump laser input along the
Raman medium (e.g. from a linear resonator configuration to
a ring resonator configuration). As well as allowing tuning
of the output wavelength, adjusting the angle of the Raman
medium with respect to the pump laser input may also affect
the polarization and gain properties of the device.

[0034] As explained above, the Raman medium is config-
ured to define feedback interfaces of the resonator. Typically,
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a feedback interface comprises the surface of the Raman
medium, and thereby the Raman medium may be seen as
defining feedback surfaces of the resonator. In other words,
the Stokes emission is fed back (e.g. reflected) at the
interface between the surface of the Raman medium and the
surrounding environment. In a preferred example, the Stokes
emission is reflected at the interface between the surface of
the Raman medium and the surrounding atmosphere; in
other words the Stokes emission is fed back by the uncoated
surface of the Raman medium. Such configurations allow
for a particularly simple device. Resonators formed in this
way may be referred to as “monolithic” resonators. Indeed,
if the Raman gain is larger than the Fresnel losses induced
by the surfaces of the Raman medium, an uncoated Raman
medium may start lasing automatically when pumped. In
such examples, the device comprises a resonator that con-
sists essentially of a Raman medium (e.g. a diamond crys-
tal).

[0035] It is envisaged that the Raman medium may be in
the form of a photonic crystal-based resonator. In such
examples, the Stokes output may be fed back within the
resonator due to the refractive index difference within the
photonic crystal structure.

[0036] In embodiments, at least one feedback interface
comprises a feedback element that is configured to increase
the feedback of the Stokes output at that interface. A
feedback element may be integrated into the surface of the
Raman medium. Such feedback elements may be dispersive
elements such as gratings (e.g. multilayer or volume Bragg
gratings). These may be integrated into the surface of the
Raman medium by surface nano-structuring.

[0037] The device may comprise a feedback element that
is in (e.g. intimate) contact with a surface of the Raman
medium. Such a feedback element may comprise a mirror,
reflecting surface, coating or dispersive element (as dis-
cussed above) that is applied (e.g. bonded) to the surface of
the Raman medium. In other words, there is no gap (either
air or vacuum) between the feedback element and the
Raman medium, and consequently the Stokes output is fed
back at the interface between the surface of the Raman
medium and the feedback element. Suitable coatings include
multi-layer dielectric or metallic coatings. In general, a
feedback element may be any element that helps to recir-
culate light within the resonator by any means.

[0038] Such feedback elements preferably have increased
reflectivity at the pump and Stokes wavelengths in compari-
son to other wavelengths, in order to enhance the amplifi-
cation process of the desired Stokes. Furthermore, at least
one feedback element may have a lower reflectivity at the
Stokes order of interest (i.e. the desired output of the
device), whereby the SLM light of the device may be output
from the resonator. The feedback elements may comprise at
least one polarizer configured to polarise the laser pump
input beam such that the single frequency laser output is at
the desired Stokes output. Depending on the propagation
direction within the Raman medium, the Stokes and pump
may have different polarizations. In such case, it is desirable
to ensure that the polarization of the reflected Stokes beam
is parallel to the axis that provides the maximum Raman
gain.

[0039] Typically, where feedback elements are used, each
feedback interface defined by the Raman medium will
comprise a feedback element. In such embodiments, the
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device comprises a resonator that consists essentially of a
Raman medium and the feedback element(s).

[0040] The inventors have found that SLM operation may
be obtained for relatively low resonator Finesse values of
less than 2.

[0041] Preferably, the device further comprises a pump
feedback element configured to feed back the pump laser
into the Raman medium. Such a pump feedback element
advantageously increases the efficiency of the conversion
process. In some embodiments, such a pump feedback
element may also be configured to feedback the Stokes
emission into the Raman medium. As well as advanta-
geously increasing the efficiency of the conversion process,
feeding back the Stokes emission also allows the single
frequency laser output to be output at one end of the device.
For example, the pump feedback element may be positioned
on a distal side of the Raman medium to the laser pump
input, such that the SLM output of the device is counter-
propagating with the laser pump input. The pump feedback
element is preferably spaced from the Raman medium
(resonator), although in some embodiments may be in (e.g.
intimate) contact with the surface of the Raman medium.
[0042] Preferably, the geometry of the Raman medium is
configured to define an optical path length of the resonator
for a particular (single) (longitudinal) resonator mode (i.e. of
the Stokes emission). For example, in a linear resonator
configuration comprising two substantially opposing paral-
lel feedback interfaces, the optical path length (or “effective
length”) of the resonator corresponds to the geometric length
between the feedback interfaces.

[0043] Typically, the Raman medium has a linear geom-
etry so as to define a linear resonator of the Fabry-Pérot type.
In such a configuration, the two opposing feedback inter-
faces of the resonator are substantially flat (non-curved) and
parallel with each other (e.g. within 0.1 degree). A typical
length of the Raman medium in such a linear resonator
configuration is between 4 mm and 6 mm, preferably 5 mm.
However, other feedback element configurations and Raman
medium geometries are envisaged. For example, one or
more surfaces of the Raman medium may be shaped in order
to enhance the feedback of the Stokes, e.g. by implementing
one or more curved reflecting surfaces. In such examples,
the Raman resonator may operate as a monolithic spherical
resonator, or monolithic confocal resonator, depending on
the radius of curvature.

[0044] The geometry of the Raman medium may allow
different optical path lengths of the resonator, for example
by resonating the Stokes within a rectangular Raman
medium using four feedback interfaces (surfaces) in a “ring
resonator” configuration. In another example, the Raman
medium may have a toroidal shape, allowing “whispering
gallery” modes to resonate.

[0045] The properties of the Raman medium are chosen
such that resonance of a desired Stokes wavelength occurs.
As well as the geometry of the Raman medium defining the
optical path length of the resonator for a particular resonator
mode, parameters such as the Raman shift, Raman lin-
ewidth, Raman gain, Raman dephasing time, group index
and refractive index may be chosen in such a way that a
particular resonator mode resonates within the Raman
medium.

[0046] Pumping of the Raman medium by the laser pump
input may generate higher order Stokes outputs (e.g. Stokes
emissions) such as second order, third order Stokes emis-
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sions. It is envisaged that in some examples, single mode
operation of more than one Stokes order may be possible
simultaneously. In such scenarios, only one longitudinal
mode at each Stokes order is able to resonate efficiently
within the Raman medium.

[0047] In some embodiments, the device further com-
prises a second Raman medium coupled to the first Raman
medium via a coupling feedback interface, wherein the
second Raman medium is configured to define feedback
interfaces of a second resonator. The (e.g. reflective) cou-
pling feedback interface means that coupled Raman medi-
ums act as separate, discrete resonators. The coupling feed-
back interface may be in the form of the uncoated faces of
the coupled Raman mediums (with the Raman mediums
being in intimate contact), although may comprise a feed-
back element such as a dichroic mirror, grating or reflective
coating.

[0048] The two (or more) resonators are typically formed
from the same Raman material (e.g. each resonator is a
diamond crystal).

[0049] The use of a device comprising two or more
resonators coupled in this way advantageously enables the
pump linewidth from which a SLM laser output may be
generated by the device to be increased as compared to using
a single resonator arrangement.

[0050] Preferably, the optical path length of each of the
resonators is substantially equal to an integer number of half
wavelengths of the resonating single longitudinal mode.
Such a device is preferably designed to work at the “unison”,
meaning that the effective lengths of each Raman medium
are configured such that a single longitudinal mode reso-
nates in all resonators simultaneously.

[0051] In such scenarios, the device effectively comprises
three resonators, with the third resonator being defined by
the combined length of the first and second resonators. For
example, in a linear configuration with the first and second
resonators arranged axially (“end on end”), the feedback
interfaces of the third resonator are defined by the first
feedback interface (surface) of the first resonator, and the
last feedback interface (surface) of the second resonator. In
this way, the length of the third resonator is maximised. Such
a setup advantageously has reduced effective losses during
the oscillation of the Stokes due to the enhanced feedback of
the combined resonator. The third resonator defined by the
combined length of the first and second resonators increases
the amplification length, advantageously enhancing the gain
and efficiency of the device, which still produces a single
longitudinal mode output.

[0052] In some embodiments where the device comprises
two (or more) Raman mediums, the SLM laser output of the
first resonator may seed the second resonator, which acts as
an amplifier. In such examples, the free spectral range of the
second resonator is configured to be smaller than the pump
linewidth.

[0053] In another example, each Raman resonator may be
configured such that its FSR is greater than the pump
linewidth (assuming coherent scattering regime operation),
with each of the resonators feeding each other.

[0054] A particular advantage of the present invention is
that it provides efficient conversion of broad linewidth (e.g.
multi-mode) pump lasers to a single frequency using a
Raman interaction, and is capable of enhancing the power
spectral density (PSD) available. Such PSD enhancement
may in particular be brought about through a combination of
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features: a relatively broad pump linewidth, the FSR of the
resonator being greater than the pump linewidth, and opera-
tion in the high gain regime. Typical pump laser linewidths
that may be used to provide PSD enhancement are in the
range of 1-45 GHz.

[0055] So far we have described the laser conversion
device of the present invention in an “extra cavity” setup, i.e.
being used as an attachment to existing broadband lasers.
However, the device may also be used in a “standalone”, or
“intra-cavity” setup. Accordingly, in a second aspect of the
invention, there is provided a Raman laser system for
generating a single longitudinal mode, SLM, laser output,
comprising: a pump laser configured to provide a laser pump
input, the laser pump input having a pump linewidth; and a
Raman laser conversion device according to the first aspect
of the invention discussed above, configured to receive the
laser pump input.

[0056] The pump laser may be a pulsed, amplitude modu-
lated or continuous wave laser; for example, a fixed wave-
length Q-switched laser, a tuneable nanosecond pulse laser,
or a tuneable continuous-wave laser. The pump laser is
preferably a pulsed laser.

[0057] Preferably, the laser system further comprises a
focussing element configured to focus the laser pump input
into the Raman medium with an intensity great enough such
that the device operates in the coherent Raman scattering
regime. Typically, the focussing element is configured to
focus the laser pump input into the Raman medium with an
intensity great enough that g,1.I.>8 wherein g, is the (mono-
chromatic) Raman gain of the Raman medium, I is the laser
pump input beam intensity (typically averaged over fast
phase fluctuations) and L is the gain length (typically the
optical path length of the resonator). The inventors have
found this condition to be preferable because under these
conditions the Raman gain will be high for broad pump laser
linewidths of up to Awz~10*Awy.

[0058] In particularly preferred embodiments, the free
spectral range of the resonator is greater than the pump
linewidth. Thus, in the high gain regime, this condition
allows a single longitudinal mode laser output to be gener-
ated by the laser conversion device of the laser system.
[0059] As has been discussed above, adjustment of at least
one parameter of the resonator beneficially allows tuning of
the single frequency laser output within the free spectral
range of the resonator. Tuning beyond the free spectral range
(“coarse” tuning) may be achieved by tuning the pump laser
used to pump the Raman medium. In embodiments, the
system may further comprise means for tuning at least one
parameter of the pump laser so as to adjust the frequency of
the output of the device. Examples of parameters of the
pumping laser include the wavelength, intensity, and lin-
ewidth.

[0060] In accordance with a third aspect of the present
invention there is provided a method of generating a single
longitudinal mode, SLLM, laser output, the method compris-
ing: receiving a laser pump input at a Raman laser conver-
sion device so as to generate a SLM laser output that is
frequency shifted with respect to the laser pump input,
wherein the laser pump input has a pump linewidth and the
Raman laser conversion device comprises: a Raman medium
that exhibits a Stokes emission when subject to pumping by
the laser pump input, the Raman medium having a Raman
linewidth; wherein the Raman medium is configured to
define feedback interfaces of a resonator such that the Stokes
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emission resonates within the Raman medium; and further
wherein the free spectral range, FSR, of the resonator with
respect to the pump linewidth and/or the Raman linewidth or
a function thereof is such that only one longitudinal mode of
the Stokes emission is able to resonate within the Raman
medium; whereby the laser conversion device generates a
SLM laser output that is frequency shifted with respect to the
laser pump input. Preferably, the intensity of the laser pump
input is great enough such that the device operates in the
coherent Raman scattering regime, and the FSR of the
resonator is greater than the pump linewidth of the laser
pump input.

[0061] The Raman medium may comprise an input portion
via which the laser pump input is received and an output
portion via which the generated SLM laser is output.
[0062] The inventors conducted successful tests of the
invention for varying pump laser parameters (e.g. laser
pump input parameters). These include wavelengths in the
visible spectral range (e.g. 300-600 nm), varied pump aver-
age powers (e.g. 1 mW to 10 s of W, e.g. between 1 mW and
100 W, preferably between 1 mW and 50 W), repetition rates
from single-shot up to 10 kHz, and pulse durations between
2-150 nanoseconds.

[0063] The invention described in any of the aspects of the
invention may have a variety of applications, for example in
ion trapping and spectroscopy. In particular, the ability to
tune the output wavelength provides access to a wide variety
of ionic species. Thus, the invention may be implemented in
a spectroscopy or ion trapping system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0064] Embodiments of the invention will now be
described with reference to the accompanying drawings, in
which:

[0065] FIG. 1 is a perspective view schematically illus-
trating the concept of a laser conversion device according to
the invention;

[0066] FIG. 2 is a schematic diagram illustrating a laser
conversion device according to an embodiment of the inven-
tion;

[0067] FIG. 3 shows the ratio between effective gain and
monochromatic gain, as a function of g,I.L, for different
ratios of Awz/Awg;

[0068] FIG. 4 schematically illustrates a Raman laser
system according to an embodiment of the invention;
[0069] FIG. 5 is a plot illustrating the conversion effi-
ciency of the pump laser into Stokes power;

[0070] FIG. 6(a) is a plot showing the time response of
both the pump and Stokes pulses, and FIG. 6(5) shows the
Fourier transform of the Stokes pulse;

[0071] FIG. 7 is a Fabry-Pérot interferometer scan for
measured Stokes pulses (best fit Lorentzian function) in
comparison with a frequency-stabilised continuous wave
HeNe laser;

[0072] FIGS. 8(a) and 8(b) illustrate the measured band-
width for the pump and Stokes pulses, respectively;
[0073] FIGS. 9(a) to 9(c) illustrate of the relationship
between the pump wavelength and the Stokes output wave-
length;

[0074] FIG. 10 is a plot illustrating the relative power
spectral densities of the pump and Stokes pulses;

[0075] FIG. 11 is a schematic diagram illustrating an
embodiment of the invention;
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[0076] FIG. 12 illustrates the temperature dependence of
the output wavelength as a function of temperature;

[0077] FIGS. 13 to 16 schematically illustrate different
resonator geometries that may be used in the present inven-
tion;

[0078] FIGS. 17 to 19 schematically illustrate devices
comprising multiple coupled resonators;

[0079] FIGS. 20(a) and 20() illustrate measurements of
pump linewidth and SLM output linewidth, respectively,
obtained using the setup illustrated in FIG. 11;

[0080] FIGS. 21(a) and 21(4) illustrate wavelength stabi-
lisation of the SLM output using a closed loop temperature
feedback control;

[0081] FIG. 22 is a plot of intensity against frequency for
a SLM output generated by an embodiment of the invention,
when pumped with a narrowband SLM pump laser; and
[0082] FIG. 23 illustrates SLM output tuning with tem-
perature in an embodiment when the device is pumped by a
narrowband SLM pump laser.

DETAILED DESCRIPTION

[0083] 1. Overview

[0084] FIG. 1 is a diagram schematically illustrating the
concept of a Raman laser conversion device 100 according
to an embodiment of the invention.

[0085] The device 100 comprises a Raman medium 6 (in
this case a monolithic diamond crystal) that has substantially
opposing and substantially parallel flat end faces 3, 4. The
diamond 6 is pumped by a laser pump input 1, whereby one
or more Stokes order (e.g. first and higher Stokes order)
output pulses 2 are emitted due to inelastic Raman scatter-
ing. The laser pump input 1 may be provided by a conven-
tional broadband pulsed or amplitude modulated laser such
as a dye laser (not shown).

[0086] The Stokes emissions are fed back within the
Raman medium 6 by the uncoated end surfaces 3, 4 of the
diamond. In this manner, the diamond defines feedback
interfaces 3, 4 of a resonator having an optical path length—
or effective length—1L, i.e. the surfaces 3, 4 are spaced by a
length L. Thus, a particular longitudinal resonator mode of
the Stokes is able to resonate within the integrated resonator
defined by the Raman gain medium.

[0087] The reflectivity of an uncoated diamond surface is
typically ~17%.

[0088] The Stokes pulses 2 are wavelength-shifted relative
to the wavelength of the laser pump input in accordance with
the Raman shift of the Raman medium.

[0089] A pump mirror 5 is positioned spaced from the
diamond 6 on a distal side of the diamond to the laser pump
input, and is configured to feed back the pump 1 into the
diamond 6 in order to provide good overlap integral and
maximise the efficiency of the conversion process. In this
example the pump mirror 5 is a dichroic mirror configured
to prevent the Stokes output from surface 4 being reflected
and potentially lasing between the pump mirror 5 and first
surface 3. The SLM output of the device 100 is illustrated at
2, and in this configuration is collinear and counter-propa-
gating with respect to the pump laser input 1.

[0090] The device 100 further comprises a temperature
controller (schematically represented at 7) configured to
adjust the temperature of the Raman medium in order to
provide adjustment (“tuning”) of the output wavelength 2. A
more detailed explanation of the effect of temperature on the
output of the device is given further below.
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[0091] FIG. 2 is a schematic diagram illustrating a Raman
laser system 1000 according to an embodiment of the
invention, with a schematic illustration of the beam paths
through the system. Here, a pump laser 200 provides a
collimated laser pump input 1 which is directed through a
Pellin-Broca prism before being focussed into the Raman
medium 6 (again, a diamond crystal) by focussing element
14 (typically a convex lens). The lens 14 is positioned at a
distance d 2 from the centre of the diamond that is approxi-
mately equal to the lens focal length, such that the laser
pump input is focussed to a beam waist in the centre of the
Raman medium 6.

[0092] In the same manner as FIG. 1, the uncoated end
surfaces 3, 4 of the diamond crystal 6 feed back the Stokes
emissions within the Raman resonator. However, in alter-
native embodiments it is envisaged that feedback elements
may be used to enhance the reflection of the Stokes, for
example planar mirrors crystal bonded to the end surfaces 3,
4 of the diamond crystal 6.

[0093] The lens 14 is configured to focus the laser pump
input 1 into the diamond 6 with an intensity great enough
such that the device 100 operates in the coherent scattering
regime. In this regime, the fundamental field (produced by
the laser pump input) becomes correlated with the Stokes
field. Under such a condition, for moderate (Awz~ Awg) to
large (Awz » Amg) pump linewidths the Stokes spectrum
strongly resembles the fundamental spectrum, and thus the
effective gain linewidth is considered equivalent to the
fundamental (laser pump) linewidth; i.e. Awg~ Awg. Thus, in
the high gain limit, for single mode operation the free
spectral range of the resonator is configured to be greater
than the laser pump linewidth, such that modes adjacent to
the mode resonating within the resonator fall outside the
effective gain linewidth and below the lasing threshold.
[0094] The FSR of the linear resonator 6 illustrated in
FIGS. 1 and 2 is given by:

A0psp=nC/n L

[0095] where c is the speed of light in a vacuum, n, is
the group index of the Raman medium, and L is the
length of the Raman resonator. Thus, the FSR of the
Raman resonator may be configured based on the group
index and length of the Raman medium.

[0096] The Coherent Raman Scattering Regime may be
achieved when

8olrzL>8,

[0097] where g, is the monochromatic Raman gain of
the Raman material, I the pump intensity, and L is the
gain length (which here corresponds to the length of the
linear Raman resonator). The approximation is valid
for moderate to large pump linewidths: 0.1<Aw,/
Awx<10, where Aw/Awy is the ratio between the pump
laser linewidth and the Raman linewidth.

[0098] This condition is illustrated in FIG. 3, which shows
the ratio between the effective gain g,-and monochromatic
Raman gain g, as a function of g 1.l for varying linewidth
ratios Awz/Awz between 0.1 and 10. As can be seen from the
graph, the effective gain approaches g, (high gain limit) for
values of gL greater than 8.

[0099] Referring back to FIG. 2, the pump mirror 5 is
typically concave and is positioned at a distance d, from the
centre of the resonator 6 that is approximately equal to its
radius of curvature ROC.
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[0100] In the configurations illustrated in FIGS. 1 and 2,
the Raman medium (diamond) has a cuboidal shape. Con-
sequently, the feedback surfaces 3, 4 are substantially oppos-
ing, substantially parallel (wedge angle less than 0.1
degrees) and define a resonator having a linear geometry,
similar to an etalon. However, different geometries of the
Raman medium may be used, for example defining a ring
resonator, or a toroidal shape that allows resonance of
whispering modes. Such alternative geometries will be
described in further detail below.
[0101] The present invention enables multiple Stokes
single frequency operation simultaneously, effectively
implying multiple monochromatic outputs at different wave-
lengths simultaneously. It is noted that the first order Stokes
emissions seed the second order Stokes and so on, with the
resonance of higher order Stokes emissions affected by the
properties of the Raman resonator 6.
[0102] Although the laser pump input may be provided by
a variety of conventional lasers, we now describe three
experimental demonstrations:
[0103] 1. Dye laser pumping at 570 nm (Rhodamine
6G). This setup is shown in FIG. 4, with the results seen
in FIGS. 5, 6, 7, 8, 9, 10.
[0104] 2. Second harmonic of a tunable Ti:Sapphire
laser operating at 450 nm. This setup is shown in FIG.
11, with results seen in FIGS. 12, 20(a) and 20(5).
[0105] 3. Single mode pump laser Nd: YAG operating at
532 nm. Corresponding results are shown in FIGS.
21(a), 21(d), 22, and 23.
[0106] 2. Dye Laser Pumping (Rhodamine 6G)
[0107] FIG. 4 illustrates a Raman laser system 1000
comprising a conversion device 100 according to an
embodiment of the invention. We used a frequency-doubled
DPSS Nd:YVO4 laser (Lumera Blaze) to pump a dye laser
200 (Credo Dye model of Sirah Lasertechnik GmbH). The
maximum pump power was 40 W at 532 nm, with a
repetition rate of 10 KHz and a pulse duration of 15 ns. The
gain media of the dye laser 200 was Rhodamine 6G dis-
solved in ethanol, which generated laser light at 570 nm. The
typical available power for this wavelength was 2 W. The
losses of the dye laser light due to the mirrors used for the
optical path towards the diamond crystal 6 were 0.10%. We
pumped a diamond crystal 6 (8 mm length, low-birefrin-
gence, low-nitrogen, CVD-grown single crystal, Element
Six Ltd.) with the generated dye laser light 1. The pump
beam 1 was focussed into the diamond resonator 6 using an
=+150 mm focal lens 14. To control the losses by the
mirrors’ transmission, due to the polarisation of the pump
light, we used a half-wave plate (HWP) 22. Two dichroic
mirrors 24a, 24b were used to extract the generated Stokes
out of the resonator 6. A 100% reflection pump mirror 5
reflected the pump beam 1 back into the diamond resonator
6. Both the focussing lens 14 and the pump mirror 5 were set
up on movable platforms, as schematically illustrated by the
double ended arrows. Apart of the diamond resonator 6, no
other optical element was used to generate the single lon-
gitudinal mode output 2 from the device 100.
[0108] We performed different measurements to charac-
terise the system and device of the invention. First, we
measured the conversion efficiency of the pump power into
Stokes power. We used a power meter (Maestro model of
Gentec Electro-Optics, Inc.) for the measurements. Second,
to identify the temporal behaviour of the pulses, we mea-
sured both the pump laser and the Stokes pulses using a fast
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photo-diode and a 25 GHz bandwidth oscilloscope. The total
measured rising time of the combined photo-diode and
oscilloscope was measured to be 250 ps. Third, to determine
the spectral characteristics of the pump pulses and the
generated Stokes, we used a Scanning Fabry-Pérot interfer-
ometer (SFPI, Toptica SFPI 100) and a Cluster LM007
wavelength meter. The free spectral ranges (FSR) of the
LMO007 and SFPI are 3.75 GHz and 4 GHz, respectively.
These values were used to extract the laser bandwidths
assuming a linear behaviour of the registered interferometric
fringes between the different interference order. A fre-
quency-stabilised helium-neon (HeNe) laser was used to
measure the instrumental bandwidth of both devices and
served as calibration source for the LMO007 wavelength
meter. Fourth, we measured wavelength of the Stokes while
scanning the pump laser wavelength allowing us to deter-
mine the mode-hopping in the device. The results of the
described measurements will be presented in the following
sections.

[0109] 2.1. Conversion Efficiency

[0110] To characterise the conversion efficiency of the
Raman process, we measured the slope efficiency curve. We
varied the pump power by changing the power sent to the
amplification stage inside the dye laser. The results shown in
FIG. 5, where the y-axis represents the average power of
generated Stokes output and the x-axis is the pump laser
power. The observed instabilities in the output laser power
are due to the instabilities in the pump laser power. We fitted
a linear trend to the experimental data that resulted in a slope
efficiency of 56%. The conversion efficiency at the maxi-
mum pump laser power was calculated to be 47%. During
the measurements, the stability of the Stokes pulses did not
change and its SLM character was conserved for the differ-
ent powers. During the experiments, we measured the power
of the combined first and second Stokes pulses.

[0111] FIG. 5 illustrates the experimental data (discrete
points), together with the line of best fit (dashed line) and
80% and 90% confidence bands. The fitting gave a threshold
value of ~270 mW for the Stokes process. In the upper left
hand corner of FIG. 5, the beam spot of the pump laser is
shown.

[0112] The Stokes beam quality at maximum pump power
was estimated to be approximately M*=1.2.

[0113] 2.2. Temporal Characterisation

[0114] To test the response of the Raman process to the
dye pump light 1 inside the diamond resonator 6, we
measured the Stokes pulses with a fast photo-diode. An
example of the resulting temporal response for both the
pump pulse (601) and the generated Stokes pulse (602) is
shown in FIG. 6(a). Notice the delay in the start of the
Raman process. This constitutes an indirect measurement of
the threshold power needed to start the generation of Stokes
pulses. The Fourier transform of the Stokes pulse is shown
in FIG. 6(5). From six different measurements of the Stokes
temporal response, the calculated bandwidth for the Stokes
pulse resulted In 95(15) MHz. This value corresponds to the
FWHM of the pulse. Notice that no fitting was used for the
extraction of the reported bandwidth value. The error in the
bandwidth corresponds to the standard deviation of the
measured values. The amplitude modulations with a period
of'about 2 ns, measured in the pump laser are created in the
dye laser cavity 30 cm long) and are independent of the
pump source of the dye laser. The Stokes pulse follows the
amplitude modulations of the pump laser. The Raman pro-
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cess is characterised by not requiring inversion of popula-
tion. This in short implies that the modulations cannot be
erased by the lifetime of an excited state.

[0115] 2.3. Spectral Measurements

[0116] The spectral properties of both the pump and
Stokes pulses were analysed by using an SFPI and the
LMO007 wavelength meter. Examples of the measurements
are shown in FIGS. 7 and 8. For the wavelength meter used
to measure the Stokes bandwidth, the instrumental band-
width was defined using the frequency-stabilized HeNe laser
and corresponded to 468 MHz. We calculated the Stokes
bandwidth I'g as the de-convolution of the measured Stokes
T, and the instrumental bandwidth, i.e., I'«=1",,~468
MHz.

[0117] 2.3.1. Scanning Fabry-Pérot Measurements

[0118] FIG. 7 shows an example of such measured inter-
ference pattern in the SFPI. The instrumental bandwidth of
SFPI (corresponding to the width of HeNe laser fringes,
signal shown at 701) was found to be 33.9(5) MHz. This
value corresponds to the weighted mean value from six
different measurements of the FWHM. The resulting band-
width for the Stokes pulses (signal shown at 702) was found
to be 180(40) MHz (FWHM).

[0119]

[0120] The second bandwidth measurement was per-
formed using the LM007 wavelength meter. We measured
the bandwidth of both the pump and Stokes pulses. The
pump trace is shown in FIG. 8(a) and the Stokes trace is
illustrated in FIG. 8(b). The weighted mean value for
bandwidth of the pump pulse resulted in 11.9(3) GHz. For
the case of the Stokes pulse, the bandwidth resulted in
220(40) MHz.

[0121] The results of the bandwidth measurements are
summarised in Table 1. Both wavelength meter and scanning
Fabry-Pérot interferometer measurements show similar
results within error bars. We calculated the Fourier limit
expected bandwidth respect to the Fourier transform of the
pulses temporal length.

2.3.2. Wavelength Meter Measurements

TABLE 1

Stokes pulse bandwidth measurements results

Method Bandwidth (MHz) Fourier limit
FT 95(15) 1
A-meter 220(40) 2.5(1)
SFPI 180(40) 1.9(1)
[0122] Thus, the device and system of the present inven-

tion exhibits an output that is wavelength shifted from the
pump laser (570 nm to 623 nm), in addition to a substantial
~65x decrease in linewidth in comparison to the pump laser
(11.9 GHz to ~180 MHz).

[0123]

[0124] To demonstrate the single longitudinal mode nature
of the Stokes light generated by the device 100 and its
applicability to spectroscopy, we scanned the pump wave-
length and measured the Stokes output, as shown in FIG.
9(a). Different scans were performed without any active
element stabilising the diamond temperature, all resulting in
the same mode-hopping. A zoomed-in portion of the experi-
mental data showing a scanning range of ~0.04 nm is shown
in FIG. 9(4). The mode-hopping value of the Stokes wave-

2.4. Scanning Range
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length, which corresponds to the FSR of the diamond 6,
resulted in ~12.1 GHz, larger than the bandwidth of the
pump beam.

[0125] The stability of the Stokes wavelength was
recorded and is shown in FIG. 9(c). The set of free running
measurements showed a standard deviation =200 MHz,
which corresponds to the Stokes bandwidth.

[0126] 2.5. Power Spectral Density

[0127] FIG. 10 illustrates the power spectral density
(PSD) enhancement exhibited by the device and system of
the present invention. In order to achieve enhancement of
the PSD, the conversion efficiency (M=Pgs,,1.s/Ppiimp» With
Psiores and Py, being the average power of the Stokes and
pump lasers respectively) must be larger than the spectral
compression factor &, where & is the ratio between the Stokes
output laser linewidth and the pump linewidth A®g,,,../
Aw®;). This is to say that §<n, with a PSD enhancement of
the order of N/E.

[0128] FIG. 10 illustrates the Stokes trace (1001) and the
pump trace (1002), and shows both a significant increase
(~25x) in power spectral density of the Stokes pulses
compared to the pump pulses as well as large reduction in
linewidth.

[0129] 3. Tuning

[0130] Continuous tunability of the Stokes output from the
device 100 is achieved by employing an actuator 7 config-
ured to adjust one or more parameters of the Raman medium
6 in order to adjust the wavelength of the Stokes that is able
to resonate within the resonator. To achieve continuous
tunability we have to consider what effects could impose a
change to the centre wavelength of the Raman resonator:
[0131] Temperature may affect the overall length of the
resonator via thermal expansion, and can induce a
change of group index of the Raman material (dn,/dT).
[0132] Chromatic dispersion of the Raman material
results in a slightly different refractive index for each
specific wavelength.
[0133] In general, such an actuator 7 may be any means by
which the resonance of the Raman medium may be adjusted.
Preferred examples include a temperature controller, pres-
sure actuator (or acoustic waves), or a constant or modulated
voltage. We now consider temperature adjustment in more
detail.
[0134] Temperature adjustment may be exploited to finely
tune the resonator within its free spectral range. It is
assumed that coarse tunability (outside the FSR) is previ-
ously achieved by changing the fundamental centre wave-
length (pump wavelength). In the following we derive the
equations for tuning the Stokes centre wavelength as a
function of temperature, including the sensitivity to tem-
perature changes (slope).
[0135] The following equation must be satisfied for reso-
nance at A (for a linear planar resonator of the Fabry-Pérot

type):

)2 2 DLD)

m

[0136] where m is the mode number, n, (A, T) is the
group index at A at temperature T, and I(T) is the
length of the Raman resonator at temperature T.
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[0137] We can further calculate values for L(T) and n, A,
T). Firstly, a change of temperature is considered for L(T).
T, is the initial temperature and T, is the evolved tempera-
ture after a period.

L(T,)=L(T)+AL

[0138] Where AL is the change in length of resonator and
o, is the expansion coefficient, which we can also define:

AL=a, ATL

[0139] Furthermore, the change of group index due to
temperature can be approximated as (assuming that the
chromatic dispersion does not change with temperature):

dn
ng(d, 1) = ngo(, To) + —-AT

[0140] The first approach that was considered when deriv-
ing an equation for tuning by change of temperature was the
scenario in which the sensitivity of group index to tempera-
ture change is so small that it is thought to be negligible and
the case of the low dispersion meant we could approximate
n, (A;, T))=n, (A,, T,). In this situation, the condition for
tunability is derived to be:

A
0=AT-

204 1L A, T dn AT
L2
ap Llng(A, 17) T

[0141] For the case of temperature tuning, assuming that
n,L,=n.,l, and dn/dT~0, the output frequency tuning of
the device 100 can be approximated as

[0142] where AT is the change in temperature, o, is the
expansion coefficient, c is the speed of light and Ag is
the Stokes wavelength. This equation implies that
Raman media with low expansion coefficient require
less accuracy for temperature tuning or stabilization.

[0143] In the case where we do not approximate
ng, Ln,L,, but we assume that dn/dT~0

2Ln§1 - 2Ln§1 ngy — hgaldy

AT
- ang (2[‘”21 + ll )

[0144] And in the case where the change in group index
and dn/dT due to temperature are not neglected:

dn N ) dn
2 ﬁ L”gl +2L0mg1ngz + ﬁ Ay +0mgz)L1

dn N dn
z(-z(—)m” - (—)all)
dT & dT

AT >
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-continued

e G

(2Ln§1 - 2Ln§1 ngy — ngz)tl)

dn ) dn
2(—2(ﬁ)Lomg1 - (ﬁ)oﬁtl)
dny B dn 2
+ -2 ﬁ L”gl - 2L0mg1ngz - ﬁ A —angdy

dn N dn
(AL (L))

[0145] From this equation it is clear that any effect that
affects the length of the resonator and/or the group index of
the Raman medium, as well as any effect that can adjust the
refractive index of the Raman medium, can be used for
tuning the output of the device. These parameters may be
adjusted using one or more of:

[0146] Birefringence: induced by stress, pressure, volt-
age.

[0147] Piezoelectric effect

[0148] Thermal expansion

[0149] Thermo-optic coefficient (change of refractive

index in response to temperature)
[0150] Magnetorefractive effect.
[0151] Additionally, we must consider the temperature
dependence of the Raman line shift away from the unper-
turbed Raman frequency (Liu, Bursill, & Prawer, 2000):

2
Aw=-4
hag
73T _ 1

[0152] Where A is a constant which depends on the details
of the Raman dispersion curves, ®, is the zone-centre
phonon energy at T=0 K, kj is the Boltzmann factor and T
is the absolute temperature. [t was noted that the rate of
change of the Raman shift with temperature is comparable
to the tuning produced by thermal expansion and dispersion.
Therefore, adjusting the temperature of the Raman resonator
affects the output SLM frequency of the device through a
change in the Raman line shift as well as thermal expansion.
[0153] 3.1. Pumping with Ti:Sapphire Laser

[0154] FIG. 11 illustrates a system 1000 for generating a
single longitudinal mode output according to the invention
which may be tuned by temperature control. In this example
the conversion device (generally shown at 100) is pumped
by a Titanium:Sapphire (Ti:Sa) laser 200. A focussing lens
14 is provided on the optical axis between the pump laser
200 and the Raman medium 6, and a pump mirror 5 is
positioned on a distal side of the Raman medium 6 to the
pump laser 200. In addition, the Raman medium defining the
resonator is situated within a thermal stabilisation unit 16,
which here is an oven, such as an oven available from
Covesion Ltd. The temperature within the oven 16 may be
adjusted by temperature controller 7 in order to tune the
wavelength of the laser output 2 from the device 100.
[0155] The Raman resonator 6 was pumped from an
existing intra-cavity frequency-doubled tuneable Ti:Sa laser
200 with a Z-cavity layout. The Ti:Sa second harmonic
output was tuned to 450 nm using a birefringent filter and a
0.3 mm thick Fabry-Pérot etalon 202. Frequency conversion
was achieved with a 6 mm long BiBO crystal 208. The range
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of tuneable wavelengths covered was 350-450 nm and the
Ti:Sa system produced an average power of ~1.2 W at 450
nm with a pulse duration of 50 ns. The laser beam was
passed through an attenuator 20 for the polarization state to
be controlled with a broadband zero order half-wave plate
(HWO) 22.

[0156] The Raman active medium was placed in between
the dichroic mirror 24 and concave (ROC=50 mm) pump
return mirror 5. The active Raman medium 6 used was a
synthetic single crystal diamond (low birefringence, low-
nitrogen, CVD-grown single crystal, from Element Six Ltd.)
with dimensions of 5 mm (length)x5 mm (width)x1 mm
(height). Thus, the diamond 6 defined a planar, linear
resonator. The Stokes was fed back within the resonator by
the uncoated surfaces of the crystal diamond. The nitrogen
content of the diamond was approximately 20-40 ppb. The
birefringence was typically in the range 107 to 107 in the
beam propagation direction. The wedge angle of the end
facets was approximately 1 mrad. The end surface facets of
the diamond 6 were polished to a roughness R <5 nm. The
diamond was placed into the thermal stabilizing unit 16, and
the output beam from the Ti:Sa laser was focused through it.

[0157] For the configuration shown in FIG. 11, the Ti:Sa
system was capable of producing an average power 1.2 W at
450 nm. The waist produced on the diamond 6 from the
output through the =100 mm lens 14 was measured to be
d=57 microns. The linewidths (FWHM) of the 450 nm pump
light 1 and the resulting SLM beam 2 were measured using
a laser wavelength meter and radiation spectrum analyser
LM-007 (lambdameter) 300. Maximum Stokes output
power was achieved by systematically adjusting the dis-
tances between the diamond 6 and the pump mirror 5; this
resulted in a well-matched cavity waist in the centre of the
resonator 6 of 60 pm. The optimal distance between the
diamond and the curved pump mirror 5 was found to be ~48
mm. The total round-trip time of the cavity was estimated to
be 0.5 ns, which is about a factor of 100 less than the pump
pulse duration of 50 ns. As a result of this, efficient Raman
conversion was enabled and the maximum conversion effi-
ciency was measured to be 28%. The lasing threshold was
40pJ and the maximum output power achieved was 183 mW,
which was limited only by the pump laser power.

[0158] The resulting SLM beam 2 generated by the device
resonator was collinear and counter-propagating with
respect to the pump beam 1, and so a flat short-pass dichroic
mirror 24 was used for separating the Stokes outputs from
the pumping laser light 1. The cut-off wavelength of the
dichroic mirror was 420 nm and in order to enable broad-
band operation, the angle of the dichroic mirror was adjusted
for each pump wavelength used. The Stokes output orders
were then separated one from another using a prism.

[0159] To maximise the cascaded Stokes output power the
diamond crystal tip-tilt angles and distance with respect to
the spherical mirror 5 were adjusted. This obtained a well-
matched cavity waist of ~60 pm in diameter.

[0160] FIGS. 20(a) and 20(b) show the measured lin-
ewidths for the pump beam 1 and the SLM beam 2,
respectively. The deconvolved linewidth of the pump beam
was found to be 8.1 GHz, with the output Stokes linewidth
2 measured to be 133 MHz, (deconvolved by subtracting the
instrumental bandwidth). Thus, the linewidth of the resulting
SLM beam was found to be ~60x narrower than the pump
beam.
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[0161] 3.1.1. Measurement of Wavelength as a Function of
Temperature
[0162] A scan was performed increasing the temperature

of the thermal stabilising unit 16 between 303 K and 373 K
in steps of 0.20 K. At each increment, the oven was left to
dwell at the set temperature for 10 seconds and the output
wavelength readout was recorded, along with the UTC
time-stamp, at a frequency of 1 Hz.

[0163] The lambdameter 300 was set to start recording the
wavelength before the temperature scan was initiated and
then continued to record data in parallel with the data taken
from the temperature controller. FIG. 12 shows the plot of
the recorded wavelength against the recorded temperature
with a moving average across the scan.

[0164] As seen in FIG. 12, the output wavelength of the
device 100 was shown to decrease with increasing tempera-
ture and cover ~21 free spectral ranges of the device
resonator (indicated generally at 410) of ~11.75 GHz
between 303 K and 373 K. Line 400 shows tuning due to the
Raman shift changing with the temperature. Mode-hopping
was observed after each FSR was covered: this is demon-
strated by the jumps between each FSR. Additionally, the
slope of each FSR was noted to become sharper with
increasing temperature.

[0165] Thus, the wavelength of the single longitudinal
mode laser output generated by the device of the present
invention may be tuned by adjusting the temperature of the
(monolithic) Raman resonator. The present invention there-
fore provides a straightforward and readily tunable means of
converting a conventional broadband laser to a SLM output
with a tunable wavelength.

[0166] 3.2. Narrow Band Pumping (ND:YAG)

[0167] A test was also performed using a narrow band,
single longitudinal mode pump laser (Nd: YAG operating at
532 nm) that was used to pump a 5 mm long diamond
resonator with a free spectral range ~12.1 GHz. The pump
wavelength was 532 nm and the pump linewidth was ~160
MHz. The output SLM beam from the diamond resonator
had a wavelength of 572 nm and a linewidth of ~260 MHz
(see FIG. 22). Thus, no enhancement of the power spectral
density was observed, although this setup illustrates that the
present invention is capable of producing a SLM output
when pumped by a narrowband SLM pump input.

[0168] FIG. 23 illustrates the tuning of the SLM output
with temperature when pumped with a narrowband SLM
pump laser. Similarly to FIG. 12, mode-hopping was
observed after each FSR was covered.

[0169] 3.2.1. Wavelength Stabilisation

[0170] A closed feedback loop was used to control the
temperature of the oven 16 in order to provide wavelength
stabilisation of the SLM output from the device 100. This is
illustrated in FIGS. 21(a) and 21(b). More specifically, FIG.
21(a) illustrates the automatic temperature adjustment over
time in response to the measured output wavelength and the
closed feedback loop. FIG. 21(5) is a plot of the Stokes
output wavelength variation over the same time period,
demonstrating an accuracy better than 10 MHz (limited by
the resolution of the wavemeter).

[0171] 4. Further Resonator Geometries

[0172] In the embodiments discussed so far, the Raman
medium has had a linear geometry, thereby defining a linear
resonator of the Fabry-Pérot type. The principle of operation
is analogous for linear resonators with non-flat surfaces,
such as curved surfaces at one or both ends of the Raman
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medium. Such a device would advantageously have a higher
degree of transverse mode stability, maintaining single lon-
gitudinal mode operation. However, other resonator geom-
etries are envisaged, as will now be discussed with reference
to FIGS. 13 to 16.

[0173] FIG. 13 is a schematic illustration of an integrated
ring resonator defined by a Raman medium 6 having sub-
stantially rectangular geometry. The Raman medium defines
a first pair of substantially parallel and opposing feedback
surfaces 3, 4, and a second pair of substantially parallel and
opposing feedback surfaces 30, 40. In use, a laser pump
input is incident on first surface 3 at an angle away from
normal incidence. The pump and resultant Stokes then
follow an optical path through the resonator, reflecting off
surfaces 30, 40 due to total internal reflection, and reflecting
off end surface 4 which is either uncoated, or has a high
reflectance coating for both the Stokes and the pump. The
Stokes and pump beams exit the resonator through first
surface 3, and are separated using dichroic mirror 24. The
increased optical path length in such a ring resonator con-
figuration advantageously increases the gain length of the
device.

[0174] FIGS. 14a and 1454 illustrate a toroidal resonator in
plan view (FIG. 14(a)) and cross-sectional view (FIG.
14(b)). The Raman medium 6 is formed in the shape of a
toroid, and the path taken by the Stokes within the resonator
is illustrated at 2. In a similar manner, FIGS. 15(a) and 15(6)
show plan and cross-sectional views, respectively, of a
spherical resonator configuration, and FIGS. 16(a) and 16(5)
illustrate plan and cross-sectional views, respectively, of a
“racetrack” resonator configuration. In all of these examples,
the Raman medium defines feedback surfaces (interfaces) of
the resonator such that the Stokes emissions resonate com-
pletely within the Raman medium.

[0175]

[0176] In the examples so far, we have described a device
100 comprising a single Raman resonator used to generate
a single longitudinal mode output. We now discuss devices
110 that comprise two or more Raman resonators sequen-
tially coupled (e.g. bonded or connected) together, with
reference to FIGS. 17 to 19.

[0177] FIG. 17 illustrates an example device 110 compris-
ing first 6a and second 65 resonators sequentially coupled at
coupling feedback interface 30. The resonators 6a and 65
may be coupled via their respective uncoated end faces,
although in embodiments feedback elements such as planar
mirrors may be used at the coupling feedback interface 30 in
order to enhance reflection of the Stokes. Each resonator has
a linear resonator configuration. The first resonator 6a has an
effective length L1, and the second resonator 65 has an
effective length 1.2. A third resonator having length (L1+1.2)
is defined by the first end surface 3a of the first resonator 6a,
and the second end surface 44 of the second resonator 6b.

[0178] The device 110 is designed to work at the “unison”,
meaning that the effective lengths L1, [.2 of each Raman
medium are configured so that there is a single longitudinal
mode resonating in all resonators simultaneously. The pump
beam 1 propagates along all Raman media and can be fed
back to the resonators by ensuring that feedback surface 45
has a high reflectance at the pump beam wavelength (for
higher conversion efficiency). Tuning using any of the
methods discussed herein may be applied to each resonator
individually, or to the coupled device 110 as a whole.

5. Multiple Resonators
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[0179] In FIG. 17, the FSR of the first resonator 6a is
greater than the pump linewidth Aw,, and the FSR of the
second resonator 6 is less than the pump linewidth. In this
way, when operating in the high gain regime, the first
resonator 6a produces a SLM seed which is injected into the
second resonator 6/ for amplification.

[0180] FIG. 18 illustrates an example device 110 in which
both resonators have a FSR greater that the pump linewidth
and both operate above lasing threshold, with mutual seed-
ing between the resonators.

[0181] In both the devices of FIG. 17 and FIG. 18, the
effective length of each resonator is substantially equal to an
integer number of half wavelengths of the resonator mode,
such that:

A A
L= ml—S, L2 = mz—S,
2 2

and therefore

L1 m

L2 " my’

where A, is the Stokes wavelength and ml and m2 are
integers.

[0182] Such a multiple-resonator device 110 may in gen-
eral comprise n such resonators, where n>1. FIG. 19 sche-
matically shows such an example of an n-resonator device
110, in which the first resonator 6a has a FSR less than the
pump linewidth, and seeds a plurality of amplifier resonators
6b . . . 6n coupled in series, with each of the amplifier
resonators having a FSR smaller than the pump linewidth.

[0183] For an n-resonator device:

Li  m;
—=—V{,j}ed=[1,NeM
Li  my

[0184] Depending on the reflectivity of end surfaces 3a
and 46 and the coupling feedback interface(s) 30 between
the resonators, and the gain in each Raman medium, there
are at least three different regimes of operation for a mul-
tiple-resonator device 110:

[0185] (1) Oscillator-amplifier: A single longitudinal
mode seed is generated in the first resonator 6a, and
inject it into the second (and further) resonator 64 for
effective amplification. This configuration is known as
lock-in amplification. In such a regime, the second (and
further) resonator is configured so it cannot lase by
itself (the losses>gain), but can effectively amplify the
light produced by the first resonator.

[0186] (2) Double/multiple resonators: In this case both
(or more) resonators operate above lasing threshold,
and the single mode resonates due to effective and
mutual seeding of the resonators to each other. A
condition for single mode operation is that the overall
gain of the selected single longitudinal mode is higher
than for the adjacent modes that only resonate in one of
the resonators. The selected longitudinal mode should
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be capable of depleting the gain enough in all the
Raman media to ensure that it is the only mode reso-
nating.

[0187] (3) Near threshold operation: the resonators do
not lase by themselves, since they don’t have enough
gain to overcome their losses (cannot lase indepen-
dently). However, when coupled to each other, the
mutual feedback is equivalent to reducing the losses at
a single longitudinal mode. This reduction of losses for
a specific longitudinal mode allows the device to pro-
duce single longitudinal mode output.

[0188] 6. Theory

[0189] We now discuss proposed theory and modelling
behind the present invention. A convenient methodology to
study the spectral characteristics of the fields involved is to
model the stimulated Raman scattering (SRS) process
entirely in the frequency domain. In this approach, the field
from a laser is represented by the amplitude and phase of the
longitudinal modes of the laser cavity. The superposition of
these modes in the time-domain gives a laser signal repeat-
ing with a period of the round-trip time of the laser cavity
t,=21/Q=2L/c, where L is the optical path length of the
resonator.

[0190] The noisy temporal structure of multi-mode laser
fields—both in amplitude and phase on timescales faster
than the cavity round-trip time, is caused by the interference
of its spectral modes. These modes, however, generally vary
in amplitude and phase on the timescale of the round-trip
time or slower. This is equivalent to saying that the linewidth
of any individual mode is much smaller than the mode
spacing Q. Since the longitudinal modes vary slowly (at
least much slower than the phonon dephasing time), we can
in most cases model the Raman gain and loss for each mode
using steady-state Raman theory, even if interference of the
modes produces structure that would need transient Raman
theory if modelled in the time domain. We now use this
method to model phonon-resonant Raman interactions.
[0191] To construct the frequency domain model, we start
by writing the multi-mode fundamental field E,. (also called
‘pump’ in the following) with 2m+1 modes spaced in
frequency by Q. and a single-mode Stokes field I'y:

i ) (68)
Er= ) Ferorod 4 e

fm—

Eg = Syeflwshs?) 1 e @

[0192] in which cc represents the complex conjugate of
the preceding term, and ®;=®;,+l. In these equations,
S and F, are complex amplitudes describing the amplitude
and phase of the modes. The approximation for the mode
wavevector Kz, =k ., +Ql/u accounts for the group veloc-
ity difference between the fundamental wavepackets, but
neglects group velocity dispersion within each wavepacket.
[0193] Inorder to produce a spectral “funnelling” effect, a
mechanism is required in which each fundamental mode
efficiently transfers its energy to a single Stokes spectral
mode. A fundamental field composed by multiple longitu-
dinal modes interacts with phonons specific energy such that
the scattered Stokes photons form a purely mono-chromatic
beam. This effect can be described by the following equa-
tion:



US 2024/0055821 Al

Op =0 HORHQ) 3)

[0194] here the term (wz+1€2) accounts for a phonon
that resonantly interacts with the fundamental field
mode @y, and is within the Raman linewidth
(Awgp>QIV1). We define here “phonon-resonant”
Raman conversion to the processes that fulfil equation
3. The broadband pump photons need to interact with
phonons of the exact energy so that the resulting Stokes
photon energy is constant. This process can be efficient
provided the pump linewidth is narrower than or equal
to the Raman linewidth Awg.

[0195] In order to describe the coupling between the
fundamental and the Stokes modes, we use SRS in steady-
state relations and write it in a doubly-degenerate phase-
matched form (note that non-degenerate modal interaction is
not possible if equation 3 is satisfied as there are no Stokes
side-bands):

16Sy 88l g0 & AwR G
=0 Y e R Y FSyF ) ——
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[0196] where N=0J/®, and g, is the line-centre mono-
chromatic Raman gain coefficient. In this case, the
phonon driving term (SoF,*) is in general resonant with
the fundamental field A®y, but non-resonant with the
vibrational center frequency g, which leads to the
term AWg/(Amg—ilQ) that reduces the gain by a Lorent-
zian factor 1+(1€/A®_R)* and also causes phase rota-
tion. There is no phase mismatch for any degenerate
term even in the presence of dispersion, since they must
always have the correct phase to provide gain. The
spectral and phase characteristics of the produced
Stokes field will then depend mostly on the fundamen-
tal field intensity temporal modulation, and the reso-
nator feedback and length stability.

[0197] The condition expressed mathematically in equa-
tion 3 cannot be attained unless the SRS process is set in an
environment that prevents Stokes side-modes from being
amplified. Taking the aforementioned effects into account, a
sufficient condition to satisfy equation 3 is that the free
spectral range (FSR) of the resonator is then larger than the
overall effective Raman gain linewidth of the resonator
(FSR>Aw,). Here the effective gain with a linewidth of Aw,
is approximately the result of the convolution of the natural
Raman spectrum and the pump laser spectrum. For Lorent-
zian lineshapes this is A®=A® AWM.

[0198] In the high Raman gain regime (where the Stokes
spectrum is driven to duplicate the pump spectrum), the
sufficient condition that satisfies equation 3 becomes
FSR>Av,..

[0199] We now define the quantity 1 that accounts for the
combined effects of the power conversion efficiency and the
ratio of spectral widths:

= 12
Awp f |Es|*dt
"= Aws (4 12
f \Erldt
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[0200] For mn>1, the net effect is of an enhancement of the
power spectral density (PSD) or an apparent spectral fun-
nelling effect. The present invention provides a monolithic
system capable of producing large 1>50, while its linewidth
approaches the Fourier limit.

1. A Raman laser conversion device for generating a
single longitudinal mode, SLM, laser output, comprising:

a Raman medium that exhibits a Stokes emission when

subject to pumping by a laser pump input, the laser
pump input having a pump linewidth and the Raman
medium having a Raman linewidth; wherein

the Raman medium is configured to define feedback

interfaces of a resonator such that the Stokes emission
resonates within the Raman medium; and further
wherein

the free spectral range, FSR, of the resonator with respect

to the pump linewidth and/or the Raman linewidth or a
function thereof is such that only one longitudinal
mode of the Stokes emission is able to resonate within
the Raman medium; whereby

the laser conversion device generates a SLM laser output

that is frequency shifted with respect to the laser pump
input.

2. The device of claim 1, wherein the FSR of the resonator
is greater than the pump linewidth.

3. The device of claim 1, wherein the Raman medium is
a diamond crystal.

4. The device of claim 1, further comprising an actuator
configured to adjust at least one parameter of the resonator
so as to adjust the frequency of the SLM laser output.

5. The device of claim 4, wherein the actuator comprises
means for adjusting the temperature of the Raman medium.

6. The device of claim 4, wherein the actuator comprises
one or more of:

a pressure actuator;

an acoustic wave generator;

a magnetic field input;

a voltage input; and

a position controller configured to adjust the position of

the Raman medium with respect to the laser pump
input.

7. The device of claim 1, wherein at least one feedback
interface comprises a feedback element that is configured to
increase the feedback of the Stokes emission at that inter-
face.

8. The device of claim 1, further comprising a pump
feedback element that is configured to feed back the pump
laser input into the Raman medium.

9. The device of claim 1, wherein the geometry of the
Raman medium is configured to define an optical path length
of the resonator for a particular resonator mode.

10. The device of claim 1, further comprising a second
Raman medium coupled to the first Raman medium via a
coupling feedback interface, wherein the second Raman
medium is configured to define feedback interfaces of a
second resonator.

11. A Raman laser system for generating a single longi-
tudinal mode, SLM, laser output, comprising:

a pump laser configured to provide a laser pump input, the

laser pump input having a pump linewidth; and

a Raman laser conversion device according to claim 1,

configured to receive the laser pump input.

12. The laser system according to claim 11, further
comprising a focussing element configured to focus the laser
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pump input into the Raman medium with an intensity great
enough such that the device operates in the coherent Raman
scattering regime.

13. The laser system according to claim 12, wherein the
focussing element is configured to focus the laser pump
input into the Raman medium with an intensity great enough
such that g 1-1.>8 wherein g, is the Raman gain of the
Raman medium, [ is the laser pump input intensity and L.
is the gain length.

14. The laser system of claim 11, wherein the free spectral
range of the resonator is greater than the pump linewidth.

15. A method of generating a single longitudinal mode,
SLM, laser output, the method comprising:

receiving a laser pump input at a Raman laser conversion

device so as to generate a SLM laser output that is
frequency shifted with respect to the laser pump input,
wherein the laser pump input has a pump linewidth and
the Raman laser conversion device comprises:
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a Raman medium that exhibits a Stokes emission when
subject to pumping by the laser pump input, the Raman
medium having a Raman linewidth; wherein

the Raman medium is configured to define feedback
interfaces of a resonator such that the Stokes emission
resonates within the Raman medium; and further
wherein

the free spectral range, FSR, of the resonator with respect
to the pump linewidth and/or the Raman linewidth of a
function thereof is such that only one longitudinal
mode of the Stokes emission is able to resonate within
the Raman medium; whereby

the laser conversion device generates a SLM laser output
that is frequency shifted with respect to the laser pump
input.



