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Abstract

We describe the efficient cw operation of two Nd:YLF lasers at 1312.0 and 1322.6 nm for the development of a silver
atom optical clock. For a simple linear cavity laser configuration investigated at these wavelengths, we have obtained an
output power of 3.6 W at 1312.0 nm for 13.8 W of absorbed pump power (1 = 806 nm) and 4.8 W output at 1322.6 nm
with 16.3 W pump. At 1312.0 nm, using a twisted-mode cavity, a single-frequency output power of 750 mW has been
obtained. Single-frequency operation (450 mW) at 1322.6 nm was achieved using an intra-cavity solid etalon.

© 2003 Elsevier Science B.V. All rights reserved.

PACS: 06.20Fn; 39.25+k; 42.55Rz; 42.55Xi; 42.60By; 46.62Eh
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1. Introduction

The stability of an atomic clock is directly
proportional to the quality factor of the resonance
Q defined as the ratio between the resonance fre-
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quency and the observed linewidth [1]. In the best
Cs fountain clock [2], the linewidth is close to 1 Hz
giving a O of about 10'°. If one were able to in-
terrogate an optical transition with comparable
linewidth and S/N one could improve the stability
by a factor 5 x 10*. Several projects to this end are
being pursued in different laboratories worldwide
with optical transitions both in laser-cooled atoms
and single-trapped ions [3]. At the Bureau Na-
tional de Métrologie-Institut National de Métrol-
ogie, we are developing an optical clock based on
neutral silver [4,5]. Here the clock transition be-
tween the 4d'°5s 2S, ,» ground level and the
4d°5s? °Ds), metastable level has an estimated
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natural width of 0.8 Hz [6]. It can be excited either
with a single photon at 330.6 nm or, as in our
experiment, using two photons at 661.3 nm. In
addition, sub-Doppler laser cooling has been
achieved elsewhere using the E1 transition at
328 nm [7]. For both clock and cooling transitions,
the lasers must be continuous, powerful, have high
spectral purity and be precisely tunable. To excite
the clock transition, our aim is to obtain 500 mW
at 661.3 nm ideally with a linewidth below 1 Hz.
For laser cooling at 328 nm, we are aiming for
100 mW with a sub-megahertz linewidth, the nat-
ural width of the cooling transition being 23 MHz.
Several types of laser sources are available: red
laser diodes (or frequency doubled IR ones), dye
lasers and diode-pumped solid-state lasers.

Red laser diodes are the most convenient to use
but lack sufficient power for the generation of tens
of milliwatts at 328 nm. (A narrow output diode
could, however, be used to excite the clock tran-
sition given an efficient power build-up cavity.)
Tunable ring dye lasers are powerful (visible out-
puts of over 500 mW with DCM dye for typically
5 W of Ar" pump laser at 514 nm), but far more
difficult to use. A diode-pumped solid-state laser
represents an attractive option combining output
power and frequency stability with ease of opera-
tion. Specifically, in a laser of this kind, the spec-
trum of frequency fluctuations is confined to low
frequencies (<1 MHz) [10]. This contrasts with the
situation encountered with dye lasers and laser
diodes where the spectrum of frequency fluctua-
tions extends to several megahertz or beyond.
Consequently, frequency stabilisation of diode-
pumped solid-state lasers is easier. For example,
Nd:YAG has been used to make ultra-stable lasers
for spectroscopy of In* ions [8] and gravitational
wave detection [9]. In principle, other rare-earth-
doped crystals should yield similar performances.

Neodymium-doped crystals exhibit many laser
transitions around 1.3 um. We have found that a
laser based on Nd-doped YLiF, (henceforth
Nd:YLF) [11-13] can be used to generate both
1322.6 and 1312.0 nm. Second harmonic genera-
tion of the former wavelength will yield 661.3 nm
while twice frequency doubling the latter will
provide 328 nm. Specifically, we used the emission
lines peaking at 1321 and 1313 nm which are

broad enough to include the wavelengths of in-
terest [12]. According to the second harmonic
generation efficiency measured for LBO in [14] at
least 2 W of 1322.6 nm would be required to
produce 600 mW at 661.3 nm. Moreover, the
group of Boshier at Sussex University has ob-
tained 80 mW at 328 nm by frequency doubling of
a dye laser of output 600 mW at 656 nm (for
spectroscopy of the He* 2S-3S transition) [15]. To
obtain this amount of red radiation by second
harmonic generation of a source at 1312.0 nm,
about 2 W would also be required. In this paper,
we describe our approach to produce first
1322.6 nm then 1312.0 nm and the results obtained
therewith. In both cases, we show how single-fre-
quency operation has been achieved.

Finally, we note that although the most stable
visible laser thus far reported is in fact a dye laser
[16], similar performances should be obtainable
with solid-state sources of the kind described in the
present paper.

2. The laser source

The laser gain element, Nd:YLF, is a uniaxial
crystal. Consequently, there exist two fluorescence
curves according to whether the laser beam po-
larisation is parallel or perpendicular to the ex-
traordinary axis (c-axis). As mentioned in [12], the
two central emission wavelengths correspond to
either the m-polarised line at 1321 nm or the o-
polarised line at 1313 nm. Laser action at these
wavelengths has been investigated in [17]. Here we
report for the first time efficient cw laser operation
at either 1322.6 nm or 1312.0 nm. Although the
greatest absorption is obtained near 792 and
797 nm (see [12]), at the time of the experiments
described here we had available only a pump diode
operating near 808 nm. We fixed the pump wave-
length at 806 nm in order to maximise the ab-
sorption. The pump source for our research was a
25 W fibre-coupled diode (Limo Model no.
HLU25F200) with a centre wavelength 806 nm at
22 °C, fibre core diameter of 200 um and a nu-
merical aperture of 0.22. The pump focusing optics
consists of two doublets. The first doublet with a
60 mm focal length collimates the pump beam.
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The second 80 mm focal-length doublet focuses
the beam pump to a spot size radius of 133 um in
the Nd:YLF rod. The crystal was mounted in a
water-cooled copper heat sink maintained at a
temperature of 16 °C and was anti-reflection
coated at 1.3 pm and 808 nm on both facets. For
both wavelengths we used a classical folded cavity
shown in Fig. 1.

In our experiment the criteria for TEMy, op-
eration were satisfied by setting the arm lengths to
be d; = 280 mm and d> = 300 mm, resulting in a
TEM, radius in the rod of ~140 um. The radii of
curvature of the mirrors were R; = 100 mm and
R, = 500 mm. The laser beam is collimated in the
second arm where wavelength selective elements
are inserted. For a given pump power, optimum
output coupling was achieved for a transmission of
T = 2%. A selective element inside the resonator
enabled us both to pick out one of the two 1.3 pum
lines and thereafter to tune the laser wavelength.
In this instance, we employed an uncoated solid
etalon of thickness of 0.1 mm, corresponding to a
free spectral range about 1 THz (~6 nm) larger
than the full width of the gain line. To characterise
the laser we monitor simultaneously the wave-
length and the output power as well as the trans-
verse and longitudinal modes. First we analysed
the output using a grating spectrometer (600 lines/
mm) to check the laser is running on a single line.
The laser cavity was adjusted to produce a circular
diffraction spot indicating a single transverse mode
TEMyy. The wavelength was then measured by a
wavemeter (Burleigh Model WA-1100). The lon-

Fig. 1. Folded cavity standing-wave configuration for diode-
pumped Nd:YLF laser used to generate 1312.0 and 1322.6 nm.
Key: FCD, fibre-coupled diode; TE, Suprasil thin etalon; OC,
output coupler (7 =2%). Here f; =60 mm, f, =80 mm,
d, = 280 mm, d» = 300 mm, R; = 100 mm, and R, = 500 mm.

gitudinal modes were monitored using a scanning
confocal Fabry—Perot interferometer (free spectral
range 0.75 GHz, finesse 50) which also served to
check the spectral purity of the laser. The laser
power at 806 nm and 1.3 um was determined using
a power meter (Gentec TPM-300) with an accu-
racy of ~5%.

3. Laser operation at 1322.6 nm

The second harmonic of the 1322.6 nm laser is
destined to be locked to the very narrow silver
clock transition. Here we describe both multi-mode
and a single-frequency oscillation of the IR laser.
To obtain single-line operation at 1322.6 nm, one
must use a Nd:YLF crystal aligned so one of the
two a-axes is parallel to the direction of propaga-
tion. By rotating an uncoated intra-cavity Suprasil
plate (Fig. 1), one can tune the wavelength away
from the emission maximum towards 1322.6 nm.
At this wavelength, the laser polarisation is parallel
to the extraordinary or c-axis. To generate the
emission at 1322.6 nm, we tested crystals with three
different Nd dopings: 0.5%, 0.7% and 1%. For 1%
doping, thermal fracture of the rod occurs at
around 14 W of absorbed pump power. Conse-
quently, we limited the pump power to 12.6 W
yielding an output of 3.3 W at 1322.6 nm. At 0.5%
doping, thermal damage posed no problem because
even at 25 W pump power (the maximum avail-
able), only 13 W was absorbed, generating 3.6 W of
output. The best results were obtained for the in-
termediate Nd concentration, namely 0.7% for
which we limited the absorbed pump to 16.3 W
to avoid thermal damage. The output power as
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Fig. 2. Output power at 1322.6 nm versus absorbed pump
power at 808 nm for standing-wave laser shown in Fig. 1 using
an a-axis Nd:YLF crystal.
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Fig. 3. Oscilloscope trace of transmission through a 0.75 GHz
FSR confocal Fabry—Perot confirming single-frequency opera-
tion at 1322.6 nm of the standing-wave laser incorporating an
intra-cavity etalon.

a function of absorbed pump power is shown in
Fig. 2. At 1322.6 nm, 4.8 W is generated for an
absorbed pump level of 16.3 W. The average slope
efficiency is about 30%. The spatial mode is TEMy,
while the laser wavelength is centred on 1322.6 nm
with fluctuations of +0.05 nm. No sign of roll-off is
present, thus indicating scope for further power-
scaling. The output spectrum of the free-running a-
axis Nd:YLF laser consists of a large number of
longitudinal modes whose intensities and phases
appear to fluctuate randomly. This is a result of
spatial hole burning. In a preliminary experiment
using the same cavity geometry as in Fig. 1 we
prevented multi-mode oscillation by inserting a
coated solid etalon in addition to the uncoated one
described in Section 2. The second etalon had a
reflection coefficient of R = 0.6 and thickness
0.3 mm. In this configuration, the laser ran single-
mode for about 1 s before hopping. Moreover, the
insertion of the second etalon cut the output power
fivefold. Fig. 3 shows a typical oscilloscope trace of
the Fabry—Perot transmission, indicating the
presence of only a single, albeit fleeting longitudi-
nal mode. A more robust single-mode laser should
be achievable using a ring cavity and work to this
end is in progress.

4. Laser operation at 1312.0 nm

Here we describe both multi-mode and single-
mode operation of the 1312.0 nm laser (four times

the frequency of which is destined for laser cooling
of atomic silver). When laser polarisation is per-
pendicular to the Nd:YLF c-axis only emission on
the 1313 nm line can be obtained. Such a crystal
was studied using the linear cavity shown in Fig. 1.
Here, the uncoated intra-cavity plate enabled us to
tune the wavelength away from the peak of the
gain towards 1312.0 nm. In this work, the only c-
axis Nd:YLF crystal at our disposal had a 1% Nd
doping and not the optimum 0.7%. Consequently,
we limited the absorbed pump power to avoid
thermal fracture resulting in a lower output power
than expected at 1322.6 nm with a 0.7% Nd-doped
gain medium. Fig. 4 shows the corresponding total
output power as a function of absorbed pump
power, the highest total output power being 3.6 W
with an absorbed pump power of 13.8 W. The
average slope efficiency (output power versus ab-
sorbed pump power) is about 25%. As with the
1322.6 nm system, the slope efficiency showed no
sign of roll-off and hence scope for further power-
scaling. Since we used a linear cavity, several lon-
gitudinal modes were present and the output
spectrum was very chaotic.

An elegant solution for obtaining a single-fre-
quency output without spatial hole burning is to
keep a linear cavity but use circularly polarised
light within the crystal instead. This “twisted-
mode” cavity produces uniform gain saturation
and hence avoids mode hops [18,19]. To achieve
this with Nd:YLF requires a c-axis crystal so that
the gain is independent of the orientation of the
laser polarisation. The cavity geometry studied is

output power (W)
[§)

absorbed pump power (W)

Fig. 4. Output power at 1312.0 nm versus absorbed pump
power at 808 nm for a standing-wave laser shown in Fig. 1 with
a c-axis Nd:YLF crystal.



Y. Louyer et al. | Optics Communications 217 (2003) 357-362 361

d

<
< »

M4

e

-
-
-
-

ocC

Fig. 5. Twisted-mode folded cavity for a diode-pumped c-axis
Nd:YLF laser used to generate 1312.0 nm. Key: 1/4, low-order
quarter-wave plates at 1.3 um; BP, glass plate inclined at
Brewster’s angle; FCD, fibre-coupled diode; TE, Suprasil thin
etalon; OC, output coupler (7 =2%). Here f; =60 mm,
f>=80 mm, d, =280 mm, d, =300 mm, R, =100 mm,
R, = 500 mm. The Brewster plate assures linear polarisation.
The laser runs single-mode even without the thin etalon used
only for frequency tuning.

shown schematically in Fig. 5 where the rod is
placed between two quarter-wave plates. Inside the
rod, the sum of two counter-propagating circularly
polarised waves gives rise to a standing wave of
uniform intensity whose polarisation rotates with
a period equal to the laser wavelength. A Suprasil
Brewster plate serves to favour linear polarisation
of the laser in the rest of the cavity. The axes of the
two low-order 1.3 um AR-coated quarter-wave
plates are oriented at 45° with respect to the laser
polarisation. Since the quarter-wave plates were
not AR-coated at 808 nm, they were tilted at 10° to
prevent feedback into the diode. The power fell by
17% compared to the case with normal incidence.
The wavelength-tuning is achieved using the
0.1 mm Suprasil etalon. The laser ran in a TEMyg
mode. By carefully aligning of the 1/4 plates, we
achieved emission in a single longitudinal mode,
without the need for a coated intra-cavity etalon.
The spectral purity of the twisted-mode laser is
illustrated in Fig. 6, which shows the transmission
through a Fabry—Perot cavity scanned over
0.75 GHz (approximately three free spectral ran-
ges of the laser cavity). The free-running laser
spectrum was very stable with no mode hops over
a few seconds, whatever the pump power (1-12 W).
Such free-running stability is sufficient to allow
further stabilisation, for example by simple side
fringe locking [20] to a stable external cavity or
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Fig. 6. Oscilloscope trace of transmission through a 0.75 GHz
FSR confocal Fabry—Perot confirming single-frequency opera-
tion at 1312.0 nm of the twisted-mode folded-cavity laser in-
corporating an intra-cavity etalon (Fig. 5).

more sophisticated techniques of locking to the
resonance centre [21]. For the first time to our
knowledge, a Nd:YLF twisted-mode cavity has
been demonstrated. A single-frequency output of
750 mW has been obtained at 1312.0 nm for 12.3 W
of absorbed pump power at 806 nm. However, with
optimally designed components and coatings a
single-frequency output power of 2 W should be
within reach.

5. Conclusion

This paper provides the first demonstration of
efficient, cw operation of diode-pumped Nd:YLF
lasers at 1312.0 and 1322.6 nm. In a standing-wave
cavity configuration, we have achieved 3.6 W of
multi-mode TEM, output at 1312.0 nm for 13.8 W
of absorbed pump power and 4.8 W of TEMy,
at 1322.6 nm for 16.3 W pump absorption. At
1312.0 nm, we have obtained 750 mW single-
frequency operation using a twisted-mode cavity
without the need for an intra-cavity thin etalon.
At 1322.6 nm, single-frequency operation at up to
450 mW has been demonstrated with the insertion
of a coated etalon. However, to obtain 2 W single-
mode output at this wavelength, a different cavity
configuration looks necessary to avoid spatial hole
burning and hence mode hops (for example a ring
laser). Finally, we note that diode-pumped solid-
state lasers near 1.3 um could also be useful for a
calcium optical clock based on the 657 nm inter-
combination line [22] as well as for spectroscopy of
atomic hydrogen (Balmer-o line or 2S-3S two-
photon transition).
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