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1. INTRODUCTION

Efficient cw lasers operating in the 1.5 - 1.6 j..11l1 wavelength range have many practical applications including
optical telecommunications, and all-solid-state devices for eye-safe applications such as laser range fmding and target
acquisition, remote sensing, light detecting and ranging, medicine, metrology and atmospheric pbenomena such as
measurements of wind shear.

In the 1.5J.llll region lasers host materials with E1'3+ impurity ions are most commonly employed, taking
advantage of the quasi-three-Ievel -1[13/2 -7 "'11512 transition. This is a broadly tunable transition and is thus also very
useful for detection of multiple gaseous species in the atmosphere which have vibrational overtone transitions in this
spectral region, which is also an absorption free window for water vapour. Yb3

+ ions are co-doped into the host material
to improve the pumping efficiency by taking advantage of commerciallnGaAs diode lasers emitting at 980 11m. The
absorbed pump is then non-radiative transfelTed to the £1'3+ ions populating the ..fI} J/] energy manifold. This then decays
to the "'I/J/1 upper-laser level.

Laser operation in Er,Yb co-doped systems has been dominated hy glass hosts (in particular, phosphate) with
attempts in crystalline materials yielding disappointing results despite their superior mechanical and themml properties
[1-3]. The drawback with glass hosts however is that ion implantation techniques are necessary to improve the
mechanical hardness of the glass hosts to be able to withstand pumping powers greater than a few hundred mW. The
rare earth calcium oxyborate family of clystals Ca,REO(BO,h has received a great deal of attention in the past few
years due to their ease of growth of large crystals via the Czochralski method, non-hygroscopicity, good them,"1
conductivity and excellent nonlinear properties [4-7]. In addition to these favourahle properties, the phonon spectrum is
dominated by a maximum energy of approximately 1400 cm- l [8], which rapidly depopulates the '11112• manifold tbus
eliminating the possibility of back transfer to the YhH These factors make it a very attractive host for Er, Yb codoping.
We have focused on the Ca,YO(B03)3 (YCOB) crystal due to the similarities between the ionic sizes of the Yb3+ ions
and the Y ions which are substituted by the dopants. Laser operation in this material was initially demonstrated with
ulloptimised dopant concentrations [9]. By studying the energy transfer mechanisms of this material, we have identified
the optimum dopant concentrations theoretically [10] and have grown new crystals accordingly. Efficient laser
oscillation with these new crystals has been demonstrated with -250 mW of 1.55 f-lID.laser output repOlted [II].

In tins paper we present the highest reported output power at 1.55 11m in a clystalline laser host in hoth
hemispherical and planar-planar cavity configurations. We have also obtained laser operation in a microchip with
mirrors deposited directly onto the laser crystal. We believe this to he extremely promising tor filrther developments of
this laser system since the competing glass hosts suffer from a negative value of dnldT which makes cavity stability
issues much more difficult [12].

2. ENERGY TRANSFER MODELLING

Energy-transfer mechanisms between numerous rare-earth dopant ions have been studied in the past few years
such as Tm3+_Tb3+, Tm3+_Eu3+ [13], Tm3+_Ho3+ [14-16], and Yh3+_Er3+ [17-21, 22 to name just a few examples]. The
Forster-Dexter theory allows the interaction strength between two ions separated by a fixed distance to be determined
directly from spectroscopic absorption and emission measurements.
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To indicate the benefits of codoping Yb sensitiser ions into the host material for realisation of 3n Er3
+ laser, the

room temperalUre absorption of tbe Er:YCOB crystal is compared directly with the absorption of the codoped crystal in
Figure I. The dopant concentratious are 4 at% Er'· in tbe singly-doped crystal, and 2 at.% ErH

, 20 at.% YbH in the
codoped crystal. The absorption coefticieut of the Yb ions is more than 20 times greater thau Er at the absorption peak
around 980 nm (the waveleugth of InGaAs diode lasers) which gives the codoped material a clear advantage.
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Figure 1 Unpolarised room temperature absorption coefficient of a co-doped Er.Yb:YCOB crystal with 2

at.% E~+ and 20 at.% YbJ
+. compared with the absorption coefficient ofa 4 at.% doped Er:YCOB

crystal

Figure 2 shows the euergy level diagram of an Er,Yb system including key energy-transfer (WSA ) and
upconversion (Wud channels. These two processes are the heart of the laser system, and each is concentration
dependent. An increase in the ybJ+ concentration results in an increased absorption co-efficient which gives a larger
population in the 'Fj /, manifold (N,) and heuce, as we will see in Equation (3) will lead to increased possibility of
energy-transfer. Intuitively, an increase in the Er3+ concentration also increases the energy-transfer since there is a
greater number of ions available to be excited. and thus will also increase the emission at the desired wavelength.
Conversely, increasing the Er3+ concentration also increases the losses from the upper-laser level due to the non
radiative upconversion proces~, which obviously has a detrimental effect on the emission.
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Figure 2 Level assignment diagram and relevant processes for rate equation analysis of tbe Er.Yb:YCOB

material.
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The transfer of energy between Yb3
+ and ErH ions is due to electric dipole-dipole interactions. Energy transfer

also occurs between ions of the same type and leads to energy migration in the crystal. For energy transfer between a
sensitiser S (Yb) and an activator ion A (Er), the transfer rate WSA was described by Dexter [23], and later modified by
Tkaehuk [24] for migration-limited transfer as

( 1)

c. =.2..Q A ffs(k)F,(k) dk (2)
.\<1 4n A s e

where CSA is the energy transfer micro-parameter which includes QA the integrated absorption cross-section, As lhc
radiative transition rate of the sensitiser,..fs(k) and FA(k) the normalised absorption and emission cross-sections of the
sensitiser and activator respectively, k = (2nA)" I is the wavenumber, and Ns and NA the population density of the

sensitiser and activator respectively. c~.~g is the energy migration micro-parameter for energy transfer between adjacent

Yb3+ ions. These parameters can all be calculated from experimental measurements and are summarised for a number of
laser hosts in Table 3. We can see that WSA in the YCOB host is high at 11.5 x 103 s·] compared with only 2.1 x 103 s·]
for YAG and 8.0 x 103 s·] for the phosphate glasses.

Table 1 Comparison of energy transfer parameters in Er.Yb codoped lasers
Host Phosphate Glass YLF YAG YCOB

Er Concentration,
2.0x 1020 lAx 1020 1.4 X IO

z0 8.8xlO 19

NA (ions/ems)
Vb Concentration,

4.0 X 1020 lAx 10" 9.0 x 1020 8.8x 1020

Ns (ions/em')
Er Upconversion Co-eff, 1.1 x 10. 18 3.0 X 10. 17 2.5 X 10.18 1.7 X 10. 17

Wue (em'/s)
Yb-Yb Migration Co-eff, 19.0x 10·" 1.0 x 10·" 7.6 x 10·"

cs/"g (cmJ/s)
Yb-Er energy transfer

8.0 X 103 0.3 X10' 2.1 X 10' 12.9xIO'
Rale, WSA (s·')

Ref [25] [18] [17] This work

2.1. Rate Equation Analysis

A rate equation analylis of a complicated laser excitation scheme is an extremely useful technique for
determining both the steady-state and dynamical characteristics of the laser. In their simplest form, the rate equations
are a closed set of simultaneous differential equations describing the rate of change with time of the populations of each
electronic manifold involved in the laser system.

(b)

(a)

(e)

(d)

(e)

(I)

(g)

(3)
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To model the population dynamics of the codoped Er,Yb system we use the set of rate equations shown in

Equation (3) and solve fnr steady-state conditions (cnntinuous-wave pumping) with depletion of the Er ground state
included in the model to allow for realistic pump powers greater than one watt.

Figure 3 shows the population inversion determined hy subtracting the population in the lower laser level
(N'Qlrer) from that in the upper laser level (Nllp/Jer) of the Er3

+ ions. Laser action is only possible for concentrations where
the inversion is positive (ie. N"pper - N,oll'''· > 0). Yb concentrations of 20 at.% and 30 at.% are modelled, with Er

concentrations up to 3 a1.%. At low Er concentrations, the population in the ~ 11312 (N 2 ) upper laser manifold rapidly

increases with concentration due to the large pump rate from the Yb ions and the low upcollversion coefficient. As the
Er concentration approaches ~I at.%, the upcollversion coefficient Wuc becomes significant with respect to N 2 and

causes it to saturate. Consequently, the population in the ground state manifold """ (N, ) increases rapidly. thus

decreasing the population inversion N! - HI' Thus, we can see that the optimum Er3
+ concentration when doped with

large Yb" concentrations (>20 al.%) in tbe YCOB host is slightly larger than I al.%.

3.02.5~o1.51.00.5
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Figure 3 Population inversion density (N"1¥r - NJu.''r,J in Er for Vb concentrations of 20 and 30 a1.%. TIle
optimum Er concentration (ie. at the maximum inversion) is indicated.

From the result of Figure 3, research collahorators at tbe Institute of Crystal Materials at Shandong University,
Jinan in China grew crystals with the desired dopant concentrations. The crystals received had an Yb concentration of
30 al.% and an Er concentration of 1.4 al.%, verified hy Inductively Coupled Plasma Mass Spectroscopy (ICPMS)
analysis.

3. CW LASER OPERATION

3.1. Output Characteristics

The initial laser experiments were performed with a 2 nun long Er.Vb: YCOB crystal with dopant
concentrations of2 a1.% Er3+ and 20 a1.% Yb3

+. 3 mW of radiation at 1554 nm was achieved with a slope efficiency of
0.5%. The tlueshold pump power was 524 mW (refer to Figure 5). Whilst the ontput power and slope efficiency in this
case is quite low, this represents the ftfsl report of 1.5 Jim output from an Er,Yb:YCOB laser. The only olher reported
attempts at laser output in the ReCa,O(BO,h class of crystal hosts was performed by Aron [26] for the very similar
GdCOB crystal. From a range of crystals of different dopant concentrations, they identified Yb'+ au Er'+ concentrations
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of 15 and 3 at.% respectively to be optimum, however, they were unable to achieve laser oscillation, reportedly, since
the upper laser level lifetime was too 5h0l1 to acilieve a population inversion. Both Ti:sapphire and a 2W laser diode
pump sources were attempted.

The low output powers ohtained here initially can he explained hy looking at Figure 3. The population
inversion density for an ErJ

+ concentration of 2 at.% is only marginal. In comparison, the inversion densities for
concentrations larger than this are negative. This may well also explain the result of Aron who anempted to obtain
lasing witb 3at.% Er in GdCOB.

The second crystal used was a V-cut. 2 mm long Er.Yh:VCOB crystal, doped with 30 at% Vh'+ and 104 at%
ErH One face of tbe crystal was coated for high-reflection (RR) (R > 99.9%) hetween 104 - 1.6 ~lIn and high
transmission (T ~ 92 %) at 975 nm. The output face was anti-reflection (AR) coated (R < 0.5%) hetween 104 - 1.6~.

Two pump sources were used for these experiments. The lirst was a 1.6W fihre-coupled lnGaAs diode laser at
975 nm from Mitsui with a fibre core of 50 f/Ol (M' ~ 16). The second pump source was a 2.7W. cW fibre-coupled
diode laser at 975 nm from Unique Mode. also with a fibre core of 50 f/Ol (M' ~ 17). Tbe output from the pump fibre
was frrst collimated, then focused into the laser crystal. The focused pump spot size was adjusted to fmd the optimum
coupling of the pump mode with the cavity mode for the mirrors we had available. The output spectrum from the
Unique Mode diode was quite broad (-9 mn) compared with the width of the Vb absorption feature (-4 11111), so as a
result, only approximately 65 % if the pump radiation was absorbed by the crystal giving a maximum available pump
power of around 1.8 W. Approximately lAW ofpwnp light from the Mitsui diode was incident on the laser crystal and
-80% was absorbed due to its narrower spectral bandwidth.

The laser setup is shown in Figure 4. The optimum pump spot size for the 2 mm crystal was determined to be
approximately 110 11m diameter using the 'Taira' condition for pumping three-level lasers with a pump beam with a
large M' value [27]. This was achieved by an appropriate choice of collimating and focusing lenses for imaging of the
pump beam. The optimum output coupling was determined to be -I% using an output coupler (OC) with a 200mm
radius of CUlvature (RoC). The OC was placed close to the crystal for the best pump-cavity mode overlap however, this
was not perfect due to the limited availability of mirrors. Mirrors with a sborter RoC will give a better overlap and
hence improved laser performance.

HR@1.5J.lffi

AR@975mn

~

Collimating lens

\

I976mn
?iooe

Focusing lens Er,Yb:YCOB
Figure 4 Experimental arrangement for laser operation

Figure 5 sbows the output and slope efficiency of the laser. Approximately 100 mW of output was achieved
using the Mitsui pump source with a slope efficiency of -19%. This is a significant improvement on the initial
experiments with the 2 at.% Er'+, 20 at.% Vb'+ crystal. The maximum output power observed from the laser was -250
mW with a slope efficiency of22% using the 2.8 W Unique Mode pump source. Tbe larger threshold powers using the
2.8W pump were due to losses from deterioration of the crystal coatings.

Tlus result is comparable witb the best reports of cw laser radiation at 1.5 - 1.6 Jim obtained by Taccheo [28]
in Er,Vb doped phosphate glass. They achieved -300 mW of multi-longitudinal-mode operation witi} a slope efficiency
of-27%.
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Figure 5 Output characteristics of the Er.Yb:YCOB laser

A typical output spectrum is shown in Figure 6, which is comprised of 12 scans superimposed upon each other,
thus indicating a free-rwming bandwidtb of rougWy 12 run (1543-1555 run). The insert at the top left shows a typical
single scan of the wavelength. The transverse mode profile of the output beam was TEMoo as can be seen in the upper
right insert. The M' factor of the beam in x and y directions was found to be -3 and -3.5. The large values are in part
due to the short length of the laser cavity and the large (200 rum) RoC of the OC causing a large mode size at the OC
and bence a large divergence.

1.0 .--~---,---~--...---~----,--~--,

IT':]0.8 tl.4

~

0.0
'S40 1~ 15e1O 15615 1560

=! 0.6
~
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l!!Q.l 0.4

]:

15601555'550154S
0.0 L_~_IUL.-ol_"''''.UILA

1540

0.2

Wavelength (nm)

Figure 6 Free--nUllling bandwidth of the laser emission with an output of 180 mW 12 spectra overlaid). Inset.
Left: Typical output spectrum. Inset. Right: Transverse mode profile.

The laser performance has also been explored ill a flat-flat cavity arrangement with a view towards microchip
operation. The HR coated face of the laser crystal acted as the first mirror, whilst a flat OC replaced the curved mirror
used previously. TI,e total cavity length was only slightly larger than tbe crystal length itself (2nnn). Again we found
the optimum output coupling to be 1%, wbere 150 ruW of output at 1.55 Jm, was observed. Investigation of a true
microchip laser was perfonned by depositing a metallic coating over the top of the existing AR coating on the output
face of tbe crystal. This is a preliminary step which was nsed to evaluate tbe feasibility of furtber work in this area. Tbe
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coating had a reflectivity of ~97.5% and a transmission of -0.7% at the laser wavelength. Hence, it also had -1.8%
absorption as well which acted as an intra-cavity loss. Approximately II mW of multi-longitudinal-mode, polarized
output was obtained using the M.itsui pump source.

3.2. Amplitude and Temperature Stability

The stability of the laser output is demonstrated in Figure 7 with respect to time and temperature variations of
the crystal mount. The long-term stability at 110mW was measured by detecting the output with a p-;-n photodiode over
10 minutes. The variations are described by twice the standard deviation (0') divided by the average power and is found
to be -1.2%. The variation of the output power with respect to temperature is found to decrease by only 0.3mW per
degree Celsius indicating that the laser is operating as a quasi-four-Ievel laser.
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Figure 7 Amplitude stability over a 10 minute period and temperature dependence with

temperature of the crystal mount.

4. CONCLUSIONS

Optimnm dopant concentrations have been calcnlated and efficient laser operation of an Er,Yb doped YCOB
crystal has been demonstrated. 250 mW of multi-longitudinal-mode ontpnt has been obtained with a slope efficiency of
-22%, which is comparable to the best result to-date achieved in the phosphate glass host. 150 mW of outpnt has also
been achieved with a plano/plano cavity and ~lImW in a true microchip configuration. Significant improvement is
expected in the hemispherical cavity with OCs of shorter RoC (-25 mm) which will improve the pnmp-to-laser mode
matching efficiency, tltis wonld also potentially improve the outpnt beam quality. In the microchip configmation
improvements can be made by deposition of dielectric coatings on both crystals surfaces. Good long-term amplitude
stability and relative insensitivity to temperature variations of the crystal mount have been established at power levels of
greater than 100 111W.
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