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We present a Nd:KGW laser with a wavelength selectable intracavity loss scheme comprising a notch filter and
external-cavity feedback, which enables distinct continuous-wave laser oscillation regimes. Based on the spec-
troscopy of the 4F; /2 - I /2 transition in Nd:KGW, we have achieved tunable laser oscillation at either 1067 nm,
1076 nm or 1085 nm corresponding to different spectral peaks of the emission cross-section. An adequate bal-
ance of the intracavity loss also allows for dual-wavelength operation at both 1067-1076 nm and 1076-1085 nm

peaks, and the inclusion of an additional external reflector permits dual-wavelength oscillation in the vicinity of
the main emission peak at 1067 nm. From the external-cavity laser theory perspective, in our approach, the
tuning mechanism is treated as an effective intracavity loss instead of an effective reflectivity treatment. The key
parameters for further improving the emission wavelength range and tunability are identified and discussed.

1. Introduction

Neodymium-doped Potassium Gadolinium Tungstate crystal (Nd:
KGW) is an efficient biaxial laser material with emission in the near-
infrared. Due to its anisotropy, absorption and emission occurs in the
three main optical indicatrix axes, i.e. Np, Ny and Ny,-axis, depending on
the crystal orientation (cut). Absorption and emission cross-sections are
stronger for N,, and weaker for Ng polarized fields. The Nd®* ion in KGW
can be oscillated at either *F3)p - *Ig/p,*Fy/5 - *I11/2 or *F3)5 - *Lig)
transitions. Nd:KGW has a broader absorption and “F5 /2 - 41 /2 transi-
tion gain spectra if compared to widespread Nd>*-doped laser crystals
such as Nd:YAG and Nd:YVO4. A broader absorption requires less
stringent conditions for pump wavelength stability and bandwidth, and
a broader emission potentially allows for tunability of the emission
wavelength. In addition, KGW (KGd(WO4)5) host material shows a high
nonlinear third-order susceptibility allowing for Raman scattering fre-
quency conversion [1,2]. Nd:KGW lasers are typically diode-laser
pumped either around 810 nm, 877 nm or 910 nm, with slope effi-
ciencies up to 70% [3-5]. The main energy levels and transitions for
Nd3* in KGW host is shown in Fig. 1(a) [6].

In particular, for an N,-cut Nd:KGW crystal, which is the crystal
orientation of the Nd:KGW in this work, emission from the *F3 5 - *I;; 5
transition is strongly polarized parallel to the Ny,-direction and peaks at
1067 nm [3,7]. There are additional weaker spectral peaks within the
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emission cross-section spectrum at 1058, 1076 and 1085 nm (Fig. 1(b))
for which lasing has not been reported yet. Additionally, simultaneous
oscillation of these lines has neither been reported so far. In this work we
have achieved laser oscillation at either 1067 nm, 1076 nm or 1085 nm
with a limited tunability and dual-wavelength operation by means of a
combination of intracavity filtering and external-cavity feedback.

These results are of application on the generation of new emission
lines through self-Raman effect in Nd:KGW for single-wavelength
operation. Dual-wavelength operation has also application in terahertz
(THz) generation where two optical frequencies with an adequate offset
can be mixed together in a photomixer (fast photoconductor or photo-
diode) [8] or in a nonlinear optical crystal suitable for difference-
frequency generation (DFG) to obtain a signal in the THz spectral
range [9]. A more recent application of dual-wavelength lasers is the
field-of-view enhancement in infrared (IR) upconversion imaging
[10,11]. In this novel application a dual-wavelength laser source can be
configured to increase the upconverted area of the IR image and would
require, typically, a narrower wavelength offset when compared to that
of THz generation.

Laser wavelength selection and tuning is typically achieved by means
of either intracavity prism angular dispersion [12], etalon [13], bire-
fringent filters [6] or external-cavity techniques [14], in which the
intracavity loss, L., or cavity mirror transmission T, is made to be
wavelength selective. Common to all these techniques, the lasing
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Fig. 1. (a) Energy levels and band diagram [6] and (b) Ny-polarized emission
cross-section in Nd:KGW [3,7].

threshold, among other parameters which are relatively wavelength
independent, is governed by the ratio of total cavity loss to emission
cross-section (Eq. 1) for a given wavelength which, after a slight
modification of [14], yields:

T()+ L. (2)

Pﬁ, (A)CX o, (/1)

(€8]

As it can be drawn from Eq. 1, for a targeted wavelength to oscillate,
the laser cavity design must assure that either the intracavity loss or the
output coupler transmission, or both, minimize the ratio in Eq. 1 as the
emission cross-section is fixed by the laser crystal.

Concerning laser wavelength selection and tuning in Nd-doped hosts,
external-cavity tuning has not been fully explored. Typically, in a laser
cavity with an intracavity etalon or a birefringent filter, all wavelengths
have a very similar transmission in the output mirror and the prevailing
wavelength is that for which the intracavity loss of the intracavity
element makes Eq. 1 minimum. In contrast, in an external-cavity setup
all wavelengths have approximately the same intracavity loss, and the
oscillation wavelength is selected by the effective transmission of the
combination of output coupler plus an external reflector for which Eq. 1
is also at minimum.

In terms of wavelength selection, when compared to external-cavity
tuning, both etalon and birefringent filters have an intrinsic free-
spectral-range and, as a result, the periodic transmission peaks may
spread to other spectral areas favoring the oscillation of additional
wavelengths. In order to modulate the transmission of unwanted peaks,
additional etalons or plates, in the case of birefringent filters, need to be
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Fig. 2. Experimental setup of the Nd:KGW laser with external-cavity feedback.

added, thus increasing complexity and cost. In this sense, feedback from
an external-cavity reflector (i.e. a diffraction grating) focuses only in the
neighborhood of the wavelength of interest. In contrast, external-cavity
may require a higher number of optical elements than etalon or bire-
fringent filter tuning and, in addition, external-cavity optical elements
need to ensure a good mode-matching of the back fed radiation to the
fundamental mode of the main laser cavity. Any deviation in mode-
matching will reflect a reduction of the amount of feedback effectively
coupled to the laser cavity. On the other hand, in the case of etalons and
birefringent filter tuning it is necessary to match one spectral resonance
of the etalon or the filter to that of one or more cavity axial modes.
Likewise, when compared to the external-cavity tuning configuration,
an integer relation between the main cavity and the external-cavity
lengths is desirable in order to match their axial modes. However, this
condition is a much less stringent than that based on etalons or filter
tuning since the intracavity loss does not increase if a perfect integer
ratio between cavity lengths is not met.

There is also a research interest in tunable intracavity Raman lasers.
Tunability of both the laser and the Raman shifted emission has been
studied in some Nd-doped hosts. In particular, for Nd:GdYVO4 a 4 nm
tuning of the laser line and its corresponding Stokes wavelength was
achieved in [13,15]. Such tuning is wider than that achieved in this
work but we believe that further investigations on the tuning of the laser
line in Nd:KGW can lead to broader tunability due to a wider emission
cross-section bandwidth of Nd:KGW when compared to Nd:GdYVOj,.
The main advantage of external-cavity tuning over etalons and bire-
fringent filters is then in the study of tunability in monolithic solid-state-
lasers. Due to the rugged and compact cavity of a monolithic laser [16],
no tuning elements such as etalons or birefringent filters can be placed
intracavity. In the context of this research, potential monolithic self-
Raman Nd:KGW lasers may benefit from external-cavity tuning. There-
fore, external-cavity investigations in Nd:KGW are necessary for tuning
both laser and Raman conversion in compact monolithic self-Raman Nd:
KGW lasers [17].

There is extensive bibliography dealing with wavelength selection in
a wide variety Nd-doped materials. As a summary of the most important
achievements, the tables in [6,18], and references therein, provide an
excellent review on this topic. Thus, we believe our work is a pioneering
exploration on wavelength selection and tuning for the first time in Nd:
KGW. In this regard, and following the external-cavity theory [14], we
expected to achieve oscillation on the 1058, 1076 and 1085 nm laser
lines in Nd:KGW, in addition to the widely used 1067 nm emission.
Experimental constraints allowed us for only achieving oscillation at
1067, 1076 and 1085 nm. This will be discussed in the following
sections.

2. External-cavity tuning in Ny-cut Nd:KGW laser

As a first approach to investigate tuning in Nd:KGW, a two mirror
linear cavity with an external-cavity Nd:KGW laser was built (Fig. 2). A
diode laser (LD) with peak wavelength emission at 804 nm coupled to a
multimode fiber with 105;um core and 0.22 NA, is used as the laser
pump. The output from the multimode fiber is first collimated by the
lens L1 an then focused by the lens L2, providing a magnification of
nearly 3.5 with a 370 pm pump beam diameter inside the Nd:KGW
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Fig. 3. (a) Experimental setup for wavelength selection and tuning in Nd:KGW.
(b) Schematic of the equivalence between i) linear cavity with intracavity filter
and (ii) V-shaped cavity configuration.

crystal. Under our available pump power conditions, i.e. a pump in-
tensity <2 kW/cm?, this spot diameter provides safe CW operation for
Nd:KGW, which is prone to crystal fracture [3,19,20]. A plano-concave
linear laser cavity is formed between mirrors M1 (concave, roc = 100
mm) and M2 (flat output coupler). Both mirrors are AR coated at the
pump wavelength. M1 is HR>99.9% coated and M2 is PR = 96% in the
range 1040-1090 nm. The gain material is a 5% doped, N,-cut, 3x3 mm?
section, 2 mm long Nd:KGW crystal (Optogama UAB), wrapped in in-
dium foil and water cooled down to 15 °C. The absorbed pump power
through the crystal was measured to be 65%.

The main cavity length (distance between M1-M2) was 70 mm and
the Nd:KGW crystal was separated 15 mm from M1. In this configuration
fundamental laser cavity mode had a waist radius of 190 pm, thus
providing a good overlap with the pump laser throughout the short
crystal length. The external cavity was placed after the output coupler
and comprised a collimation lens (CL) with 150 mm focal length and a
diffraction grating (DG) in a Littrow configuration. The diffraction
grating was a ruled diffraction grating with 1200 lines/mm blazed at 36°
for 1 um. The output of the laser was directed to an optical spectrum
analyzer (OSA) with a resolution of 0.06 nm between 1 and 2 pm. We
experimentally achieved Nj,-polarized single-wavelength emission at
either 1067 nm (1 nm tuning) and 1076 nm (0.5 nm tuning) and rather
unstable dual-wavelength 1067-1076 nm oscillation. When an external-
cavity feedback was applied, the oscillation threshold was reduced. The
reduction factor is obtained as the ratio of the pump power threshold in
free-running oscillation (Pg ) to the pump power threshold under
external-cavity feedback (Pyey). Under external-cavity feedback, we
measured a pump power reduction factor Py, free /P er=1.3. The cascade
of the output coupler and the external cavity can be viewed as an
effective reflectivity (R.y) which can be calculated as [14]:

(I’z(ﬁ) + rDG(/I))Z

Ry () = (1 + r(W)re(A))

(2)

where ry and rpg are the amplitude reflection coefficients of M2 and DG
respectively. Ideally r2; provides the fraction of the incoming power
which is reflected back from the grating and governs the feedback effi-
ciency. Experimentally, there are several factors affecting the feedback
efficiency, thus reducing r3;. After analyzing the threshold reduction of
1.3 at 1067 nm we found that under our optical feedback experimental
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Fig. 4. (a) Angular tuning of the notch filter spectral power transmission and
equivalent emission cross-section (dotted lines). (b) Simulation of the power
threshold at 1075 nm including NF and external cavity.

conditions, only an effective 25% feedback ratio was achieved, which
was not enough to oscillate around 1085 nm, suppressing 1067 and
1076 nm. N,-cut Nd:KGW suffers from astigmatism and opposite sign of
the induced thermal focal lens in the N; and Nj,-directions [21]. We
believe that although a measured 60% of the output power was fed back
to the cavity, astigmatism and different sign of the thermal focal lenses
in transverse directions made it difficult to mode-match the feedback to
the laser mode inside the cavity with a single collimating spherical lens.
Besides this, the output beam from M2 was 1.25 mm width on CL and
around 1.5 mm width, therefore illuminating 2000 lines in DG and
providing a resolution of 0.5 nm. A 0.5 nm width feedback does not
effectively couples light to the ~0.1 nm width of the free-running
oscillation. Thus, under reduced feedback conditions, an alternative
method was needed for selecting and tuning the emission of our Nd:
KGW laser since the feedback was not enough to oscillate the targeted
wavelengths.

In order to compensate for the low effective feedback, we built a
modification of the setup in Fig. 2 by changing M2 reflectivity to
HR>99.9% in the range of 1040-1090 nm and including a notch filter.
The experimental setup used in our approach for wavelength selection
and tuning in a solid-state laser based on Nd:KGW is shown in Fig. 3(a)
where NF is an off-the-shelf (commercially available) optical notch filter
(Thorlabs NF1064-44) inserted intracavity (33 mm away from M2) to
attenuate the strongest emission lines within the “F; /2 - I /2 transition,
thus allowing the oscillation of lower cross-section wavelengths. The
notch filter has a rejection band of 44 nm centered at 1064 nm with 60
dB attenuation and a slope of 4.5 dB/nm on the band edges. Its spectral
response can be shifted to shorter wavelengths by means of angle tuning.
The passband of the notch filter has a reflectivity of around R = 2-3%,
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and acts as a cavity loss which extracts such amount of the intracavity
circulating power per trip out of the cavity. In this work this reflection
was opportunistically used as an output coupler. As a result, our laser
cavity with an intracavity element of transmittance T and reflectivity R
= 1-T (Fig. 3(b.i)) can be seen as a V-shaped cavity with a folding mirror
of transmittance OC = R (Fig. 3(b.ii)). Therefore, the feedback of the
reflected portion of the intracavity power from the NF in our laser re-
sembles a V-shaped cavity configuration under external-cavity feedback
and, therefore, external-cavity theory can then be applied for the
interpretation of the experimental results.

The output radiation, in addition to a collimating (CL) and a ruled
diffraction grating (DG) (dashed square in Fig. 3(a)), can provide an
effective spectral shaping of the intracavity loss, thus enabling both
wavelength selection and tuning of the emission wavelength. The laser
cavity emitted in the N;, polarization and it was aligned perpendicular to
the diffraction grating grooves in order to optimize the diffraction effi-
ciency. The combination of the NF loss, reflectivity and external-cavity
feedback determines the oscillation wavelength and threshold (Eq. 1).
Wavelength selection and tuning is then accomplished by laser threshold
compensation, i.e., by increasing the total cavity loss for those wave-
lengths with higher emission cross-section and, thus obtaining the
lowest threshold for a targeted wavelength. Numerical data of angle
tuning of the notch filter are plotted in Fig. 4(a). As it can be seen, tuning
of the notch filter can be used to cancel the emission-cross section
maxima at unwanted wavelengths, yielding a similar cross-section only
at long wavelengths within the *F; /2 - Iy /2 transition. In addition to the
action of the filter, we create an effective reduction of the intracavity
loss (L.—L¢y) by means of an external cavity rather than an effective
increase of the output coupler reflectivity, which is a more spread
technique in terms of external-cavity lasers (Eq. 2). The insertion of a
notch filter suppresses laser emission of the strongest spectral lines and
the band-pass transmission of nearly 98-97% (i.e. R = 2-3%) per single
trip can be increased at the targeted wavelength by the optical feedback
provided by CL and DG (Fig. 3(a)) in a Littrow configuration. Since M2
(Fig. 3(a)) reflectivity is R22100% (T2(4)—0), wavelength selection and
tunability is then only controllable by L, and Eq. 1 reduces to:

Ley(2)
o, (4)

Py (2)e 3
The threshold of the oscillating wavelength is thus governed by the
ratio of the effective intracavity loss to cross-section, where
Leeff=Lco+Tes includes losses of the cold cavity (L.o) and NF trans-
mittance effectively increased by optical feedback (Tey=1-R.4).

In Fig. 4(b), we simulate the power threshold for a wavelength of
around 1075 nm. The purple dashed line represents the threshold in the
absence of NF and external-cavity. The dotted black line is the resulting
threshold, including the NF filter response at 17.5° (orange line in Fig. 4
(a) and (b)). The lowest threshold is achieved after the external cavity is
inserted (blue line) with a feedback ratio of 25%. The minimum
threshold is at the maximum of the grating diffraction efficiency and, as
a consequence, it can be tuned as DF is rotated.

3. Experimental results

Since there are two optical outputs in the setup of Fig. 3(a), asin a V-
shaped cavity, they can be used to achieve different oscillation regimes if
one or more external reflectors are included in the setup [22], depending
on the combination of the NF attenuation, i.e. angular position, and
optical feedback. We have achieved single-wavelength, short-range
tuning and dual-wavelength operation. When configured for single-
wavelength operation, the emission was switched at either at 1067
nm, 1076 nm or 1085 nm. For an orientation of 25° of the NF surface to
the cavity axis, 1067 nm, 1076 nm or 1085 nm lay in the passband of the
filter and emission at 1067 nm, which has the highest cross-section,
dominates among the rest. The emission at 1067 nm can be reinforced
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and its threshold reduced by the inclusion of the external cavity (CL +
DF). A slight angle reduction of the NF with regard to the cavity axis
places 1067 nm at the stop-band edge with a strong attenuation whereas
1076 nm and 1085 nm are allowed to pass through the filter. Due to a
higher emission cross-section in comparison to 1085 nm, oscillation at
1076 nm occurs and can also be reinforced by the grating if properly
tuned. A further reduction in the angle between the normal to the filter
surface and the cavity axis enhances the loss for 1067 nm and 1076 nm,
thus being 1085 nm the wavelength with the highest cross-section in the
pass-band of the filter, which can be reinforced by the external cavity as
well. In Fig. 5(a) we show the laser output power versus the absorbed
pump power for either 1067 nm, 1076 nm or 1085 nm when the com-
bination of NF and DF orientation is the adequate to make only one of
them to prevail, i.e. under external-cavity feedback. The pump power
reduction factor was also measured for 1067 nm and 1076 nm, which
were able to oscillate in the absence of external-cavity feedback. Again,
a pump power reduction factor of 1.3 was obtained since thermal lens
and feedback spectral resolution are similar to that in experiment in
Fig. 2. Besides a threshold reduction, the angular dependence of the
diffracted wavelength in the grating enabled a limited tunability of the
aforementioned laser lines. Examples of different emission lines and
tuning in Nd:KGW are shown in Fig. 5(b). We achieved ~3 nm tuning in
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the surrounding of 1067 nm, ~2 nm tuning at 1076 nm and ~1 nm
tuning at 1085 nm.

We also assessed the thermal lens in our crystal in the configuration
of Fig. 2. We registered the beam width evolution for the cavity M1-M2
in the range of 100 to 600 mm from M2 and adjusted it with ABCD
matrices to the beam evolution for positive and negative lenses inside
the M1-M2 cavity of different focal lengths [21]. The measured ther-
mally induced dioptric power as a function of absorbed pump intensity is
depicted in Fig. 6. As stated in [21], in Np-cut Nd:KGW, the thermal is
astigmatic and with opposite sign for N;,, and N, transverse planes. We
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performed additional ABCD matrix calculations and found the external-
cavity mode was stable for the measured span of thermal lenses but we
also found that, with a single spherical lens (CL) in the external cavity,
the external-cavity mode can not be matched to the main cavity mode in
both N;, and N directions simultaneously. This means a penalty on the
feedback efficiency when thermal lens is present and cannot be fully
corrected with the actual external-cavity configuration. The sensitivity
of effective feedback to thermal lens and to feedback spectral resolution
will be object of further investigations in future research.

The laser can also be configured for dual-wavelength operation.
Dual-wavelength operation in Nd:KGW has not been still reported
either, to our knowledge. Dual-wavelength oscillation can be obtained
with large wavelength-offset (i.e. ~1067-1076 nm or ~1076-1085 nm)
or narrow wavelength-offset (i.e. oscillation of two wavelengths within
the broadening of an emission cross-section spectral peak). For large
wavelength-offset radiation, due to a non-perfectly smooth edge and
pass bands, simultaneous oscillation at either 1067-1076 nm or
1076-1085 nm shows imbalanced thresholds, thus making it difficult
dual-wavelength oscillation. The external-cavity grating can be used to
balance the thresholds for dual-wavelength oscillation. In Fig. 7(a) dual-
wavelength oscillation at 1069 and 1077 nm and in Fig. 7(b) oscillation
at 1077.5 and 1086.5 nm are depicted. Regarding the stability of the
dual-wavelength, we have studied the 1069-1077 nm oscillation as an
example. The dual-wavelength 1069-1077 nm output power versus
absorbed pump power is represented in Fig. 8(a) and resembles the
1076 nm output power curve in Fig. 5(a).

We have distinguished between long-term and short-term stability as
the fluctuation seen in an OSA with few seconds averaging and the
fluctuations in scales of few ms or shorter, respectively. For the long
term stability we registered 1069 nm and 1077 nm amplitudes in an OSA
with 5 s swept time at different pump powers. In Fig. 8(b) and 8(c), i.e.,
long-term stability, 0 dB represents the power of the wavelength with
the highest amplitude and the lowest-amplitude wavelength power is
then represented relative to 0 dB. In Fig. 8(b), the pump power is swept
downwards from 2.2 W of absorbed power to 0.7 W. Although the dual-
wavelength prevails the relative powers of the dual-wavelength spectral
components are unbalanced in the range of 10 dB as the pump power is
swept. In Fig. 8(c) data were recorded adjusting slightly the vertical tilt
of the DF as the pump power was swept, yielding a nearly amplitude
balanced dual-wavelength oscillation.

With respect to the short-term stability, the pump power was chop-
ped at a frequency of 72 Hz. We spatially separated 1069 and 1077 nm
power-balanced wavelengths and they were recorded simultaneously in
two separate channels of an oscilloscope by two independent photodi-
odes (traces a) and b) in Fig. 9, respectively). Trace c) in Fig. 9, which
was recorded later than a) and b), exhibits that the dual-wavelength
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Fig. 10. (a) setup for narrow dual-wavelength oscillation. (b) Narrow dual-
wavelength tuning within 1067 nm emission peak with spectral separation of
0.8 nm (blue line) and 2 nm (orange line).

oscillation, i.e. the sum of 1069 + 1077 nm, is stable in the short term
although the separated wavelengths fluctuate competing for the shared
gain. Small time-varying laser cavity perturbations may lead to an un-
balanced dual-wavelength oscillation, i.e. if one wavelength increases
its power, the other one reduces in the same amount. We believe fluc-
tuations are the result of laser technical noise in our laboratory, mainly
because of vibrations of chillers, fans and water flow through the laser
crystal holder.

The insertion of an additional grating can also be adopted for either
broad or narrow wavelength-offset. In particular, narrow-wavelength
offset within the main emission peak is of interest in image upconver-
sion applications [10,11]. The experimental setup for dual-wavelength
operation with a narrow-wavelength offset is a modification of Fig. 3
(a) where an additional external cavity is included and M2 is changed to
areflectivity of 1%, acting as an output coupler (Fig. 10(a). In Fig. 10(b),
two examples of narrow-wavelength tuning (0.8 nm and 2 nm) within
the 1067 nm emission cross-section peak are shown. Nd:KGW is ex-
pected to provide a broader dual-wavelength offset over more wide-
spread Nd-doped hosts such as YAG, YVO4 or GdVO4 where gain
bandwidth is in the order of 0.6, 0.8 and 1.3 nm [23], respectively, in
contrast to Nd:KGW with a 2.73 nm gain bandwidth [7].

4. Conclusion

To our knowledge, this work is a first investigation and experimental
demonstration of wavelength selection and tuning in Nd:KGW. Our re-
sults leave still room for improvements in terms of efficiency and
emission wavelength tuning range. We believe the asymmetric spatial
distribution of the thermal dioptric power in N,-cut crystal orientation,
i.e. positive or negative sign for Ny, and N, crystal principal planes,
respectively [21], avoids adequate mode matching of the main cavity
and external-cavity feedback modes. Optimization of both the slope
efficiency and the external-cavity feedback for tuning would then
require a specifically designed setup for compensation of this kind of
thermal lens including different optical elements for different transverse
axes. Additionally, other crystal orientation lasing at either N, or N,
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polarization can be adopted to avoid the different sign of the dioptric
power. Such crystal orientations also offer a broader emission spectrum,
at the expense of lower absorption and emission cross-sections, which
could potentially reach emission wavelengths from 1050 nm up to 1100
nm in the *F; /2 - I /2 transition. In addition, because of their better
trade-off between spectral resolution and diffraction efficiency, volume
Bragg gratings (VBGs) could replace the diffraction grating in the
external cavity configuration for controlling the effective spectral
shaping of the intracavity loss and improve laser performance in terms
of operation mode (dual or single-wavelength) and tuning of the laser
emission. Further investigations on external-cavity tuning in Nd:KGW
are of interest for the development of monolithic Nd:KGW tunable self-
Raman lasers. Our work can also be readily extended to the *F; /2 - 4Iy /2

and *F3/; - *I13), transitions of the Nd>" in KGW.
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