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Abstract. GdVO4 as a host for neodymium has several ad-
vantages for diode pumping in comparison with other crys-
tals. The absorption cross section of neodymium inGdVO4
is considerably stronger and broader than in YAG. This al-
lows for the construction of very compact monolithical mi-
crochip lasers. In our paper, we report for the first time
on a diode-pumped monolithicalNd3+(1.3 at.%):GdVO4 mi-
crochip laser at1.06µm. A maximum output power of5 W is
achieved. The temporal and the spectral emission properties
are described. The beam propagation properties are studied in
detail.

PACS: 42.55.Rz; 42.60.-v; 42.60.Lh

Nd:YVO4 andNd:YAG are very efficient laser materials for
diode pumping. There are a number of commercially avail-
able lasers with high efficiency and good beam quality. These
materials are also used for the construction of compact mi-
crochip lasers [1–3]. Neodymium-dopedGdVO4 crystals are
promising substitutes forNd:YAG and Nd:YVO4 in diode-
pumped laser products [1]. It has been shown thatNd:GdVO4
crystals have essential advantages for diode pumping in com-
parison withNd:YAG. These advantages include the larger
emission cross section (σe = 7.6×10−19 cm2 at 1.06µm)
and the more than 7 times larger absorption cross section
(σa= 5.2×10−19 cm2 at 808 nm, E ‖ c) of neodymium in
GdVO4 than in YAG [4, 5]. Due to the large absorption cross
section of neodymium inGdVO4, it is possible to construct
Nd lasers using very short laser crystals. Small monolithical
Nd:GdVO4 microchip lasers can be realised by coating the
mirrors directly onto the surfaces of the crystal. Microchips
allow for the construction of highly reliable, permanently
aligned and very compact all-solid-state lasers.

A further advantage ofNd:GdVO4 is the broad absorp-
tion with 3.2 nmFWHM of the pump transition at808.4 nm.
This results in a good spectral overlap between the diode-
laser emission and the absorption ofNd:GdVO4 without the
need of diode-laser temperature control [5]. Also the large
thermal conductivity ofGdVO4 with 11.7 W m−1 K−1 along
the 〈110〉 direction at300 K is very favourable for efficient

crystal cooling [6]. The thermal conductivity is ofGdVO4 is
more than a factor of two higher than that ofYVO4 and is
even higher than that of YAG.

Recently more than10 W power was reported with use
of an end-pumpedNd:YVO4 configuration [2]. In another
Nd:YVO4 laser using a face-cooling geometry, the beam
quality was found to be nearly diffraction-limited (M2 =
1.08), but the output power did not exceed2 W [3].

In Nd:GdVO4, however, there are only few papers report-
ing on laser action, despite of all the promising properties
of GdVO4 [5, 7–9]. Only output powers up to800 mWare
realised in CW and quasi-CWNd:GdVO4 lasers as yet [5].
Lasing in a monolithicalNd:GdVO4 microchip has not yet
been shown.

In our paper we report on a diode-pumped monolithical
Nd3+:GdVO4 microchip laser at1.06µm. The input–output
curves are compared for two different excitation times. The
spectral and the temporal behaviour are described. The di-
vergence angle, the waist radius, and the beam propagation
parameterM2 of the output beam are studied as a function of
the pump power.

1 Experimental setup

The experimental arrangement is shown in Fig. 1. The diode-
laser pump source (Fisba DL 50) emits a maximum power of
50 W at λp = 808 nmin a bandwidth of2 nm (FWHM). The

Fig. 1. Experimental arrangement. The resonator consist of a monolithical
Nd3+(1.3 at.%): GdVO4 microchip laser with mirror reflectances ofRin >

99.8% andRout= 99.5%
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collimated beam is focused using an anti-reflection-coated
lens L in with a focal length of f = 50 mm. The waist of
the pump beam is located at the crystal front face. The vari-
ance in the spatial intensity distribution in the focus isωp =
500µm±10% and the divergence angle is12◦ (FWHM).
Due to the high absorption cross section inc axis polarisa-
tion (αpeak= 78 cm−1 (E ‖ c), αpeak= 10 cm−1 (E⊥ c) in Nd
(1.2 at.%):GdVO4) [5], the electric field vector of the linearly
polarised pump beam is tuned to be parallel to thec axis of
the crystal. The pump beam is chopped to reduce the thermal
load in the crystal. TheNd3+ (1.3 at.%):GdVO4 microchip
was grown at the General Physics Institute in Moscow by
the Czochralski technique [5]. The optimalNd3+ concentra-
tion in GdVO4 is not yet known. The dopant concentration is
chosen on the basis of experiences inNd:YVO4 [1–3]. The
2.5-mm-long crystal with lateral dimensions of5 mm×5 mm
is cut perpendicular to thea axis [10]. The incoupling mir-
ror transmits more than95% at the pump wavelength and
reflects more than99.8% at the laser wavelength. The mirror
on the back surface of the crystal transmits0.5% at1.06µm.
The transmission of the mirrors is not optimised. The length
of the cavity is determined by the length of the crystal
of L = 2.5 mm. This yields an effective length of the res-
onator, considering the refractive index ofGdVO4 (ne= 2.2,
no= 2.0) [6] of Lreso≈ 5 mm. The monolithical microchip is
mounted on a water-cooled copper heat sink (T = 20◦C) to
allow for a proper cooling.

The dimensions of the whole setup are mainly dictated by
the pump source. The overall length is30 cm. To take advan-
tage of the compact resonator, a high-power diode laser bar
has to be butt-coupled to the crystal.

The beam is detected with either a power meter [Sen-
sor Physics], a Germanium diode, a monochromator [Spectra
Physics 500] in connection with aGe-diode, or a CCD camera
[Cohu 6700] in connection with a frame grabber. A selective
filter is used to block the residual pump power.

2 Experimental results

The output powerPout as a function of the launched pump
power Pin is shown in Fig. 2 for two different excitation
timest = 1.6 msandt = 4.4 ms. The duty cycle of the pump
beam chopper is8.1% and 5.5%, respectively. The laser

Fig. 2. Output powerPout as a function of the launched pump powerPin of
a Nd3+:GdVO4 laser at1.06µm for two different excitation timest

operates practically in CW regime due to the long excita-
tion times compared with the lifetime of the upper laser
level (τe= 90µs) [5]. Therefore, threshold and slope effi-
ciency are nearly the same for the two different excitation
times. The threshold of the laser emission isPth = 2.6 W
and the slope efficiency is22%. The maximum output power
achieved is5.0 W. The threshold is quite high compared with
Nd:YVO4 [1–3]. This is mainly due to the large pump focus
and the bad mode overlap. The low slope efficiency is be-
lieved to be a result of the non-optimised transmission of the
output coupler.

During a pump pulse the laser emits CW. Due to the heat-
ing of the crystal by the pump beam, the output power is
slightly decreasing (≈ 10%) during the first10 msafter the
leading edge of the pump pulse. The peak of the emission
spectrum is located at1063.2 nmand has a FWHM of0.5 nm.
Two small side bands (−12 dB) are located on each side of
the emission peak.

In Fig. 2 the output power drops off drastically for an in-
put power of more than21 W for t = 4.4 ms and for more
than27 W for t = 1.6 ms. The mirror on the front surface of
the crystal was burnt by the pump laser leading to a decrease
in output power. The longer excitation time leads to a higher
temperature of the crystal.

Although the coating was burnt, the crystal itself was not
damaged and was still lasing. Input power up to20 W under
true CW pumping did not destroy the crystal. With increas-
ing pump power and under true CW operation, the cooling
of a small crystal becomes a severe problem. The thermal
flux can be enhanced by good thermal contact on a large sur-
face. In order to enlarge the cooled surface, the crystal can be
clamped between two diamond or sapphire plane plates [3].
An optimal thermal contact can be provided by mounting the
whole stack in a flow tube.

Pictures of the output beam in two different distances
form the microchip are taken. The intensity distributions are
nearly Gaussian and circular within20%. The variance of the
spatial intensity distribution in thex direction is then calcu-
lated from each picture. According to the rules of a multi-
mode Hermite-Gaussian beam a hyperbola is calculated from
the two measured points yielding the waist radius∆rx and the
divergence angle∆Θx (half angle) of the output beam in thex
direction. The relative error in∆rx and∆Θx is±10% and the
absolute error in the pump power is±0.5 W. Figure 3 shows
∆rx and∆Θx as a function of the launched pump power. With
increasing pump power a growing number of resonator modes
reaches the threshold for laser action. Therefore, the radius
∆rx of the beam waist becomes larger with increasing input
power. Also the divergence angle∆Θx becomes larger with
rising pump powerPin. The divergence angle is expected to
increase with the numbers of resonator modes according to
the same rule as the radius of the beam waist. But in Fig. 3
it can be seen, that the slope of the divergence angle∆Θx is
smaller than the slope of the radius∆rx as a function of the
pump power. The observed effect is assigned to the thermal
lensing of the heated crystal that leads to a reduction of the
aperture angle of the output beam.

The beam propagation factorM2 is defined as

M2 ≡ π∆Θ∆r

λ
, (1)
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Fig. 3. Radius of the waist∆rx (triangles) and divergence angle∆Θx (dots)
of the output beam as a function of the launched pump powerPin

with ∆r : variance of the spatial intensity distribution,∆Θ:
variance in the angular intensity distribution andλ: centre
wavelength [11]. With the data from Fig. 3 we can calculate
the M2 factor. The relative error inM2 is ±20%. The beam
propagation factorM2

x in the x direction as a function of the
pump power is shown in Fig. 4. TheM2 values are ranging
from 3 (Pin = 7 W, duty cycle= 8.1%) to 36 (Pin = 25 W,
duty cycle= 8.1%). The small resonator length in our experi-
ment results in a highM2. The number of resonator modes
is more than linearly increasing with increasing peak pump
power Pin. The drastic increase inM2 is mainly due to the
increase in the lasing volume. The relation betweenM2 and
Pin contains therefore basically information about the inten-

Fig. 4. Beam propagation parameterM2
x of the output beam as a function of

the launched pump powerPin. Thesolid line shows a fitted parabola

sity distribution in the focus of the pump beam. Information
about the thermal lens can not be extracted.

3 Conclusions

A diode-pumped monolithicalNd3+:GdVO4 microchip laser
at 1.06µm has been built for the first time. The input–output
curves have been measured for different excitation times. The
slope efficiency is22% and the threshold of the laser emis-
sion is2.6 W. The mirror design has not been optimised. The
highest output power achieved of5.0 W is solely limited by
the threshold of destruction of the mirrors on the crystal sur-
faces. The laser emits quasi-CW at1063 nminto a bandwidth
of 0.5 nm (FWHM). The divergence angle, the waist radius,
and the beam propagation parameterM2 of the output beam
have been studied as a function of the pump power.M2 is
increasing with increasing pump power from 3 (Pin = 7 W,
duty cycle= 8.1%) to 36 (Pin = 25 W, duty cycle= 8.1%).

The efficiency of theNd:GdVO4 laser can be further en-
hanced by optimising the mirror transmission and the pump
geometry. Further, a better cooling system can improve the
beam quality. Although the performance of theNd:GdVO4
laser is not yet as good as that ofNd:YVO4 and Nd:YAG
lasers,GdVO4 is a possible substitute for these materials.
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