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Abstract. We describe an efficient continuous-wave diode-pumped Nd:YLiF4 laser oscillating on the
σ-polarized 4F3/2−4I13/2 transition at λω = 1312 nm. With a simple linear cavity laser, we reached an
intracavity power of 310 W at λ = 1312 nm for 16 W of absorbed pump power (λp ∼ 806 nm). A 0.25 W
of tunable radiation (λ2ω = 656−658 nm) was obtained by intracavity second-harmonic generation (SHG)
with a 5× 5× 7 mm3 β-BaB2O4 crystal. Up to 10 mW of tunable single-frequency operation was observed
using a 200 μm thin fused silica intracavity solid etalon. The optimal waist for a maximum conversion
efficiency has been calculated theoretically using Boyd and Kleiman model. For the 1312−656 nm SHG,
we found a walk-off parameter B = 8.99 and an optimal waist of 25 μm. Comparing to the experimental
measurement of the optimal waist, we found a relative discrepancy of 2.84 × 10−2. This laser is dedicated
to the spectroscopic study of silver atoms trapped in a buffer-gas-free paraffin coated Pyrex cell that will
be used in a compact atomic optical clock.
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1 Introduction

Microwave atomic clocks have been the standards for
precision time and frequency metrology over the past
50 years [1], finding widespread use in basic scientific
studies, communications, and navigation. Compact and
robust apparatus are widely commercially available to-
day. With its higher operating frequency, an atomic clock
based on an optical transition can be much more stable.
Optical standards based on a single ion [2–6] or a col-
lection of laser-cooled atoms could reach a stability as
low as σ ∼ 10−18 (rather than σ ∼ 10−11 for a mi-
crowave atomic clock). Several atoms are under study
to replace Cesium [7]. Silver atoms based atomic clocks
are between the most promising candidates [8–10]. The
natural spectral linewidth of the clock transition 4d105s
2S1/2 → 4d95s2 2D5/2 has been estimated to 0.8 Hz, calcu-
lated theoretically using multiconfigurational Fermi-Dirac
method [11]. This long-lived state is accessible from the
ground state 5s 2S1/2 with a two-photon transition at
661.2 nm, providing a first-order Doppler-free interaction
with atoms of all velocities [10, 12]. Furthermore, the nu-
clear spin I = 1/2 of the two stable isotopes 107,109Ag
induces a hyperfine structure which allows transitions be-
tween levels with mF = 0 and thus are insensitive to the
� Correspondence: suat.topsu@uvsq.fr

first order Zeeman effect. The improvement in term of
accuracy and stability is made at the cost of the compact-
ness. Actually, atom species that present interesting opti-
cal transition clock are obtained from an oven put under a
high-vacuum chamber. This constraint makes difficult the
development of compact optical atomic clocks that could
one day replace microwave atomic clocks in geoposition-
ning or other systems where compactness and portability
are required.

On the other way, since 1993 a non-thermal des-
orption process of atoms in Pyrex cells from the use
of low intensity light source has been studied and de-
veloped [13, 14]. This process, named LIAD for light
induced atomic desorption, has been observed for Na,
K, Rb and Cs atoms desorbed by weak illumination
of cells coated with polydimethylsiloxane, octamethylcy-
clotetrasiloxane and paraffin [15–19]. It is commonly used
for efficient loading of magneto-optical via quantum jump
spectroscopy [20,21]. State of art and on LIAD and related
phenomena is reported in [22].

We though that the preparation of high density with
a low kinetic energy atomic samples using LIAD ef-
fect and buffer-gas-free paraffin coated cells represents
an attractive way for compact optical atomic clocks. For
this purpose, we built a buffer-gas-free paraffin coated
Pyrex cell filled with silver atoms [23]. We demonstrated
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Fig. 1. (Color online) Setup of the cw-diode pumped Nd:YLiF4/β-BaB2O4 for the generation of single frequency radiation
at λ2ω = 656 nm. LD: Laser Diode, L1: Lens, L2: Lens, M1: Mirror (HT 806 nm, HR 1312 nm), M2: Mirror (HR 1312 nm),
M3: Mirror (HT 656 nm, HR 1312 nm), M4: Mirror (HT 656 nm, HR 1312 nm).

qualitatively the presence of LIAD effect on silver atoms
by measuring the variation of the coefficient transmission
of the thin film of silver atoms and paraffin, illuminated
by a power-controlled argon laser source. To study quan-
titatively this process, i.e. the measurement of the des-
orption rate and the relative vapor density variation as
a function of the desorbing light intensity and frequency,
we need a laser source with a frequency corresponding to
a dipolar transition in silver atoms. The most interesting
transition is the 4d105s2S1/2−4d105p 2P3/2 dipolar transi-
tion with a corresponding wavelength of λ = 328.162 nm
and a natural spectral linewidth of 23 MHz. Frequency
stabilized laser diodes at λ = 656.324 nm would be the
most convenient to use but to our knowledge, they lack
the necessary power for the generation of some milliwatts
at 328 nm. Furthermore, with Nd doped crystals it is pos-
sible to achieve high finesse cavities with high intracavity
power, because of moderate gain and large saturation in-
tensity.

We chose to obtain some milliwatts of red radiation
by second harmonic generation (SHG) of a laser source at
1312 nm by intracavity doubling and simple linear cav-
ity [24–26]. High power TEM00 656 nm red line laser
source has been demonstrated from a Nd:YLiF4 crystal
as a gain element and an unidirectional ring laser [27,28].
They are based on complex configurations that leads to
unstable and unreliable devices and they are subject to
thermal effects of the laser crystal. Furthermore, in our
experiment, robustness and stable operating systems are
more important than high power. Hence, we chose to de-
velop a simple linear cavity although it is well known
that a diode-pumped solid-state laser employing a lin-
ear standing-wave resonator cannot operate in a single-
longitudinal mode operation due to spatial mode-burning
effects stemming from the standing-waves. In this paper,
we demonstrate that the hole burning effect is not al-
ways a limitation for a linear cavity laser where SHG
frequency conversion is used. With a simple linear cav-
ity Nd:YLiF4/β-BaB2O4 continuous-wave (cw) laser in-
vestigated at 1312 nm, we have obtained an output power

of 3.6 W at 1312 nm for 13.8 W of absorbed pump
power (λp ∼ 806 nm). A 0.25 W of tunable radiation
(λ2ω = 656−658 nm) was obtained by intracavity SHG
with a 5× 5× 7 mm3 β-BaB2O4 crystal. Up to 10 mW of
tunable single-frequency operation was observed using an
intracavity solid etalon.

2 The cw-Nd:YLiF4/β-BaB2O4 laser setup

The Nd:YLiF4 laser crystal offers two advantages, com-
pared to the well-known Nd-YAG crystal - low thermal
lensing and negligible thermal birefringence [29,30] which
represent an important point for high-power TEM00 oper-
ation. To generate some milliwatt levels of UV power from
external ring cavity SHG in a β-BaB2O4 nonlinear crystal,
a minimum red power of 10 to 20 mW should be avail-
able. In this section, we report the theoretical approach
for the realization of a 1312 μm→ 656 nm optimal dou-
bling cavities. Because the transition levels 4F3/2 −4 I13/2

at λ = 1312.648 nm does not match the gain line cen-
ter, the stimulated cross-section is reduced by 30% to
σem = 1.5×10−20 cm2, a 10 times weaker than that of the
main σ-emission line at 1053 nm. We choose to make the
generation of a single-frequency red source at 656.3 nm by
an intracavity SHG approach. The key points of the devel-
oped laser source are the use of a cw diode-pumped crystal
Nd:YLiF4 linear laser cavity with β-BaB2O4 crystal as the
frequency-doubling element (λ = 656 nm). The setup of
the simple linear resonator is illustrated in Figure 1.

In order to maximize the conversion efficiency we cal-
culated the optimal waist in the β-BaB2O4 crystal. For
this purpose, we used the ABCD matrix and Boyd and
Kleinman theories as reported in [31]. Let us consider a
Gaussian pump beam focused at the center of a nonab-
sorbing crystal. According to the usual notation, k1 is the
longitudinal wavenumber of the light at the fundamental
frequency ω = k1c/n1 propagating in a crystal of refrac-
tive index n1. The beam radius w0 at its waist, is assumed
to be located in the central plane z = l/2 of the crystal
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of length l. The factor τ = (2z − l)/b, where b = w2
0k1

is the confocal parameter. It describes the evolution of
the beam size and wavefront curvature in the course of
propagation, following the usual Gaussian-beam theory.
In these conditions, the Boyd and Kleinman calculations
predict the conversion efficiency η for the second harmonic
generation of light at the frequency 2ω with wavenumber
k2 = 2ωn2/c. It is equal to

η =
P2ω

Pω
=

2ω3ld2
eff

πε0c4n1n2
h(σ, B, ξ)Pω (1)

where deff (pm/V) is the effective second-order polariza-
tion coefficient of the crystal, Pω and P2ω are respectively,
the powers of the pump and of the SHG beams. The func-
tion h(σ, B, ξ) is defined as

h(σ, B, ξ) =
1
4ξ

∫ +ξ

−ξ

∫ +ξ

−ξ

eiσ(τ−τ ′)e−B2(τ−τ ′)2/ξ

(1 + iτ)(1 − iτ ′)
dτdτ ′.

(2)
This function weights the contributions of the harmonic
power arising at different longitudinal locations inside the
crystal. The quantities upon which h depends are the
focusing parameter ξ = l/b, the normalized mismatch
σ = bΔk/2 where Δk = |2k1 − k2|, and the nondimen-
sional walk-off parameter B defined as B = (ρ/2)

√
lk1

for a crystal having a walk-off angle ρ. It is practically
always of interest to optimize the SHG efficiency with
respect to the mismatch parameter σ. For this purpose
the function hm(B, ξ) = max{h(σ, B, ξ)}σ is used instead
of equation (2). The walk-off parameter and the focusing
parameter depend on the crystal length. When B satis-
fies the wide range of focusing conditions expressed by
4B2 > ξ > 6/B2, in this case hm is given by [31]

hm(B, ξ) = (ωy/ωx)1/2(la/l) tan−1 ξ (3)

where ωx and ωy are the beam waists of the focused beams
in the horizontal and vertical planes and la =

√
πωx/ρ is

the aperture length.
We applied this calculus in two cases: first one with a

7 mm long β-BaB2O4 crystal for a 1312−656 nm SHG
and for a 10 mm length β-BaB2O4 crystal for a
656−328 nm SHG that will be useful to excite the dipo-
lar transition 2S1/2−2P3/2 in silver atoms. The theoretical
results for both cases are reported in Figure 2.

We found the maximum of the hm functions for a fo-
cusing parameter ξM = 1.392. Then the optimal waist is
deduced from

ω0 =
√

lλω/2πno(λω)ξ. (4)

For the 1312−656 nm SHG, we have a walk-off param-
eter B = 8.99 and an optimal waist of 25 μm. For the
656−328 nm SHG, we obtained a walk-off parameter B =
14.89 and an optimal waist of 21.2 μm. We emphasize that
for both values of B, the condition 4B2 > ξ > 6/B2 is sat-
isfied which is required to validate the use of equation (3).

In order to estimate the uncertainty on these val-
ues due to the approximation (Eq. (3)), we made a se-
ries of slope efficiency measurements to determine exper-
imentally the optimal waist for the 656−328 nm SHG.

Fig. 2. (Color online) Results of the calculus of the hm(B, ξ)
functions for 1312−656 nm SHG with B = 8.99 (straight line)
and for 656−328 nm SHG with B = 14.89 (dashed line).

For this purpose, we used an extended cavity laser diode
(ECLD) (LD100, Toptica) emitting around 656.3 nm.
The monomode behavior of the laser source is controlled
thanks to a Fabry Pérot cavity. A wavemeter (WA1000,
Burleigh) is used to control and to adjust its wavelength
to 656.324 nm using the current control of the laser and
the voltage control of the piezoelectric actuator. As the
beam issue from the ECLD source is strongly elliptical,
an anamorphic prism is used for approaching a Gaussian
mode. The β-BaB2O4 crystal used in our experiment is a
θ-cut one with ϕ = 30◦. The phase-matching angle is 36.3◦
and its size is 4 × 4 × 10 mm3. Both faces of the crystal
are coated antireflection around 656 nm and 328 nm. Al-
though we used an ultraviolet sensitive photodiode, an op-
tical low-pass filter (λcut ∼ 656 nm) is placed just before
the photodiode. The measurements have been made for
several waist sizes up to 44 μm. The experimental setup is
given in Figure 3 and results for two cases ω0 = 21.8 μm
and ω0 = 43.9 μm are reported in Figure 4. These waists
correspond to the maximum and the minimum values of
η according our measurement range.

We observed SHG conversion efficiencies that vary
from 4.5(1)×10−2 at least (ω0 = 43.9 μm, circle symbols)
to 9.8(1)×10−2 at best (ω0 = 21.8 μm, triangle symbols).
From the experimental value of 21.8 μm and in regard
to the theoretical value of 21.2 μm calculated before, we
can deduce that the relative uncertainty on the model of
Boyd and Kleinman due to approximation of equation (3)
is about 2.84 × 10−2.
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Fig. 3. (Color online) Experimental setup used for the measurement of the SHG conversion efficency according to the waist size.
AP: Anamorphic prism, BBO: β-BaB2O4 crystal, ECLD: Extended cavity laser diode, DP: Dichroic waveplate, FCM: three axis
fiber coupling mount, FP: Fabry Pérot cavity, H: Half-waveplate, L: Lens, M: mirrors, OI: Optical isolator, PBS: Polarization
beamsplitter, PD: Photodiode.

Fig. 4. (Color online) SHG conversion efficiencies in a β-
BaB2O4 crystal for a waist value of ω0 = 43.9 μm (◦) and
of ω0 = 21.8 μm (�).

3 Realization and characterization
of the Nd:YLiF4/β-BaB2O4 laser

The laser gain medium is a α-cut, 0.82% Nd3+-doped
YLiF4 crystal (Fig. 5). Its size is 3×3×10 mm3. The crys-
tal is coated antireflection around 806 nm and 1312 nm.

The pump source is a 25 W fiber-coupled diode (Limo
F200-DL808) with a central wavelength equal to 806 nm
for a temperature of 17.5 ◦C. The numerical aperture of
the output fiber is 0.22 and its core diameter is 200 μm.
The pump focusing optics consist of two doublets. The
first doublet with a 60 mm focal length is used to col-
limate the pump beam. The crystal is wrapped in an
indium foil and it is mounted in a copper heat sink
whose temperature is controlled with a water circulation
at 8 ◦C. Our system is similar to those described in [27].
The second doublet (f2 = 100 mm) is used to focus
the pump beam in the Nd:YLiF4 crystal with a waist of
wo = 180 μm. The crystal’s absorption rate is 80%. The
mirrors M1 (R = −500 mm), M2 (R = −300 mm) and
M3 (R = −200 mm) are coated to obtain high reflection
around 1312 nm. The outcoupling plan-mirror M4 has a
transmission of T = 0.1% permitting an accurate evalu-
ation of the intracavity power. The doubling crystal is a
β-BaB2O4 crystal, θ-cut with a phase-matching angle of
20.3◦, ϕ = 0◦, 5×5×7 mm3, antireflection coated around
1312 nm and 656 nm.

Figure 6 shows the multimode infrared (λω = 1312 nm,
square symbols) and red (λ2ω = 656 nm, triangle symbols)
output characteristics of the laser. We reached an intra-
cavity power of 310 W for 16 W of absorbed pump power
(λp ∼ 806 nm). Up to 0.25 W tunable multi-frequency
laser (λ2ω = 656−658 nm) is observed. Figure 7 displays



J.-P. Loisel et al.: Generation of 656 nm coherent red-light by frequency-doubled... 11

Fig. 5. (Color online) Photography of the Nd:YLiF4/β-BaB2O4 linear cavity laser. 1: Diode pump, 2: Lens, 3: Lens, 4: Mirror
M1, 5: Nd:YLiF4 crystal, 6: Mirror M2, 7: Mirror M3, 8: Fused silica etalon, 9: β-BaB2O4 crystal, 10: Mirror M4, 11: Piezoelectric
actuator.

Fig. 6. (Color online) Power characteristics at λω = 1312 nm
without an intracavity etalon (�), at λω = 1312 nm with an
intracavity etalon (◦) and at λ2ω = 656 nm without an in-
tracavity etalon (�) versus diode current. Output power (left
axis) and intracavity power (right axis).

the associated longitudinal mode spectra as analyzed by a
scanning confocal Fabry Pérot interferometer with a free
spectral range of 1500 MHz. Without an etalon, the laser
spontaneously oscillated over several longitudinal modes
at the gain center. The intracavity power tends to saturate
at large absorbed pump power due to the combined ef-

Fig. 7. Output of the scanning confocal Fabry Pérot analyzer
showing the multilongitudinal modes of the linear cavity laser
at λ2ω = 656 nm.

fects of thermal lensing caused both by the Nd:YLiF4

and β-BaB2O4 crystals and thermal depolarization in the
Nd:YLiF4.

To obtain a single frequency laser, we use a thin
fused silica etalon with a free-spectral range of 1.5 nm.
This permits a quasi-continuous tuning of the wavelength
within the gain profile. Figure 8 displays the single lon-
gitudinal mode spectra given by the scanning confocal
Fabry Pérot. The etalon loss combined with the reduced
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Fig. 8. Output of the scanning confocal Fabry Pérot analyser
showing a single-frequency operation of the linear cavity laser
at λ2ω = 656 nm.

emission cross-section at 1312 nm results in a decrease of
the intracavity power to 110 W for 16 W of absorbed pump
power (Fig. 5, circle symbols). Furthermore, with a small
gain region located at one end of the cavity, spatial hole
burning problems are reduced [32]. The maximum out-
put power obtained in a single-frequency mode is about
10 mW for a fused silica etalon with a 200 μm thickness
and R = 25%. This demonstrates that the hole burning
effect is not always a limitation for a linear cavity laser
where SHG frequency conversion is used.

4 Conclusion

This paper provides the demonstration that when high
power is not the chief criteria, a simple linear cavity with
an intracavity SHG of diode-pumped Nd:YLiF4 lasers at
1312 nm is not limited by the hole burning effect or ther-
mal lenses. In a standing-wave cavity configuration, we
have achieved 310 W of multimode TEM00 intracavity at
1312 nm for 16 W of absorbed pump power. A 10 mW
single-frequency operation tunable between 656−658 nm
has been obtained by intracavity SHG. We also report
the experimental measurement of the red-uv conversion
efficiency of the β-BaB2O4 crystal according to the waist
size in the crystal. Obtained values are in good agree-
ment on about 2% with those calculated by the Boyd
and Kleinman theory. Finally, we note that diode-pumped
solid-state lasers near 1312 nm are appropriate for the
spectroscopic study of Ag atoms at 328 nm but also for
Na atoms at the 657 nm intercombination line.

Acknowledgements. The authors are grateful to F. Mourgues
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