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Abstract. In this paper, we compare the performances of
aTm,Ho:YLF microchip laser when pumped by aTi:sapphire
laser and by a fiber-coupled diode laser. We report the per-
formances obtained for both pumping schemes. Afterwards,
we analyse, the reasons for the reduction in efficiency. Using
a theoretical model, we conclude that the loss in perform-
ance for diode pumping is essentially due to the pump power
reflected by the laser cavity when the crystal faces present
parasitic reflectivity at the pump wavelength.

PACS: 42-55.Xi

Co-dopedTm,Ho lasers received a large amount of inter-
est during the ten past years. These lasers seem to be the
best candidates for a wide range of applications including
medicine [1] and eye-safe remote sensing systems [2]: laser
ranging, coherent Doppler lidar for wind sensing, wind-shear
detection, DIAL water vapour profiling, etc. Thereby, they
received a large attention from the space and aviation agen-
cies for both cw master oscillator [3–6] or powerful trans-
mitters [7–12]. In previous papers [13, 14], we have derived
a complete theoretical model making it possible to forecast
the performances of a microchip laser taking into account
the ground-state depletion, the up-conversion, and the amount
of pump power stored in the laser cavity resulting from the
reflectivity of the laser mirrors at pump wavelength. The va-
lidity of this model has been checked withTm3+:YVO4 [13]
andTm,Ho:YLF [14] underTi:sapphire pumping and good
agreement between the theoretical predictions and the experi-
mental results has been found. We now compare the perfor-
mances obtained withTi:sapphire and diode pumping. We
first analyse the results of aTi:sapphire-pumpedTm,Ho:YLF
microchip laser under various experimental conditions in-
cluding the pump beam size, the crystal temperature, and the
angle between the pump light polarisation and the crystal
axis. We then report the results obtained using the same mi-
crochip laser with fiber-coupled diode pumping. For1.2 W
pump power, overall efficiency as large as42% and27% has
been obtained withTi:sapphire and diode pumping, respec-
tively. This reduction in efficiency is analysed and we find

that, in addition of the reduction due to the random polarisa-
tion of the pump light and the mis-match of the diode and ab-
sorption linewidth for diode pumping, the residual reflectivity
of the crystal faces at the pump wavelength plays a differ-
ent role forTi:sapphire and diode pumping. Although it may
be favourable for storing more pump power forTi:sapphire
laser pumping, the linewidth of which is small with respect to
the free spectral range of the laser cavity, it is prejudicial for
diode pumping for which the linewidth is larger than the free
spectral range and then, a larger amount of the launched pump
power is reflected by the laser.

1 Ti :sapphire pumping

The experimental set-up used (Fig. 1) is identical to the one
described in [14]. The microchip laser is made of ana-cut
6% Tm, 0.4% Ho YLF crystal 2.5 mm in length. The faces
are polished plane and parallel. This crystal is set in an active
mirror configuration in which the rear face, high-reflectivity-
coated for both pump (792 nm) and laser (2060 nm) wave-
lengths, is bonded with a conductive glue on a heat sink. The
pump beam is injected by means of a dichroïc mirror which
reflects the pump beam and transmits the laser beam. The
pump polarisation is parallel to the crystalc axis. The reflec-
tivity of the front face at laser wavelength is98%, whereas
its transmissivity at pump wavelength is larger than85%.
Preliminary experiments [14] have shown that this transmis-
sivity is about92%. The injected pump power is varied using
a halfwave plate followed by a polariser and it is monitored
using the fraction (3%) transmitted by the dichroïc mirror
making it possible to control possible backcoupling of the
pump light reflected by the microchip laser into the pump
source. As shown in [13] and [14], the cavity can store or
reject an amount of the launched pump power when the crys-
tal faces exhibit an unwanted reflectivity at the pump wave-
length. In order to hold the cavity in resonance with the pump
wavelength, it is necessary to adjust the crystal axis with re-
spect to the pump beam direction. The tilt angle leading to
maximum output power is approximately equal to1.5◦ mak-
ing it possible to avoid unwanted feedback in the pump laser.
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Fig. 1. Experimental set-up

We have experimentally found that this adjustment is stable
after a short time of heating and that it does not largely de-
pend on the injected pump power resulting from the cooling
efficiency of the active mirror configuration. In a first step, we
measure the laser performances versus the pump beam size.
In Fig. 2, the threshold and the slope efficiency for a pump
beam size ranging from25µm to 96µm appear. These re-
sults show that the performances are not very dependent upon
the pump beam size between50µm and96µm. Setting the
pump beam size equal to its optimum value (75µm), we have
measured the laser output power versus the launched pump
power when the heat sink temperature is varied. The results
are plotted in Fig. 3.

In a second step, and for a pump power of1.2 W, we in-
vestigate the variations of the output power versus the angle
between the polarisation of the pump light and thec axis
of the crystal. The results are plotted in Fig. 4. The ratio of

Fig. 2. Threshold (squares, left scale) and slope efficiency (circles, right
scale) versus pump beam size

Fig. 3. Laser output power versus launched pump power for various heat
sink temperatures

Fig. 4. Laser output power versus the tilt angle between the pump light
polarisation and the crystalc axis for 1.2 W launched pump power

the output power for both perpendicular and parallel pump
polarisations with respect to the crystalc axis is 74%, in
good agreement with76% computed using the model de-
scribed in [14]. It may appear surprising that the laser output
power when the crystal is pumped following thea axis is only
26% lower than the one supplied when pumped following
thec axis with regards to the difference between the absorp-
tion coefficients for both directions (3.2 cm−1 and5.4 cm−1,
respectively). However, we must take into account the non-
linear coupling between the gain and the absorption in the
amplifier medium. We note that the laser light polarisation is
always parallel to the crystalc axis and that the mean output
power is92% of the maximum when the angle is varied.

2 Diode pumping

We now investigate diode pumping. The diode we used is
a fibre-coupled single diode (Opto Power Corp. A002FC150)
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capable of supplying1.2 W through a multimode fibre. This
fibre has a core diameter of150µm and the total divergence
is 16◦. Using two confocal lenses10 cm in focal length,
the image of the fibre output is made in the microchip.
In order to ensure that the diode wavelength is in reson-
ance with the crystal absorption line (792µm), the diode
temperature is tuned when the diode current is varied. In
Fig. 5 the intensity distribution focused by the optical sys-
tem for both horizontal (upper curve) and vertical (lower
curve) directions appears. We note that the shape is quasi-
Gaussian with a waist size equal to96µm. In Fig. 6 the
spot size in both horizontal and vertical directions is plot-
ted versus the distance when the crystal is translated along
the direction of the pump beam. This shows that the pump
beam size, once corrected for the effect of the refractive
index equal to 1.47 for YLF, undergoes small variations
when it propagates in the2.5-mm-long crystal (96µm to
120µm). The position refers to the rear face of the crystal.
Also shown in this figure is the corresponding laser output
power whose maximum value is reached when the pump
beam waist is set on the rear face of the crystal. We no-
tice that the same experiment performed withTi:sapphire
pumping with a96-µm waist size shows that the output
power variation around its optimal value is only4% for
a translation length of±10 mm. Figure 7 shows the out-
put power versus the launched pump power for various
heat sink temperatures. On the other hand, we note that the
orientation of the crystal with respect to the pump beam
is not very sensitive (10◦ for 10% fall in output power)
and that the reflected pump power does not affect the in-
jected pump power when a small tilt angle is set. In Fig. 8
the pump thresholdPth (circles) and the slope efficiency
(squares) versus the crystal temperature for bothTi:sapphire
pumping with a pump beam waist equal to75µm (open)
and diode pumping (filled) for1.2-W pump power are
plotted.

Horizontal

Vertical

X (µ

Fig. 5. Cross section of the focused beam supplied by the fibre-coupled
diode for1.2 W output power

Fig. 6. Beam size of the focused beam supplied by the fibre-coupled diode
versus distance (2 horizontal, ◦ vertical, left scale) and corresponding laser
output power (right scale) for 1.2 W pump power

Fig. 7. Laser output power versus launched pump power when diode
pumped for various temperatures of the heat sink

Fig. 8. Pump threshold (circles, left scale) and slope efficiency (squares,
right scale) versus heat sink temperature for laser (open) and diode (filled)
pumping
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3 Discussion

Three processes may be responsible of the loss in per-
formances for diode pumping compared to those obtained
with Ti:sapphire pumping. The first is the pump beam mis-
matching. This may play a dominant role for direct diode
pumping for which the output beam is notorious for aber-
rated and astigmatic profiles. However, with regards to Figs. 5
and 6, it does not seem of great importance with a fibre-
coupled diode. The second is the mis-match between the
pump spectrum and the absorption line. In this case, the loss
in the pump efficiency may be worsened when the laser mir-
rors have an unwanted reflectivity at the pump wavelength.
As the front mirror is not perfectly transparent at the pump
wavelength (R= 8%), the laser cavity will store more pump
power for the resonant wavelength and the non-resonant
wavelengths will be reflected. In [13], it is shown that the
pump intensity absorbed when the laser is above threshold
reads:
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Lc is the laser length,Γ is the round-trip transmission in the
cavity taking into account the reflection by the rear mirror
and the absorption of the crystal,fu and fl are the Boltzmann
factors of the upper and lower levels of the lasing transition,
respectively,θ is the energy transfer parameter defined in [14]
and:

g0= σl NHo( fu+ fl) , α0 = σpNTm ,

σi is the emission (i= l) and absorption (i= p) cross sec-
tion and Nj is the concentration of Thulium (j= Tm) and
Holmium (j=Ho), respectively.

For Ti:sapphire pumping, the stored intensity has been
summed over theTi:sapphire oscillating modes. For diode
pumping, it must be integrated over the diode spectrum. In
both cases, we take into account the dependence on wave-
length of the parameters. The amount of the injected pump
intensity stored in the cavity then reads:
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In order to compute the amount of launched pump power ab-
sorbed by the crystal, we assume an absorption line FWHM
of 3 nmand16 nmfor a polarisation parallel to thec and the

a axis, respectively [6] and:

g0= 0.94 cm−1 , Lc= 0.25 cm,
P//c : α0= 5.4 cm−1 , n= 1.473,
P//a : α0= 3.2 cm−1 , n= 1.450,

T = 15◦C , f = 0.21, fu+ fl = 0.11, θ = 18,

Rl
s= 0.98, Rp

s = 0.08, Rl
m= Rp

m= 0.995.

On the other hand, the diode spectrum is3 nm FWHM and
the Ti:sapphire spectrum is made of 140 modes spaced by
150 MHz free spectral range (FWHM of3.2×10−2 nm). In
Fig. 9, the results forTi:sapphire pumping (open squares)
when the pump polarisation is parallel to the crystalc axis
and for diode pumping (open and filled circles for the pump
polarisation parallel to thec and thea axis, respectively,
and crosses for the mean value) versus the reflectivity of
the crystal front face at the pump wavelength are plotted. In
both cases, the central wavelength of the pump has been as-
sumed to be in resonance with the laser cavity. It should be
pointed out that the stored pump power reaches a maximum
for Ti:sapphire with resonant pumping whereas it always de-
creases for diode pumping. This may be easily understood
considering that the free spectral range of the laser cavity
(0.87 nm) is larger than the FWHM of theTi:sapphire laser
(0.032 nm) but smaller than the one of the diode (3 nm).
Then, Ti:sapphire pumping should be more efficient with
a proper front-face reflectivity and resonant pumping. Never-
theless, as a result of the pump linewidth with respect to the
crystal absorption linewidth,Ti:sapphire pumping should be
always more efficient than diode pumping, even with a perfect
transmission of the front-face mirror at pump wavelength.
In this case, the amount of stored pump power is93% for
Ti:sapphire pumping following thec axis, whereas it is86%
and78% for diode pumping following thec anda axis, re-
spectively. For a front-face reflectivity at pump wavelength
of 8%, the mean value of the stored pump power averaged
over the two pump polarisations is76% for diode pumping

Ti:sapphire

Diode P//c

Mean value

Diode P//a

Fig. 9. Stored amount of the launched pump power versus reflectivity of the
front face of the crystal at the pump wavelength for resonantTi:sapphire
(squares) and diode (openand filled circles for the pump polarisation par-
allel and perpendicular to thec axis, respectively, and crosses for the mean
value) pumping



349

when it reaches96% for resonantTi:sapphire pumping with
a polarisation parallel to thec axis.

The last process responsible of the drop in efficiency is the
effect of the random polarisation of the light supplied by the
fibre-coupled diode with respect to the birefringence of the
laser crystal.

Figure 10 shows the laser output power forTi:sapphire
pumping (squares) and for diode pumping (circles) with
a pump beam size of96µm in both cases versus the theor-
etical absorbed pump power computed using the former re-
lations. The experimental data concerningTi:sapphire pump-
ing have been reduced by a factor of92% for comparison
with those obtained with random-polarisation diode pumping.
We then obtain a threshold of0.27 W for both Ti:sapphire
and diode pumping with almost equal slope efficiency (51%
against49%). With regard to these results, we can esti-
mate that the difference in divergence between the two pump
sources is not of great importance in our case. This may
be understood considering that, as the laser mode is always
wider than the pump mode, a fraction of the laser mode trav-
els through unpumped regions for a low divergent pump beam
(Ti:sapphire) when it may be amplified with a higher diver-
gent pump source (diode). Then, the effect of the divergence
may be compensated. We then conclude that one of the main

Fig. 10. Laser output power versus theoretical absorbed pump power for
Ti:sapphire (squares) and diode (circles) pumping. Data ofTi:sapphire
pumping have been corrected in order to take into account the random
polarisation of the diode light

effects responsible for the decrease in pump efficiency be-
tweenTi:sapphire and diode pumping is the reflected pump
light that is larger for diode pumping than for laser pump-
ing when the laser cavity front-face mirror reflects the pump
beam.

4 Conclusion

We have presented experimental results obtained with aTm,
Ho:YLF microchip laser whenTi:sapphire and diode pumped.
Overall efficiency as large as42% has been obtained with
Ti:sapphire laser pumping with1.2 W (46% for 2.1 W). On
the other hand, the effect of the direction of the pump light
polarisation with respect to thec axis of the crystal does not
affect dramatically the laser efficiency in our case. Last, we
have investigated the reduction in efficiency when the mi-
crochip is pumped with a fibre-coupled diode. We find that
this reduction is mainly dominated by the effect of the reflec-
tivity of the front face at the pump wavelength. Then, reso-
nant pumping withTi:sapphire laser for which the linewidth
is smaller than the free spectral range of the laser cavity oc-
curs instead of diode pumping, for which the linewidth is
larger than the free spectral range resulting in a large reflec-
tion of launched pump power.
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