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Abstract

®

CrossMark

We report on the development of a compact diode-end-pumped eye-safe (~1.54 pm) passively-
cooled Er,Yb:glass laser. The design of this laser is facilitated by the use of a double-pass
pumping scheme and a special ZrO, diffuse reflector for a uniform pump distribution. In the
free-running mode, this laser generates 8.2 mJ/3 ms pulses with a slope efficiency of 15%.
Passive Q-switching is provided by saturable absorbers made of transparent glass-ceramics
containing Co®*:4-Ga,03 or Co?*:MgAl,Oy4 nanocrystals with a spinel structure. In the latter
case, 0.7 mJ/10.5 ns pulses are generated corresponding to >60 kW peak power and good
beam quality (M?> = 1.4). The designed laser is suitable for portable range-finders.

Keywords: erbium laser, Q-switching, cobalt, spinel, glass-ceramics, eye-safe

(Some figures may appear in colour only in the online journal)

1. Introduction

There is a growing interest for eye-safe laser sources emit-
ting at ~1.5 pm [1]. This radiation is strongly absorbed by the
eye’s cornea and lens and thus it cannot reach the sensitive
retina. In addition, the ~1.5 pm wavelength corresponds to
the transparency window of the atmosphere that is useful for
free-space applications. Typically, such emission is provided
by lasers based on erbium (Er*") ions and operating on the
132 — 1,55, transition. Er lasers have found their recognized
applications in free-space optical communication, remote
sensing (LIDAR technology), wind sensing and range-finding
[2-7] in civil and military fields. The requirements for range-
finders operating at low pulse frequencies include a high pulse
energy and peak power, good beam quality and low diver-
gence, as well as a compact and robust design, preferentially
with passive cooling of a laser head [7-10].

State-of-the-art materials for compact Er lasers are
phosphate glasses codoped with Er** and Yb*" ions [11].
Codoping with Yb** ions is needed to provide the efficient
pumping of the laser material at 960-980 nm according to the
%F;,, — ?Fs, transition of the Yb®" ions. This spectral range
corresponds to emission wavelengths of the cost-effective

1054-660X/16/125801+6$33.00

commercial high-power InGaAs laser diodes. The excitation
of the Er** ions is then provided by the Yb** — Er** energy-
transfer (ET). Commercial phosphate glasses provide long
storage times of the Er’** ions (7(*1;3,) ~8 ms) and high ET
efficiency (ngr > 98%) [11, 12]. Glasses are produced by a
standard melt-quenching method that provides size-scalable
production of laser elements with a high optical quality—a
strong advantage over the single-crystal technology. The sin-
gle drawback of the glasses is their poor thermal conductiv-
ity and low thermal fracture limit [12]. Significant attention
should be paid to the elimination of heat and uniform pump-
ing of an Er glass laser element, which contradicts the require-
ment of passive cooling. Thus, the designing of compact cost
effective passively-cooled and efficient Er laser oscillators is a
complicated and very demanding task.

The generation of a pulsed output from a compact Er
laser is normally provided by the passive Q-switching (PQS)
due to the introduction of a proper saturable absorber (SA)
into the laser cavity. In this way, pulses with the duration
of a few tens of ns and pulse energies of a few mJ can be
achieved. The well-recognized SAs for an Er laser are based
on cobalt (Co?") ions located in tetrahedral sites of crys-
tals, e.g. Co’*:MgAl,Oy single crystal (Co**:spinel) [13].

© 2016 Astro Ltd Printed in the UK
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Figure 1. Simplified scheme of energy levels of (a) Yb>* and Er** ions and (b) Co?* ions in tetrahedral (T}) sites.

Recently, transparent glass-ceramics (GCs) containing vari-
ous Co’*-doped nanocrystals, e.g. MgAl,0,4 [14], ZnAl,O4
[15], v-Ga,O3 [16], and ZnO [17], have been studied for the
replacement of single crystalline SAs. The GCs are synthe-
sized by a cost-effective melt-quenching method with subse-
quent heat-treatments and possess good optical homogeneity
[14, 15]. The nonlinear properties and laser-induced damage
threshold (LIDT) for GCs are comparable or even advanta-
geous with respect to the Co>*:MgAl,O, single crystals
[14-16].

In the present paper, we report on the design of a compact
and efficient passively-cooled eye-safe laser oscillator based on
the Er,Yb:glass and GC SA capable of generating ~1 mJ pulses
corresponding to the peak power of >60 kW at ~1.54 pym.

2. Modeling gain in the active element

At first, we used a simple rate equation model to describe
the gain characteristics of a Er,Yb:glass laser element. This
modeling was used to optimize the element length and dura-
tion of the pump pulses in order to reach a simultaneously
compact design and maximum single-pass gain. The model
is as follows. The Er**, Yb**-codoped glass laser rod is lon-
gitudinally end-pumped by an InGaAs laser diode at 976 nm.
The pumping is performed at a low repetition rate (1 Hz) and
the duration of a single pump pulse is about a few ms. The
simplified scheme of the energy levels of Er** and Yb** ions
is shown in figure 1 and the corresponding system of the rate
equations is [10]:

ON N-
= Wyx,y,2.1) — —2 — aprtNyy(NY — N, (la)
ot TYb
ONM, N
B — aprNyp(NE — Nir) — —=. (1b)
8t TEr

Here, Ny and Ng; are the population densities of the Yb3*
and Er’* ions in the 2Fs;, and “1j3p multiplets, respectively,
which are the functions of coordinates (x, y, z) and time ¢, N OEr
is the doping concentration of the Er’" ions, Ty, and T, are
the lifetimes of the above mentioned states of the Yb*>" and
Er** ions, respectively, agr is the microscopic ET parameter,
Wp(x, y, z, 1) is the pump rate, W, = Py, J/hv, where Py, is
the volumetric density of the absorbed pump power, £ is the
Planck constant, and v, is the pump frequency. The system of

the rate equations does not take into account upconverison and
excited-state absorption [10, 18]; the non-radiative relaxation
from the *I;3/, state to the lower-lying multiplet is considered
as a single depopulation channel for this state. The parameters
used for the calculation are listed in table 1.

The Er,Yb:glass rod is considered to have the follow-
ing dimensions: diameter: 1 mm, length: 10mm. The rod is
pumped at 976 nm by a diode located at 0.5 mm from the input
face. The emitting area of the diode is 0.4 x 0.4 mm? and the
beam divergence is 4°. The optical power of the diode is 10 W.
We used a beam tracing algorithm to calculate the pump rate
Wp(x, y, z, t) and considered the rectangular temporal profile
of the pump pulses. The bleaching of the Yb** absorption was
taken into account.

After solving the system of the rate equations numerically,
we have derived the integral single-pass gain g(x, y, z, f) at
each point of the rod:

Zz
g, y,z,t) = fo kg(x,y,7, t)dz/, (2a)

ke = Neros — (N3 — Ner) g (2b)

where k, is the gain coefficient, 0'I§E and ala“bs are the stimulated-
emission and absorption cross-sections of the Er*" ions at the
laser frequency 1. The distribution of g in the cross-section
of a 10 mm-long laser rod at different moments after the pump
turn-on is shown in figure 2(a). The dependence of g on the
rod length and the duration of pump pulses is presented in
figure 2(b). From these figures, for the design of an Er,Yb:glass
laser, we have selected a rod length of Smm and a duration
of pump pulses of Sms as these parameters can provide high
gain and uniform distribution.

3. Free-running laser

The experimental setup of the compact free-running
Er,Yb:glass laser is shown in figure 3. The laser rod (diameter:
I mm, length: 5mm) was prepared from the commercial
phosphate glass (LGS-DE synthesized at the Institute of
Radio Engineering and Electronics, Russian Academy of
Sciences [19], see table 2) doped with the Er** and Yb** ions
with a concentration of 0.5 x 10?° cm ™3 and 25 x 10*° cm—3,
respectively. The rod was placed into a ZrO, highly efficient
diffuse reflector to ensure uniform pump distribution. The rod
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Table 1. Parameters of the Er,Yb laser used for the modelling of its
performance according to [10].

Parameter® Value

N, 5.0 x 10" cm™3

Ap 976 nm

AL 1535 nm

TYb 0.75 ms

TEr 7.6 ms

Qg 3.7 x 107057 em™3

L L 20 (i 2
OS5 A Ohis 0.7 x 100" cm

“See explanation in the text.

was passively cooled. The front face of the rod was AR-coated
at 976 nm and HR-coated at 1535nm, so this coating served
as a flat pump mirror (PM) of the laser cavity. The rear face of
the rod was HR-coated at 976 nm to provide a second pass of
the pump beam and AR-coated at 1535 nm. A meniscus output
coupler (OC) with the radii of the curvature of both surfaces
of Roc = 32.5cm was used. This shape of the OC prevented
unwanted defocusing of the output beam.

The rod was pumped through the PM by the unpolarized
output of an InGaAs diode bar (ATC—semiconductor devices)
emitting up to 16.7 W at 976nm. The bar was mounted on a
Cu-holder and passively-cooled. The diode drive current was
electrically modulated to produce a train of rectangular pump
pulses with a duration of S5ms and a repetition frequency of
1 Hz. The emitting area of the bar was 1200 x 1 um? in size,
so the pump beam was reshaped via two fiber lenses AR-coated
at 976nm from both sides. The first lens collimated the pump
beam along the ‘fast’ axis, and the second lens was used as a con-
denser along the ‘slow’ axis. As a result, the nearly-circular pump
beam with a waist of ~1 mm at the input face of the laser rod
was achieved. This design provided a nearly-uniform distribution
of the pump radiation in the laser rod and, hence, decreased the
temperature and stress gradients under the laser operation.

To optimize the set-up, we varied the total geometrical cav-
ity length L.,, and the OC transmission at the laser wavelength
Toc. First, L.,, was fixed to be 15mm and several OCs with
Toc = 14%, 9.5%, 6% and 3% were studied (figure 4(a)).
With the decrease of Toc, the free-running pulse energy Eqy
increased from 3.6—10 mJ (at the maximum pump level, i.e.
for the incident pump power energy Ei,c = 84 ml). Then,
we fixed Toc = 3% and varied the cavity length in the range
10-25mm (figure 4(b)). For the shortest cavity, Eq, reached
12 mJ corresponding to a multi-mode laser output. With the
increase of the cavity length, the output pulse energy dropped,
but for L.,y = 18 mm, the output laser mode became TEM.
This is explained by the fact that the laser rod acts as an aper-
ture for the laser beam.

Thus, for the further work, L.,y = 18 mm and Toc = 3%
were selected. In figure 4(c) we plot the free-running output
pulse energy E, versus the incident pump pulse energy Ejnc
for this laser configuration. The laser threshold was at Ej,. ~
30 mJ and the maximum output energy reached 8.2 mJ corre-
sponding to a slope efficiency of 15% and an optical-to-optical
efficiency of ~10%. The duration of laser pulses in the free-
running operation mode was ~3 ms.

Figure 2. Calculated integral single-pass gain g in a diode-pumped
Er, Yb:glass laser rod: (a) spatial distribution of g in the rod cross-
section 1 ms (i), 3ms (ii) or Sms (iii) after the pump turn-on. Pump
pulses are rectangular with a duration of S5ms and an energy of

50 mJ; (b) dependence of g versus the rod length at different
durations of the pump pulses (1...6ms).

These parameters are comparable to the best results achieved
previously [18]. In [18], a free-running Er,Yb:glass laser was
pumped by 10 ms-long pulses at a repetition rate of 2 Hz and the
slope efficiency was very similar (15.8%). The maximum pulse
energy reached 95 mJ (at Ej,. = 720 mJ) but the laser threshold
was three times higher than in our case, at Ej,c = 105 mJ.

The optimized laser was placed in a compact metal housing
with dimensions of 15 x 60 mm (figure 3(b)).

4. Passively Q-switched laser

To realize PQS of the designed Er,Yb:glass laser, an SA made
of transparent GC was inserted into the laser cavity between
the laser rod and OC at the Brewster angle. The cavity with the
optimized parameters, L.,y = 18 mm and Toc = 3%, was used.
The temporal profile of Q-switched pulses was detected with a
Tektronix TDS2014c digital oscilloscope, and the spatial pro-
file of the laser beam was measured with a CCD-camera.
Two SAs were studied—see inset in figure 5. The first SA
was made of GC containing Co>*:MgAl,0, (magnesium alu-
minate spinel) nanocrystals with a mean size of ~10nm. This
GC was developed on the basis of magnesium aluminosilicate
glass denoted as MAS doped with 0.03 wt.% CoO and nucle-
ated by a mixture of TiO, and ZrO, [14]. The second SA was
made of GC containing Co?*:y-Ga, O3 nanocrystals with a spi-
nel structure and with the mean size of 8 nm. It was prepared
from lithium gallium silicate glass denoted as LGS doped with
0.1 wt.% CoO [16]. The crystallization of both parent glasses



Laser Phys. 26 (2016) 125801

V'V Vitkin et al

Figure 3. (a) Scheme of the laser set-up: 1—laser diode bar with a heatsink, 2—fiber lenses, 3—Ilaser rod, 4—ZrO, diffuse reflector;
S5—saturable absorber (for PQS operation), 6—output coupler; (b) photograph of the ready-for-use laser.

Table 2. Physical parameters of the LGS-DE glass®.

Parameter Value
Refractive index, np 1.53
Thermo-optic coefficient, dn/dT 1.6 x 1070 K~!
Loss coefficient, 6, at ~1.54 ym <0.002cm™!
Thermal expansion coefficient, o 8.0 x 107°K™!
Thermal conductivity, x 0.85Wm ! K™!
Density, p 3.0gcm™
Knoop hardness 490

LIDT (30 ns-pulses) >20J cm™?

“Provided by the manufacturer.

Figure 4. Free-running Er,Yb:glass laser: output pulse energy Eqy
versus the transmission of the output coupler To¢ (a) and the total
cavity length L, (b); input—output dependence for the optimal
parameters L.,y = 18 mm and Toc = 3%. 7 is the slope efficiency.

was ensured by an appropriate heat-treatment performed at
a temperature of 950 °C (for Co:MAS) and at 730 °C (for
Co:LGS). Both GCs provided a broadband absorption in the
range 1.1-1.65 pm (for Co:MAS) and 1.2-1.8 pm (Co:LGS)
(see figure 5) related to the *A,(*F) — *T|(*F) transition of
Co** ions located in the tetrahedral sites of corresponding

Figure 5. Small-signal transmission of the SAs made of Co:MAS and
Co:LGS GCs (SAs: 0.5 mm-thick, oriented at the Brewster angle);
the vertical line denotes the laser wavelength. Inset: photographs of
the SAs.

Table 3. Parameters of the studied SAs, according to [14, 16].

Saturable absorber

Parameter® Co:MAS Co:LGS
Crystalline phase Co?":MgALOy4 Co*":4-Ga,0;3
Fs,J cm*2 0.4 0.8

OGSA» 10719 cm2 3.2 1.7

OESA, 10719 cm? 0.28 0.2

v= ogsa/oGsa 0.088 0.12

Tree, NS 450 166

Sloss, M ! 0.04 0.05

t, mm 0.5 0.5

Tsa, % 91.5% 87.5%

“Fs—saturation intensity, ogsa and ogsa—ground- and excited-state absorp-
tion cross-section, y—saturation contrast, 7,..—recovery time of the initial
absorption, d,is—coefficient of passive losses at ~1.54 pm, +—thickness,
Tsa—small-signal transmission at the Brewster angle.

nanocrystals. The scheme of the energy-levels of the Co®*
ions is shown in figure 1(b).

Nonlinear properties of these GCs, namely the saturation flu-
ence Fs = hv/ogsa, the ground- and excited-state absorption
cross-sections ogsa and ogsa of the Co** ions, respectively, and
the recovery time of the initial absorption 7y, are presented in
table 3. Both SAs with a thickness of 0.5 mm were polished to
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Figure 6. Passively Q-switched Er,Yb:glass laser: (a) oscilloscope trace of a single Q-switched pulse; (b) spatial profile of the laser beam

for the SA based on the Co:MAS GC.

laser quality from both sides and remained uncoated. The initial
(small-signal) transmission of the SAs, Tsa, determined for the
Brewster angle orientation was 91.5% (Co:MAS) and 87.5%
(Co:LGS) at the laser wavelength of 1.54 ym.

Co*"-doped SAs for Er lasers can be considered as the
‘slow’ ones, as the characteristic recovery time of the initial
absorption 7. (few hundreds of ns) is much longer than the
time of a single Q-switched pulse formation (a few tens of ns).
There is the criterion for efficient PQS with a ‘slow’” SA [20]:

eff

X SAE Osa

— AB__TSA o 3)
Ssa S + Ogig

where agii = 0Gsa — Ogsa 1S the effective absorption cross-
section of the SA, Sag and Ssa are the mode areas in the active
element and SA, respectively (in the latter case one needs to
take into account the Brewster-angle orientation of the SA).
According to the ABCD modelling of the designed cav-
ity, Sag ~ Ssa. Using the spectroscopic parameters listed in
tables 1 and 2, we calculated X = 21 and 11 for SAs based on
GCs with the Co?>":MgAl,04 and Co®*:7-Ga,03 nanocrystals,
respectively, which proves the possibility of efficient PQS of
the designed laser.

When using SA made of Co:MAS GC, the developed
laser generated stable pulses with the energy of Eqy = 0.7 mJ
and the duration of A7 = 10.5 ns (full width at half maxi-
mum, FWHM). The oscilloscope trace of a single Q-switched
pulse is shown in figure 6(a). Thus, the peak power reached
Ppeak = Equ/ AT = 67 kW. The conversion efficiency with
respect to the free-running operation mode 7¢ony Was 9%. The
laser generated a nearly-circular output beam (figure 6(b)),
with a measured divergence of 5.3 mrad corresponding to a
beam quality factor M?> = 1.4. For the SA made of Co:LGS
GC, the pulse characteristics were 0.5 mJ/11 ns, Ppeax = 45 kW
and Neony = 6%.

During the long-term operation of the passively Q-switched
Er,Yb:glass laser, no signs of laser damage to the SA were
detected. One can estimate the intracavity fluence on the SA
as [20]:

_ 2— TOC 2Eoul

E, 4
Toc 4

SSA

Here, we again consider the Brewster-angle orientation
of the SAs. For SAs made of Co:MAS and Co:LGS GCs,
Fpn=64Tcm?and 4.6 J cm™2, respectively. These val-
ues are well below the LIDT for uncoated and laser quality-
polished GCs (~10 J cm~2, as measured at ~1.54 pum for
ns-long pulses).

5. Discussion

Recently, GCs containing various Co*"-doped nanocrystals
have been employed for PQS of Er,Yb:glass lasers with a
diode-side-pumping operating at the repetition frequency of
1 Hz. In table 4, we have compared the output characteris-
tics of these lasers and the developed oscillator. The designed
laser provides a short pulse duration and high peak power, as
well as a high Q-switching conversion efficiency, as compared
with the previous results.

Further shortening of the pulses in PQS Er,Yb:glass lasers
can be reached by using the microchip laser concept [2, 22, 23],
with the active element and SA both placed in a compact
plano—plano laser cavity and the laser mirrors directly depos-
ited on their surfaces. Pulse shortening down to a few ns may
occur due to the reduction of the cavity roundtrip time [22].
There are several requirements for SAs used in monolithic
microchip lasers. Such SAs should provide: (i) low absorption
of residual pump light to prevent the SA heating and, hence,
Q-switching instabilities, (ii) relatively high LIDT, as the size
of the laser mode in microchip lasers (which is determined
by the thermal lens of the active element) is relatively small
and the intracavity fluence is high [24], (iii) similar thermal
expansion to the laser element to avoid thermal fracture. The
developed GCs seem to be very promising for this aim, as
the absorption bands of the Co*" ions do not overlap with the
pump wavelength (see figure 5), LIDT is relatively high (see
above) and the thermal expansion coefficient is low, namely
a =49 x 1079 K~! (for Co:MAS), and is comparable to that
of the Er,Yb:glass (see table 2).

Due to the broadband absorption of Co?* ions in the
Co:LGS GCs (see figure 5) one may potentially use it for
PQS of crystalline Er lasers emitting at 1.6-1.7 pum (e.g.
Er:YAG laser) or even thulium (Tm) lasers emitting in the
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Table 4. Comparison of the output characteristics® of passively-
cooled Er, Yb: glass lasers passively Q-switched with GC SAs
reported so far.

CryStaHine phase Eous AT, Ppeak, Tlconvs

in GCs mJ ns kW % Ref.
Side-pumping

Co*":4-Gay03 1.75 25 70 10 [16]
Co’*:Zn0O 037 100 3.7 2.2 [17]
Co**+:Zn,Si0, 0.77 45 17 2.7 [21]
End-pumping

Co*":MgALLO, 0.7 10.5 66 9 This work
Co*":4-Ga,03 0.5 11 45 6 This work

*Eou—pulse energy, A7—pulse duration (FWHM), Py..c—peak power,
Neomv—Q-switching conversion efficiency.

eye-safe spectral range 1.8-1.9 pm. The application of
C02+-d0ped materials for PQS of Tm lasers is known [25].
However, in this case, the laser wavelength will correspond
to the edge of the absorption band resulting in lower ogga.
This will have two consequences. First, to reach the required
modulation depth of the SA, one needs to increase the CoO
concentration up to 0.5-1.0 wt.%. Second, lower ogsa
means higher Fg, so it is more difficult to achieve bleach-
ing of the SA. For Co:LGS GCs at ~1.85 um, we estimate
oasa as ~0.2 x 107! cm?. This is lower than for the state-
of-the-art SA for this spectral range, Cr*+:ZnS, for which
oasa = 6.7 x 1071 cm? [24]. However, GCs may offer
much better optical quality and higher LIDT as compared to
polycrystalline Cr>*:ZnS.

Transparent polycrystalline Co?*-doped ceramics, e.g.
based on MgAl,O4, may be considered as alternative mat-
erials for transparent GCs. However, such ceramics typically
suffer from very low LIDT, ~3 J cm™2, high scattering losses
and degradation of optical properties with the increase of
Co** concentration [26].

6. Conclusion

We have developed a compact and robust eye-safe (~1.54 pm)
passively-cooled Er laser. The laser head is 15 x 60mm in size
and its average electric power consumption is 0.18 W. In the
free-running regime, the laser-generated 8.2 mJ pulses cor-
respond to a slope efficiency of 15%. The PQS of this laser
is provided by two SAs made of transparent GCs containing
Co*":7-Ga0O3 and Co*>":MgAl, O, spinel nanocrystals. The
passively Q-switched Er,Yb:glass laser generated 0.7 mJ/10.5
ns and 0.5 mJ/11 ns pulses (for these two SAs, respectively)
at a repetition frequency of 1 Hz. The output beam of the laser
corresponded to the TEMy mode (M? = 1.4) with a divergence
of 5.3 mrad. The designed laser head is promising for range-
finding systems.
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