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We present an efficient tunable continuous-wave diode-pumped Yb3þ:Ca4GdOðBO3Þ3 (Yb:GdCOB) laser producing at 
room temperature up to 3.2 W average power with a slope efficiency of 80% when pumped with a 10 W laser diode. A
large tunability from 1017 to 1086 nm is obtained. The broad emission spectrum has been used to develop a diode-

pumped Yb:GdCOB femtosecond laser. The laser generated 90 fs pulses,at a center wavelength of 1045 nm. By using a
semiconductor saturable absorber mirror (SESAM) for the mode locking, the average power was 40 mW and the

repetition rate of 100 MHz.

1. Introduction

Ytterbium-doped crystals have a wide potential

of application in the development of efficient di-

ode-pumped lasers. Thanks to their simple quasi-

three-level electronic structure, based on two

electronic manifolds [1–4], they are very suitable

for high-power diode pumping. Firstly, the low-

quantum defect reduces the thermal load and al-

lows a very efficient optical–optical conversion

from the pump power to the laser. Secondly, the

absence of additional parasitic levels higher than

the first excited state of this rare-earth avoids un-

desired effects such as excited-state absorption and

up-conversion. Thus, these properties added to the

development of high-power InGaAs laser diodes

make ytterbium-doped materials very interesting.

Another advantage of ytterbium compared to

others dopants such as neodymium is its broad-

band nature which is very suitable for both tunable

and ultrafast lasers.

However, the main problem of ytterbium as a

dopant is its quasi-three-level nature. In fact, be-

cause of the thermal population filling of the lower

laser levels, the performance of the ytterbium laser
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strongly depends on the temperature. Operating

this laser at room temperature then often leads to a

sacrifice in efficiency, or in average output power.

When the absorbed pump power is high and

thermal load is increased, the efficiency of the laser

drastically decreases. That is why, in the point of

view of reducing the thermal effects, the choice of

the host matrices is very important for diode-

pumped Yb lasers.

In this paper, we present the results obtained

with Yb3þ-doped Ca4GdOðBO3Þ3 (Yb:GdCOB)

materials. This recently discovered crystal [5–7]

belongs to the calcium rare-earth oxoborate fam-

ily. It can be doped by ytterbium ions by substi-

tuting the Gd rare-earth ions. The doping in Yb3þ

can be very high (up to 30%) due to the lanthanide

site in the oxoborate structure, and the absence of

quenching concentration. In our case, we used a

15%-doped Yb:GdCOB crystal. The high concen-

tration allows a short pump-absorption length in

the crystal which is an advantage when it is

pumped with a non-diffraction-limited beam from

a high-power laser diode.

Moreover, Yb:LnCOB (Ln ¼ Gd, Y) crystals

also exhibit more inherent properties which are

interesting for efficient, largely tunable laser sour-

ces. First, they have a very broadband emission

spectrum (43 nm FWHM) (Fig. 1), compared to

other crystals such as, for example, the Yb:YAG

(12 nm FWHM). Secondly, this crystal, in com-

parison to glasses, has a relatively good thermal

conductivity (k ¼ 2:1 W m�1 K�1 for the GdCOB

compared to 0:7 W m�1 K�1 for glasses). The

thermal conductivity is a very important parame-

ter for quasi-three-level media because it directly

influences the temperature of the gain area and

thus the thermal population at the lower laser le-

vel. Furthermore, Yb:GdCOB crystals can be di-

ode pumped in their zero-line peak wavelength at

976 nm leading to a quantum defect of only 7%

(Fig. 1). Thanks to their large splitting of 2F7=2

Stark levels – 1003 cm�1 compared to 628 cm�1 in

the Yb:YAG-, the temperature less affects the

thermal population in the Yb:GdCOB crystals.

The Yb:GdCOB crystals combine the advantages

of a broadband emission which is comparable to

the one of Yb-doped glasses to the relatively good

thermal conductivity of a crystal.

2. Performance of a Yb:GdCOB crystal longitudi-

nally pumped on both sides by two single stripe laser

diodes

The first experiment consisted in optimizing the

performance in a stable cavity with a longitudi-

nally pumped Yb:GdCOB crystal (Fig. 2). It was

performed with two high brightness laser diode

emitting 1.6 W at 976 nm with an emitting area of

1 � 100 lm2. The first diode (diode 1) was colli-

mated by a 15-mm objective, and then, reshaped

by a 8� cylindrical telescope, in its slow direction,

and finally focused by a 60-mm doublet. The in-

cident pump power on the crystal after the dich-

roic mirror ðDM1Þ was 1.1 W. A second 1.6-W

diode (diode 2) was used to pump the crystal on its

second side (Fig. 2). This diode which included a
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Fig. 1. Yb:GdCOB emission and absorption spectra (solid line:

absorption spectrum, dashed line: emission spectrum).

Fig. 2. Experimental setup. DM: Dichroic mirrors, high

transmission at 976 nm, high reflection between 1020 and 1100

nm. DM1: plan mirror; DM2: 100-mm curvature radius mirror.

OC: output coupler.
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collimating fiber lens, was re-collimated by a 140-

mm doublet, and focused by a 100-mm doublet.

The incident power on the crystal after the dich-

roic mirror ðDM2Þ was 0.9 W. To optimize the

absorption length in this double side pumping, a

4-mm, 15%-doped Yb:GdCOB crystal AR coated

on both sides was used. In these conditions, the

total absorption pump power was 1.3 W.

Fig. 3 shows the results obtained at room tem-

perature with a 2%, and a 4% transmission output

coupler (OC). The maximum slope efficiency of

77% was obtained with the 2% OC mirror. With

this mirror, a maximum average output power of

814 mW at 1050 nm was obtained for 1.3 W of

absorbed pump power corresponding to a 63%

optical–optical conversion [8]. This was obtained

without any cooling of the crystal which indicates

the good thermal behavior of this crystal even at

high-average pump power.

To estimate the tunability of this source, we

inserted a prism in the collimated arm (DM2–OC

in Fig. 2). In this case, we used only the pump

diode 1, the length of the 15%-doped Yb:GdCOB

crystal was reduced to 3 mm and the transmission

of the OC was 4%. As shown in Fig. 4 the tun-

ability was very broad: from 1017 to 1086 nm with

a FWHM of 44 nm limited in the short wave-

lengths by the cutoff due to the mirrors coating.

3. Development of a high-power CW Yb:GdCOB

laser pumped by a fiber-coupled high-brightness

diode laser array

As we have not seen limitations in the laser

output power in the previous experiment based on

two single stripe pumping diodes, we decided to

pump our crystal with a high-power laser array. We

used a 10 W fiber-coupled high-brightness laser

diode (OPC-D010-976-HB250 from OptoPower.

The core diameter was 250 lm, the numerical ap-

erture was 0.2 and the M2 factor of the beam was

measured to be 77. The diode emission wavelength

was temperature tuned to 976 nm. The beam was

collimated with a 60-mm focal length doublet and

focused onto the crystal with an identical doublet.

The pump spot size (250 lm in diameter) allows the

crystal length to match the confocal parameter of

the pump beam. The pump intensity Ip ¼ 18:1
kW cm�2Þ was higher than the pump saturation

intensity (Ipsat ¼ 8:7 kW cm�2) showing that the

ground state was depleted under unlasing condi-

tions. This is important for quasi-three-level lasers

since it prevents reabsorption losses.

We used the same 3-mm long 15%-doped

Yb3þ:GdCOB crystal in this experiment, but in this

case the temperature of the crystal surrounding was

maintained at 10 �C with a thermoelectric cooler.

The spectral linewidth of the diode was 3 nm

(FWHM), close to the Yb:GdCOB zero-line ab-

sorption linewidth (Dk ¼ 2:5 nm FWHM). We

measured an unsaturated absorption coefficient

a ¼ 4 cm�1. At maximum pump power and under
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Fig. 3. Output power of the laser versus absorbed pump power

for the double-side pumped 15%-doped Yb:GdCOB laser

emitting at 1050 nm.
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Fig. 4. Tunability of the CW Yb:GdCOB laser diode pumped

at 976 nm.
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lasing conditions, the crystal absorbed 5.2 W (58%

of the incident power), resulting in an absorption

coefficient equal to 3 cm�1.

We tested two cavity designs: the first one

provided the highest power and was easy to align,

but the laser beam was slightly multimode. The

second cavity supported a diffraction-limited beam

ðTEM00Þ, but with less power.

The first cavity (Fig. 5) was composed of a

plane dichroic rear mirror M1 (HT @ 980 nm, HR

over 1030–1100 nm), a folding concave HR mirror

M2 (radius of curvature ¼ 200 mm) and a plane

OC M3. We performed several experiments with

various OC transmissions: 0.5%, 1%, 4.2%, 5%,

6.15% and 8% (at 1040 nm). The best perfor-

mances were achieved with the 4.2% mirror, so

that only the results obtained with this mirror are

presented in the following.

A maximum output power of 3.2 W at 1043 nm

was obtained in a slightly multimode beam

(M2
x ¼ 2:8, M2

y ¼ 3:1). This was due to the not

perfect matching between pump and cavity modes

(the cavity waist radius was 64 lm, whereas the

pump waist radius was 125 lm).

The laser threshold was 570 mW, and the slope

efficiency with respect to the absorbed pump

power reached 81%. The optical–optical efficiency,

with respect to the diode power was 32%, resulting

in an electrical–optical efficiency of 11% (Fig. 6).

The absorbed pump power has been measured for

each point under lasing conditions.

To demonstrate the absence of thermal limita-

tions, we mechanically chopped the pump beam

with a duty cycle of 1:5 in order to decrease the

average induced thermal load within the crystal.

The experiments in the quasi-CW regime were

performed with a calibrated photodiode, in order

to measure the power only whenever steady state is

reached within a cycle. We obtained slightly the

same results in CW and quasi-CW regime, show-

ing that thermal effects are not a limitation in our

case (Fig. 6).

As in previous experiments, we measured a

tunability from 1018 to 1086 nm, with more

than 1 W of output power over a bandwidth of

30 nm.

Fig. 5. Experimental set-up of the high-power diode-pumped Yb:GdCOB laser.
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In order to improve the beam quality of the

laser, we changed the design of the cavity. The

TEM00 mode size was increased to better match

the pumped area in the crystal, whereas the pump

optics remained unchanged. We replaced the plane

mirror M1 by a 150-mm radius of curvature me-

niscus (HT @ 980 nm and HR over 1020–1100

nm). The M2 mirror was replaced by a 500-mm

radius of curvature concave mirror (see Fig. 7).

The OC M3 remained the same (4% transmission).

The cavity mode waist radius was then 120 lm,

whereas the pump mode waist radius was 125 lm,

so that only the TEM00 mode could be excited. In

this case, we obtained a maximum output power of

2.50 W, in a diffraction-limited beam. We mea-

sured a quality factor M2
x ¼ 1:11 in the horizontal

direction and M2
y ¼ 1:12 in the vertical direction.

Since the pump and cavity beams had to be per-

fectly colinear inside the crystal in order to extract

the maximum pump power, this cavity was natu-

rally much more difficult to align than the previous

one.

3.1. Femtosecond diode-pumped Yb:GdCOB laser

Ytterbium-doped materials generally exhibit a

broad emission band, compared to neodymium-

doped crystals for example. This properties is

necessary for ultrafast lasers. With respect to short

pulse operation, it is interesting to compare two

classes of Yb-doped solid-state laser materials:

doped glasses and crystals. Until now, exclusively

Yb3þ-doped glass lasers have produced pulse

widths below 100 fs, e.g., 60 fs pulses were

achieved for different Yb-doped glass matrices

[9,10]. The shortest pulse duration reported for an

Yb-doped laser based on a crystalline matrix was

340 fs using Yb:YAG [8]. The reason for this

considerable difference in the minimum achievable

pulse duration is the smoother and broader gain

spectrum of the glasses. However, Yb-doped glass

materials suffer from poorer smaller emission

cross-sections compared to crystals. For example,

in the case of Yb:phosphate glasses the emission

cross section is 0:05 � 10�20 cm2 (at 1060 nm) with

a bandwidth of 62 nm compared to an emission

cross section of 2 � 10�20 cm2 and a bandwidth of

12 nm for Yb:YAG. Yb-doped glass materials

have also a lower thermal conductivity, this leads

to serious heat load problems for high-average

power operation and significantly lower small

signal gain and laser efficiency. Slope efficiencies of

49% for a Yb:phosphate glass laser [11] were ob-

tained in contrast to 80% with Yb:YAG in CW

operation [12]. In addition, the small emission

cross-sections of Yb-doped glasses require a more

Fig. 7. Improved laser cavity design used to achieve a diffraction-limited output beam.

5



careful design of the laser parameters in passively

mode-locked operation in order to suppress

Q-switching instabilities in the mode-locked pulse

train [13]. Owing to this trade-off between solid-

state lasers based on Yb-doped glasses and crys-

talline matrices, it would be useful to find a laser

material with the capability to bridge the gap in

terms of pulse duration on the one hand, and

emission cross-sections on the other hand.

With this respect, we found that Yb:GdCOB

crystal has favorable properties (fluorescence

bandwidth and thermal properties) for the gener-

ation of femtosecond pulses. In this section, we

will report the experiments performed on a fem-

tosecond diode-pumped Yb:GdCOB laser.

The experiment was carried out with a 3-mm

long, 15%-doped, AR-coated Yb:GdCOB crystal

cut along its crystallophysic axis. The pumping

system was a 2-W, 1 � 100 lm2 junction laser di-

ode emitting at 976 nm. The pump beam was

collimated with a 4.5-mm lens then reshaped in the

slow direction with a 10� cylindrical telescope and

finally focused in the crystal with a 30-mm lens. In

this configuration, the measured pump beam waist

was 20 � 70 lm2. The crystal absorbed only 580

mW of pump power because of the broad emission

of the diode (about 6 nm) compared to the ab-

sorption band of the Yb:GdCOB crystal (2.3 nm).

The laser cavity design is shown in Fig. 8. To

produce short pulses, a low-finesse semiconductor

saturable absorber mirror (SESAM) [14] was used

together with soliton-shaping processes. The ab-

sorber consisted of a double quantum well struc-

ture which resulted in a modulation depth of about

0.7%. The parameters of the cavity have been

optimized in order to avoid the Q-switched mode-

locking regime which is an important issue in yt-

terbium-doped lasers whose gain is relatively low

[13]. The beam waists were set at around 45 lm on

the SESAM and 70 lm in the crystal. A pair of

SF10 prisms separated by 30 cm compensates for

the positive dispersion inside the cavity and bal-

ances the self-phase modulation introduced by the

Kerr non-linearity of the laser crystal in order to

form soliton-like pulses.

In this cavity, a CW mode-locking regime was

obtained with a stable pulse train at 100 MHz

repetition rate. The average output power was 40

and 60 mW with, respectively, 1% and 2%

transmission OCs. The relatively poor efficiency

Fig. 8. Experimental setup. Md: dichroic mirror; M1, M2, M3: HR mirrors with, respectively, 30-mm, 20-mm, and 15-mm radius of

curvature; OC: 1% or 2% transmission plane output coupler; SESAM: high-finesse SESAM.
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of this laser compared to the CW results [8] is

mainly due to two factors. First, the large band-

width of the pump has a poor overlap with the

absorption spectrum. Secondly, the prisms we

used exhibited large losses. The pulse duration

was measured with a background free second-

order autocorrelator. Fig. 9 shows the autocor-

relation trace obtained with a 1% OC and

corresponds to the shortest pulse obtained. The

pulse duration is 90 fs (FWHM) assuming a sech2

temporal intensity profile. The corresponding

pulse spectrum, shown in Fig. 10, exhibits a

FWHM bandwidth of 14.7 nm around 1045 nm

which gives a time-bandwidth-product ðDs:DmÞ of

0.36 [15]. This is close to the Fourier transform

limit of 0.32. Using a 2% OC we obtained 60 mW

average output power at a slightly longer pulse

duration of about 100 fs.

4. Conclusion

In conclusion, we have demonstrated that the

new crystal of Yb:GdCOB is a suitable material

for the development of high-power CW lasers. We

have obtained up to 3.2 W at 1040 nm with an

absorbed pump power of 5.2 W, providing an

optical efficiency of 32%. With a slightly different

cavity we obtained 2.5 W in a TEM00 mode, thus

providing an optical efficiency of 25%. A large

tunability from 1018 to 1086 nm has been ob-

tained.

Furthermore, due to its broad emission band,

this crystal is well suited for the development of all

solid-state diode-pumped femtosecond lasers. We

have demonstrated the feasibility of an oscillator

producing 90 fs pulses under diode pumping. In

the future, our work will concern development of a

high-energy femtosecond laser chain based on the

Yb:GdCOB crystal.

Acknowledgements

We acknowledge the Institute of Quantum

Electronics at the Swiss Federal Institute of

Technology and particularly Prof. U. Keller for

providing the SESAM. This work was supported

by the CNRS through the Lasmat program, by the

European community through a Brite Euram

contract (BRPR-CT98-0694), by the Fond Eu-

rop�eeen de D�eeveloppement Economique R�eegional

en Aquitaine and by the Conseil R�eegional

d’Aquitaine.

References

[1] T.Y. Fan, Optimizing the efficiency and stored energy in

quasi-three-level lasers, IEEE J. Quantum Electron. 28

(1992) 2692.

[2] S.A. Payne, L.K. Smith, L.D. DeLoach, W.L. Kway, J.B.

Tassano, W.F. Krupke, Laser, optical, and thermome-

chanical properties of Yb-doped fluorapatite, IEEE

J. Quantum Electron. 30 (1994) 170.

[3] M.R. Dickinson, L.A.W. Gloster, N.W. Hopps, T.A.

King, Continuous-wave diode-pumped Yb3þ:S-FAP laser,

Opt. Com. 132 (1996) 275.

[4] A. Giesen, U. Brauch, I. Johannsen, M. Karszewski, U.

Schiegg, C. Stewen, A. Voss, Advanced tunability and

1.0

0.8

0.6

0.4

0.2

0.0

-600 -400 -200 0 200 400 600

Time (fs)

 Experiment
 Fit

1.54 x 90 fs

0.0001

0.001

0.01

0.1

1

-500 0 500
Time (fs)

Fig. 9. Intensity second-order autocorrelation trace (solid line)

of the 90 fs pulses and its fit (dashed line) considering a sech2

intensity profile. Inset graph: same graph with a logarithmic

scale.

1.00

0.75

0.50

0.25

0.00

1060105010401030

Wavelength (nm)

 Experiment
 Fit

14.7 nm

Fig. 10. Spectrum of infrared the 90 fs pulses.

7



high-power TEM00-operation of the Yb:YAG thin dics

laser, in: OSA TOPS, Advanced Solid State Laser, vol. 10,

997, p. 280.

[5] G. Aka, A. Kahn-Harari, F. Mougel, D. Vivien, F. Salin,

P. Coquelin, P. Colin, D. Pelenc, J.L. Damelet, Linear- and

nonlinear-optical properties of a new gadolinium calcium

oxoborate crystal, Ca4GdOðBO3Þ3, J. Opt. Soc. Am. B 14

(1997) 2238.

[6] F. Mougel, K. Dardenne, G. Aka, A. Khan-Harari, D.

Vivien, Ytterbium-doped Ca4GdOðBO3Þ3: an efficient

infrared laser and self-frequency doubling crystal, J. Opt.

Soc. Am. B 16 (1999) 164.

[7] F. Aug�ee, F. Balembois, P. Georges, A. Brun, F. Mougel,

G. Aka, A. Khan-Harari, D. Vivien, Efficient and tunable

continuous-wave diode-pumped Yb3þ:CaGdO ðBOÞ3 laser,

Appl. Opt. 38 (1999) 976.

[8] F. Druon, F. Aug�ee, F. Balembois, P. Georges, A. Brun, A.

Aron, F. Mougel, G. Aka, D. Vivien, Very efficient,

tunable, zero-line-diode-pumped, continuous-wave Yb3þ:

Ca4LnOðBO3Þ3 (Ln ¼ Gd, Y) lasers at room temperature,

application to miniature lasers, J. Opt. Soc. Am. B 17

(2000) 18.

[9] C. H€oonninger, R. Paschotta, M. Graf, F. Morier-Genoud,

G. Zhang, M. Moser, S. Biswal, J. Nees, A. Braun, G.

Mourou, I. Johannsen, A. Giesen, W. Seeber, U. Keller,

Ultrafast ytterbium-doped bulk lasers and laser amplifiers,

Appl. Phys. B 69 (1999) 3 (Invited paper).

[10] C. H€oonninger, F. Morier-Genoud, M. Moser, U. Keller,

L.R. Brovelli, C. Harder, Efficient and tunable diode-

pumped femtosecond Yb:glass lasers, Opt. Lett. 23 (1998)

126.

[11] U. Griebner, R. Koch, H. Sch€oonnagel, S. Jiang, M.J.

Myer, D. Rhonehouse, S.J. Hamlin, W.A. Clarkson, D.C.

Hanna, Laser peformances of a new ytterbium doped

phosphate laser glasses, in: OSA TOPS, Advanced Solid

State Laser, vol. 1, 996, p. 26.

[12] I. Chartier, C. Wyon, D. Pelenc, B. Ferrand, D.P.

Shepherd, D.C. Hanna, High slope efficiency and

low threshold in a diode-pumped epitaxially grown

Yb:YAG waveguide laser, in: B.H.T. Chai, S.A.

Payne, T.Y. Fan, A. Cassanho, T.H. Allik (Eds.), New

Materials for Advanced Solid State Lasers, vol.

329, Materials Research Society, Pittsburgh, PA, 1994,

p. 179.

[13] C. H€oonninger, R. Paschotta, F. Morier-Genoud, M.

Moser, U. Keller, Q:switching stability limits of continuous

wave passive mode locking, J. Opt. Soc. Am. B 16 (1999)

46.

[14] U. Keller, D.A.B. Miller, G.D. Boyd, T.H. Chiu, J.F.

Ferguson, M.T. Asom, Solid-state low-loss intracavity

saturable absorber for Nd:YLF lasers: an antiresonant

semiconductor Fabry-Perot saturable absorber, Opt. Lett.

17 (1992) 505.

[15] F. Druon, F. Balembois, P. Georges, A. Brun, A.

Coujaud, C. Honninger, F. Salin, A. Aron, G. Aka, D.

Vivien, 90-fs pulse generation from a modelocked diode-

pumped Yb3þ:Ca4GdOðBO3Þ3 laser, Opt. Lett. 25 (2000)

423.

8


