Passive Q-switching of Yb:CNGS lasers by Cr**:YAG
and V3*:YAG saturable absorbers
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Trigonal langasite-type ordered silicate crystal Yb:CazNbGasSiz014 (Yb:CNGS) is a promising material for efficient
~1 pm lasers. We report on the first passively Q-switched Yb:CNGS laser using Cr*:YAG and V3+:YAG saturable
absorbers (SAs) with a 976 nm Volume Bragg Grating (VBG)-stabilized diode as a pump source. The laser crystal
was a c-cut 3 at.% Yb:CNGS grown by the Czochralski method. It was placed in a compact microchip-type laser
cavity. With a Cr*:YAG SA, very stable 62.2 pJ / 4.4 ns pulses were achieved at a repetition rate of 22.5 kHz. The
average output power was 1.40 W at 1015.3 nm corresponding to a Q-switching conversion efficiency of 90%. With
the V3+:YAG SA, the pulse characteristics were 13.3 pJ / 11.1 ns at a higher repetition rate of 68.4 kHz. The
performance of the Yb:CNGS/Cr#*:YAG was numerically modelled showing a good agreement with the experiment.

OCIS codes: (140.3070) Infrared and far-infrared lasers; (140.3540) Lasers, Q-switched; (140.3380) Laser materials.
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1. Introduction

Passive Q-switching is a commonly used approach to generate
nanosecond (ns) pulses from diode-pumped solid-state lasers
(DPSSLs) [1,2]. It is realized by the insertion of a nonlinear optical
element, saturable absorber (SA), into the laser cavity. Passively Q-
switched (PQS) DPSSLs possess the advantages of all-solid, compact
and external-control-free design, as compared to the actively Q-
switched ones. Passive Q-switching can also be implemented for
microchip lasers where the active element (AE) and the SA are placed
in a compact plano-plano cavity potentially resulting in sub-ns pulse
durations [3-5].

The SAs can be classified as “slow” and “fast” according to the
relation between the recovery time of their initial absorption, Trec, and
the characteristic time of the pulse formation, AT, namely Trec >> AT
and Trec << AT, respectively. “Slow” SAs in particular are useful to
achieve high pulse energies (up to mj), short pulse durations (down to
sub-ns) and high peak powers (up to MW) from PQS DPSSLs. Typically,
“slow” SAs are based on crystals doped with transition-metal (TM)
ions located in tetrahedral (Tq) sites and thus featuring high transition
cross-sections [6]. This leads to low saturation fluence and easier
bleaching of such SAs. For example, in the spectral region of ~1 um
(Nd3* and Yb3* lasers), such a state-of-the-art “slow” SA is Cr¢+-doped
Y3AlsO12 (YAG) [7,8]. The niche of “fast” SAs (e.g, Semiconductor
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Saturable Absorber Mirrors, SESAMs) is the high-repetition-rate (up to
MHz) PQS lasers exhibiting small (few pJ) pulse energies [9].

During the last decades, the interest in ~1 um lasers has shifted
from Nd3+ to Yb3+ ion doping [10]. This is because the Yb3* ion
possesses a simple energy level scheme allowing for a high Stokes
efficiency, eliminating parasitic processes like upconversion and thus
leading to a weak heat loading and high laser slope efficiency. The Yb3+*
ion typically has longer lifetime of the upper-state, 2Fs/, (as compared
to that for Nd3+) which is desirable for energy storage in PQS operation.

Ordered trigonal (langasite-type) calcium niobium gallium silicate
crystal CasNbGasSiz014 (shortly CNGS) has been recognized recently
as a promising host for Yb3* doping [11]. This host crystal features
good thermal, mechanical and elastic properties [11-13] leading to a
high thermal fracture limit and good power scaling capabilities, as well
as high Yb3+ doping levels (up to 5 at.%). Large-volume high-optical-
quality CNGS crystals can be grown by the standard Czochralski (Cz)
method [12]. The Yb3* ion in CNGS exhibits high transition cross-
sections and relatively long upper-level lifetime of 710 ps [14].
Moreover, the non-centrosymmetric CNGS (point group 32) can be
used as a self-frequency-doubling (SFD) material [15].

To date, the research on Yb:CNGS has focused on its growth,
structure, spectroscopic and continuous-wave (CW) laser properties
[14,16]. In [16] under diode-pumping at 976 nm, a 3 at% Yb:CNGS
laser generated 7.61 W of CW output at 1048-1060 nm with a slope
efficiency of 59%. In [11], a type I-cut 5 at.% Yb:CNGS CW SFD laser
was demonstrated delivering 37 mW of green output at 530 nm.

In the present work, we demonstrate the first PQS Yb:CNGS laser
using two TM-ion doped crystal SAs, Cr+:YAG and V3+YAG [17]. This
can be considered as a first step towards green ns SFD Yb:CNGS lasers.

2. Experimental

The scheme of the laser set-up is shown in Fig. 1. The pump source was
a VBG-stabilized fiber-coupled InGaAs laser diode (BWT Beijing LTD,
fiber core diameter: 105 um; numerical aperture, N.A.: 0.22) delivering
up to ~27 W of unpolarized output at 975.8 nm (emission bandwidth:
0.6 nm, M2 = 36). The pump radiation was collimated and focused into
the active element (AE) by a lens assembly (1:1 imaging ratio, focal
length: 30 mm). This resulted in a beam spot radius wp of 52 pm and a
Rayleigh length of 2zr = 1.0 mm (in the AE).
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Fig. 1. Scheme of the PQS Yb:CNGS microchip laser: LD - VBG-
stabilized InGaAs laser diode, PM - pump mirror, OC - output coupler
(both flat), SA - saturable absorber (Cr#+:YAG or V3+:YAG, AR-coated).

section, oabs, is 1.25x1020 cm? at 977.0 nm corresponding to a full
width at half maximum (FWHM) of 4.6 nm, Fig.2(a). The maximum
stimulated-emission (SE) cross-section, osg, in the long-wavelength
spectral range where laser operation is expected is 0.97x10-20 cm? at
1014 nm. In Fig. 2(b), we also show the gain cross-sections, og = fSo'se -
(1 - B)oabs, where 5 = N2(2Fs/2)/Nwb is the inversion ratio. For high § >
0.15, laser operation is expected around the local peak in the o spectra
at~1014 nm.
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Fig. 2. (a)b) Spectroscopy of 3 at. % Yb:CNGS: (a) absorption, gabs, and
stimulated-emission, osg, cross-sections; (b) gain cross-sections, g =
Posk - (1 - f)oavs (for o-polarization), f = N2(?Fs/2)/Nyb is the inversion
ratio. Arrows in (a) indicate the pump and laser wavelengths.

The AE was prepared from a c-cut 3 at% Yb:CNGS crystal (Nvb =
3.2x1020 cm3) grown by the Czochralski method [11]. This crystal cut
offers higher pump absorption and provides access to the high-gain o-
polarization. The AE was 4 mm-thick with an aperture 3(a)x3 mm?,
polished to laser quality and uncoated. The AE was mounted in a Cu-
holder providing cooling from all 4 lateral sides of the crystal and
indium foil was used to improve the thermal contact. The holder was
water-cooled to 12 °C.

The spectroscopic properties the of 3 at% Yb:CNGS crystal are
shown in Fig.2 (o-polarization). The maximum absorption cross-

The AE was placed in a compact plano-plano (microchip-type) laser
cavity. It was composed by a flat pump mirror (PM) coated for high
transmission (HT) at 0.78-0.99 um and high reflection (HR) at 1.01-
1.23 um, and a flat output coupler (OC) having a transmission Toc =
30% at 1.02-1.20 pm. This Toc value was selected to avoid damage of
the optical components in the PQS operation mode. The AE was placed
close to the PM. The SA and the OC (both having a diameter of 5 mm)
were mounted together in a passively-cooled Al holder. This holder
reduced the effect of the SA heating by the residual (non-absorbed)
pump. The SA/OC stack was placed close to the AE, so that the
geometrical cavity length Ly was equal to tae + tsa. Such a compact
design was used to reduce the cavity round-trip time and to shorten
the pulse duration in the PQS operation mode.

The AE was pumped through the PM. As the OC provided partial
reflection at the pump wavelength (~70%), the crystal was pumped in
a double-pass. The total pump absorption under lasing conditions was
58%. The radius of the laser mode in the AE was estimated with ABCD
formalism as wi = 45+5 pm.
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Fig. 3. Internal small-signal transmission, T'sa, of (a) two Cr4*:YAG SAs

with different thickness and (b) one V3+:YAG SA. Arrows indicate the

pump and laser wavelengths.

Two types of the SA were used based on the Cr+:YAG and V3+:YAG
crystals. They were polished to laser-grade quality and antireflection
(AR) coated for 1.02-1.04 um on both sides. Two Cr#+:YAG SAs having
different thickness were used. Their initial (small-signal) transmission
was Tsa =95% (thickness, tsa = 1.45 mm) or 90% (tsa = 1.55 mm). One
V3+YAG SA provided Tsa of 90% (tsa = 0.83 mm). Here, Tsa is specified
at the laser wavelength. The internal (uncoated, subtracting Fresnel



reflection) small-signal transmission spectra of the three studied SAs
are shown in Fig. 3. For Cr*:YAG, the laser wavelength overlaps with
the center of the broad 0.8-1.25 pum absorption band due to the 3A2(3F)
- 3T (3F) transition of the Cr** ions in T4 sites [18]. The corresponding
ground-state absorption (GSA) cross-section, gesa = 4.5x10-18 cm? and
the saturation contrast, y = oesa/ocsa ~ 0.2 (ESA - excited-state
absorption) [5]. For V3+:YAG, the laser wavelength corresponds to the
short-wavelength edge of a broad 0.9-1.6 pm band due to the 3A2(3F)
- 3T2(3F) + 1E('D) transition of V3+ ions in T4 sites. The corresponding
oGsa =2.5%1018cm? and y = oEsa/ocsa ~ 0.2 [17].

The Q-switched pulses were recorded by a 2GHz digital
oscilloscope and a fast InGaAs photodiode with 200 ps rise time. The
laser emission spectra were measured with a compact spectrometer
(APE GmbH, WaveScan, resolution: 0.2 nm).

3. Results and discussion

Trigonal CNGS is an optically uniaxial crystal. Its optical axis is parallel
to the c-axis. The principal refractive indices at ~1 um are no = 1.772
and ne = 1.855 [19] (a positive uniaxial crystal). For a c-cut Yb:CNGS,
any wave propagating along the AE axis will correspond to o-
polarization so that the laser output will be partially polarized.

At first, we studied the CW performance of the Yb:CNGS laser
(without a SA in the cavity), Fig. 4. The maximum output power was
1.76 W at 1015-1017 nm (a multi-peak emission due to etalon effects)
with a slope efficiency 1 of 16% (with respect to the absorbed pump
power, Pans). The laser threshold was at Pabs = 2.5 W and the optical-to-
optical efficiency nopt was 7.5% (with respect to the incident pump
power). The input-output dependence was linear up to at least Pabs =
13.6 W indicating negligible thermal effects. Note that the reduced
slope efficiency as compared to Ref. [16] is due to a much higher output
coupling used in the present work (Toc = 30%) which was needed to
ensure stable PQS operation.

By inserting the SAs in the laser cavity, very stable Q-switching was
achieved. The corresponding output dependences are shown in Fig. 4.
For all SAs, there was a lower limit of Q-switching stability near the
threshold. For Paxs > 12.3 W, although the stability was preserved, the
average output power was not increasing due to excessive heating of
the SA.
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Fig. 4. Input-output dependences for CW and PQS Yb:CNGS microchip
lasers using Cr#+:YAG and V3+:YAG SAs: 17 - slope efficiency, T'sa - initial
transmission of the SA.

76%. The achieved high Q-switching conversion efficiency is due to the
AR coating of the SAs and the compact cavity design.

Typical laser spectra for CW and PQS Yb:CNGS lasers are shown in
Fig. 5. The emission is at ~1015 nm in agreement with the gain spectra,
Fig. 2(b). The spectra of the PQS lasers consist of a single narrow (<
0.3 nm) peak contrary to the multi-peak emission of the CW laser. This
is typical for PQS lasers where only the strongest laser line saturates
the SA [1]. The laser wavelength experienced a blue-shift when going
from CW mode to passive Q-switching with Cr#*:YAG and further with
V3+YAG indicating increased intracavity losses due to the insertion of
the SA. This is due to the quasi-three level nature of the Yb3* laser.
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Fig. 5. Typical laser emission spectra for the CW and PQS Yb:CNGS
microchip lasers using Cr+:YAG and V3+:YAG SAs measured at Paps =
12.3 W; the spectrum of the VBG-stabilized InGaAs laser diode is
shown for comparison. T'sa - initial transmission of the SA.

The maximum average output power (Pout) corresponded to
Cr+:YAG SA with Tsa = 95%, namely 1.51 W at 1015.8 nm with n =
15% and a conversion efficiency with respect to the CW mode nconv =
97%. For the same type of SA with Tsa = 90%, the output power was
slightly lower, 140 W at 1015.3 nm with n = 15%, and Hconv Was
reduced to 90%. This reduction originates from the higher insertion
loss for this SA. For V3+:YAG SA, the laser performance was inferior:
The PQS laser generated 1.19 W at 1015.1 nm with = 12% and 1conv =

The pulse repetition frequency (PRF) and duration, Az, (determined
as FWHM) were measured directly and the pulse energy Eout and peak
power Ppeak were calculated as Eout = Pour/PRF and Ppeak = Eout/At. The
results on these pulse characteristics are shown in Fig. 6.
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Fig. 6. (a-d) Microchip Yb:CNGS laser PQS by Cr+:YAG and V3+:YAG
SAs: (a) pulse duration (FWHM), (b) pulse energy, (c) pulse repetition
frequency (PRF), (d) peak power. Tsa - initial transmission of the SA.
Horizontal lines in (a,b,d) for Cr#:YAG SA - average values of the pulse
characteristics, lines in (c) - linear fits of the PRF vs. Pans dependence.

Cr+:YAG is a “slow” SA for Yb3+ lasers. The lifetime of the 3T2(3F)
state of Cr#* ions, which determines the recovery time of the initial
absorption trec is about 3.4 ps [5,6] which is much longer than the



characteristic time of the formation of a Q-switched pulse (few ns). For
such “slow” SAs, there is a criterion of efficient Q-switching, X =
Amodex[0Gsa — 0rsa]/[obsE + alaps] >> 1 [20]. Here, Amode is the ratio of
mode areas in the AE and SA, which is ~1 in microchip lasers [5], olse
and olabs are the SE and reabsorption cross-sections for the AE at the
laser wavelength. When X >> 1, the pulse characteristics (energy and
duration) are weakly dependent on the pump power. For the designed
Yb:CNGS/Cr#:YAG laser, X = 350. Indeed, the pulse energy/duration
are almost constant for both Cr4+:YAG SAs, see Fig. 6(a,b), amounting to
3381 / 64 ns (for Toc =95%) and 62.2 pJ / 4.4 ns (for Toc = 90%) at
Pabs = 12.3 W. As a result, the PRF shows a linear dependence on the
pump power, Fig. 6(c), varying from 14.8 to 44.6 kHz (for Toc = 95%)
and from 9.3 to 22.5 kHz (for Toc = 90%). The peak power, in turn, is
also almost pump-independent, Fig. 6(d), amounting to 5.3 and 14.0
kW (Toc = 95% and 90%, respectively) at the maximum Pans = 12.3 W.

For V3+:YAG, Trec = 22 ns [17]. Consequently, this material takes an
intermediate place between “slow” and “fast” SAs for Yb3* lasers. This
is revealed in a dependence of the pulse characteristics on Pabs. For our
microchip laser, due to the short cavity round-trip time, Trec is longer
than the characteristic time of the pulse formation, so V3+:YAG behaves
more like a “slow” SA and the above-mentioned dependence is weak as
compared, e.g, with such “fast” SAs as SESAM [9]. With the increase of
Pabs, AT is shortened from 16.5 to 11.1 ns and Eout increases from 12.8
to 17.3 pJ. The PRF increases almost linearly from 21.3 to 68.4 kHz and
the maximum peak power is 1.56 KW.

The oscilloscope traces of the shortest Q-switched pulses for all
three studied SAs are shown in Fig.7. The pulses have a nearly-
Gaussian temporal shape.
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Fig. 7. Oscilloscope traces of the shortest Q-switched pulses achieved
from Yb:CNGS microchip lasers PQS by Cr4:YAG and V3+:YAG SAs (at
Pabs =12.3 W). Tsa - initial transmission of the SA.

1) TG T RN PG TN T D

Fig. 8. Oscilloscope traces of the pulse trains from the Yb:CNGS
microchip lasers PQS by (a) Cr#+:YAG SA (Tsa = 95%, at Paps = 11.6 W)
and (b)V3+:YAG SA (T'sa = 90%, at Paps = 10.2 W). The PRF is 41 kHz (a)
and 56 kHz (b). The total time span is 2 ms (a) and 1 ms (b).

Typical oscilloscope traces of the pulse trains from the Yb:CNGS
lasers PQS by Cr+:YAG and V3+:YAG SAs are shown in Fig. 8. For these
SAs, the intensity instabilities in the pulse train are <7% (<10%) and
the root-mean-square (rms) pulse-to-pulse timing jitter is <10%
(<15%), respectively.

Table 1 Output Characteristics* of the PQS Yb:CNGS Lasers

SA Tsa, Pow, 71, Eouwt, Art, PRF, Ppeak,  1conv,
% W % W ns kHz kW %

Cr*YAG 95 151 15 338 64 446 53 97
90 140 15 622 44 225 140 90
VYAG 90 119 12 173 111 684 156 76

*T'sa - initial transmission of the SA, Pou: — average output power, 17 —
slope efficiency, Eou —pulse energy, At - pulse duration, PRF - pulse
repetition frequency, Ppeak — peak power, 11conv — conversion efficiency
with respect to the CW mode.

Both CW and PQS Yb:CNGS lasers generated almost diffraction-
limited circular output beam with a measured M2yy < 1.2.

The output characteristics of the PQS Yb:CNGS lasers are
summarized in Table 1.

During the PQS operation, no damage of the SA was observed. The
axial intracavity fluence at the SA, calculated as Fin = Y[2Eou/mw12]
where Y = (2 - Toc)/Toc and the term “2” indicates a Gaussian spatial
profile of the laser mode [21], amounted to 6.0 and 11.1 J/cm? (for
Cr*:YAG SAs with Tsa = 95% and 90%, respectively) and 3.1 ] /cm? (for
V3+.YAG SA). This is below the laser-induced damage threshold (LIDT)
for AR-coated YAG, ~20 ]/cm2 However, these values of Fin are well
above the saturation fluence, Fs = hvi/ocsa = 0.04 ]/cm? (for Cr4+:YAG)
and 0.08 J/cm? (for V3+:YAG) resulting in complete bleaching of these
SAs.

Table 2 Material Parameter of the Yb:CNGS Laser Crystal
and Cr*:YAG SA Used for the Calculations

Parameter Notation Value

Laser crystal*: Yb3+:CNGS

Yb3+ concentration Nyb 3.2x1020 cm3
SE cross-section olsg 0.97x10-20 cm?
Reabsorption cross-section Olabs 0.12x1020 cm2
Lifetime of Yb3+ion [14] Tyb(2Fs/2) 710 ps
Refractive index [19] No 1.772

SA: Cr*+:YAG [5,6]

Ground/excited-state ocsa / 4.5x10-8cm? /
absorption cross-section OESA ~1x10-18 cm?
Saturation fluence Fs=hvp/ocsa  0.04]/cm?
Recovery time 7(3T2) 34 s
Refractive index nsa 1816

*For o-polarization

We have modelled the Q-switched performance of the Yb:CNGS /
Cr*:YAG laser using a model of a quasi-three-level laser PQS by a
“slow” SA [5,22]. The used material parameters of the AE and SA are
listed in Table 2. The modelling results are plotted in Fig. 9 for Eout and
At. With the increase of Toc, the pulse energy increases and its
duration is shortened while these dependences are saturated for Toc >
30%. This explains additionally the selection of this OC. The modelling
predicts the generation of 36 yJ / 6.4 ns and 64 pJ / 3.2 ns pulses for
Toc = 95% and 90%, respectively, which is in good agreement with the
experiment.
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4. Conclusions

To conclude, we report on the first PQS Yb:CNGS lasers using two SAs
for ~1 um, namely Cr**:YAG and V3+:YAG crystals. Trigonal Yb:CNGS
silicate crystal is an attractive material for passive Q-switching owing
to its good mechanical properties and energy storage ability (ty» = 710
us). By applying a VBG-stabilized 976 nm laser diode for efficient pump
absorption, a microchip-type design for the short cavity round-trip
time and AR-coated / passively-cooled SA diminishing the Q-switching
instabilities, we demonstrated very stable Q-switching with an average
output power of >1 W at ~1015 nm. The best pulse characteristics
(energy/duration) were obtained using a Cr#:YAG SA with an initial
transmission of 90%, namely 62.2 yiJ / 4.4 ns at a repetition rate of 22.5
kHz corresponding to a peak power of 14 kW and a Q-switching
conversion efficiency as high as 90%.

Further scaling of the pulse energy in PQS Yb:CNGS lasers seems
feasible in extended-cavity or microchip configurations allowing for
larger mode size wy. in the AE. In our case, wi. was limited by the small
pump spot size and the thermal lens. In this way, pulse energies up to
mJ-level may be obtained. As Yb:CNGS is a SFD material, compact PQS
nanosecond green lasers can be developed based, e.g, on type I-cut
AEs.
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