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Abstract We developed a compact Ho:YLF oscillator—
amplifier system in a novel setup to utilise the unpolarised
pump power from a fibre laser efficiently, and produced
21.3 mJ at 1 kHz, with an M? better than 1.1. The ampli-
fied energies agreed well with the predicted values from a
two dimensional rotational symmetric amplifier model that
we developed. The model considers upconversion losses and
ground-state depletion, as well as the spatial distribution of
the pump beam.

PACS 42.55.Xi - 42.60.Gd - 42.60.Da

1 Introduction

Q-switched lasers operating in the eye-safe 2 um wavelength
region have applications in a number of areas, including re-
mote sensing, defence, materials processing and medical ap-
plications. Some of these require reliable and efficient oper-
ation in a compact device. Initial work on 2-um holmium
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lasers concentrated on thulium—holmium co-doped opera-
tion [1]. More recently, work has concentrated on Ho lasers
resonantly pumped by Tm lasers, both intra-cavity [2] and
extra-cavity [3] pumped. With the emergence of high-power
Tm-doped fibre lasers, efficient and robust Ho:YAG lasers
pumped by Tm-fibre-lasers were demonstrated [4-6].

However, in order to achieve high-energy Q-switched
operation, Ho:YLF is a more attractive laser material than
Ho:YAG since it has a much longer upper laser level life-
time (~14 ms) and higher emission cross section (1.8 x
10729 ¢cm? at 2050 nm versus 1.0 x 10729 cm? at 2091 nm
for Ho:YAG) [7, 8]. In addition, the very weak thermal
lens on the o-polarisation helps to deliver diffraction lim-
ited beams even under intense end-pumping. However,
Ho:YLF has a somewhat stronger quasi-three-level nature
than Ho:YAG. In order to reach gain at the 2065 nm line,
22% of the Ho ions need to be pumped into the upper laser
level (at room temperature), but it already reaches trans-
parency at the 1940 nm pump wavelength with only 56% of
the Ho ions in the upper laser level (see Appendix). In addi-
tion, the pump absorption at 1940 nm is relatively weak and
strongly polarised. Subsequently, the laser design requires
a trade-off between efficient pump absorption and low laser
threshold.

Efficient fibre-laser-pumped Ho:YLF oscillators have
previously been demonstrated [9], but to scale the out-
put energy further, an oscillator—amplifier system can be
employed. The traditional approach when pumping an
oscillator—amplifier system with one fibre laser pump source
is to split the unpolarised pump beam into two polarised
beams in order to pump the oscillator and amplifier crystals
separately [10]. In our approach, we use the full unpolarised
beam from the fibre laser to pump the oscillator, and then
use the partially polarised transmitted pump light from the
oscillator to pump the amplifier with its crystal rotated by
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90° around the laser beam axis. This leads to a small system
footprint and keeps the path length of the pump light short,
reducing adverse effects of water absorption [11].

Figure 1 shows the emission and absorption spectra of
Ho:YLF. The emission is stronger on the 7 -polarisation than
on the o-polarisation. However, the o-polarisation has a
much weaker thermal lens in YLF than the m-polarisation
and is thus preferred for a high-power oscillator. In an am-
plifier, on the other hand, gain is the most important factor
while the thermal lens is not as problematic as in an oscilla-
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tor. Therefore, we chose to utilise the o -polarisation for the
laser oscillator and the m-polarisation for the amplifier.

2 Experimental set-up

The layout of the Ho:YLF oscillator/amplifier is shown in
Fig. 2. A single 82 W Tm-fibre laser (Model TLR-80-1940,
from IPG Photonics) was used as pump source. The fibre-
laser’s wavelength was selected to match the Ho:YLF ab-
sorption peak at 1940 nm. The pump light was collimated
and sent through a telescope consisting of two lenses with
respective focal lengths of 100 mm and —50 mm. The spot
radius w), of the pump beam was measured to be ~600 um.

We used the full unpolarised pump beam from the Tm-
fibre laser to pump the oscillator crystal, which was a
0.5 at.% doped, a-cut Ho:YLF crystal with a length of
30 mm and a diameter of 6 mm. The crystal was mounted in
a water cooled copper mount. The water temperature was
kept constant at 20°C. The resonator was 370 mm long
with a 500 mm concave back-reflector and a flat output cou-
pler with a reflectivity of 50%. To keep the optical path of
the pump light to the amplifier crystal to a minimum, the
resonator was folded using 45° dichroic mirrors with high
transmission for the pump light (s- and p-polarisation), high

“E 14 reflection for s-polarised laser light, and 20% transmission
212 for m-polarised laser light, forcing the oscillator to operate
?3 10 vertically polarised. Having the c-axis of the crystal hori-
p zontal, we insured lasing on the o -polarisation. A plane cut,
208 emission 2064 nm AR coated crystal quarts acousto-optic modulator manufac-
§ 06 tured by Gooch & Housego (Model QS027-10M-NL5) was
» absorption—_ J\/ \ inserted for Q-switched operation. It delivered a loss modu-
g 04 f J\\ lation of approximately 80% at the maximum recommended
©9o /n\, A /\r/\r/r n\ RF power of 100 W. It was subsequently used with a gate
M W W \\\ time of 6 ps at 95 W of RF power. Neglecting thermal lens-
0'(: 850 ] 9'00 19'50 20'00 20'50 2100 ing, the calculatfad TEMgo beam ra(.iius in the \.(LF crystal
Wavelength [nm] was 580 um, which was assumed to increase at higher pump
power due to the effect of the weak negative thermal lensing
Fig. 1 Ho:YLF absorption and emission cross-sections [8] in Ho:YLF.
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Fig. 2 A schematic diagram of the fibre-laser-pumped Ho:YLF oscillator—amplifier system
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Fig. 3 Oscillator and amplifier output power versus fibre pump power
under cw lasing conditions (data points) together with the results of a
numerical simulation (solid line)
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Fig. 4 Amplifier small signal output power and gain under cw oper-
ation (data points) together with the results of a numerical simulation
(solid lines)

The transmitted pump power was subsequently used to
pump the amplifier crystal (50 mm long, also 0.5 at.%
doped) which was placed as close to the resonator as
possible to minimise atmospheric water absorption of the
1940 nm pump light which would lead to heating of the
air and subsequent thermal turbulence. This negated the
need for any enclosure or dry-air flushing typically used
for such setups to prevent pump-beam distortions caused
by thermal turbulence. Since the absorption in Ho:YLF is
strongly polarisation dependent, there is a difference be-
tween the transmissions of the two polarisations. This makes
the transmitted light partially polarised. Therefore, in or-
der to achieve maximum absorption in the amplifier crys-
tal, it was orientated with its c-axis rotated by 90° with re-
spect to the c-axis of the oscillator crystal. This effectively
“swapped” the polarisations for the amplifier crystal. Thus,
the m-polarisation, with the higher emission cross-section
[8] but stronger thermal lens, was used for amplification

Repetition Rate [kHz]

Fig. 5 Oscillator and amplifier output energy and FWHM pulse
lengths as a function of the pulse repetition rate at full pump power
(data points) together with the results of a numerical simulation (solid
line)
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Fig. 6 View of the energy levels of Ho: YLF taken into account in the
presented amplifier model [12]

while the o-polarisation, with the very weak thermal lens
but lower cross section, was used in the oscillator.

The laser output was coupled into the amplifier crystal
using a lens with a focal length of 350 mm.

3 Experimental results

The oscillator and amplifier were first operated in cw mode.
The output power as a function of the fibre laser pump diode
power incident on the crystal is shown in Fig. 3. The oscilla-
tor had a threshold of 31 W (17 W absorbed) of pump power,
with an overall slope efficiency of 25% (47% vs. absorbed
power). At full pump power (82 W), the oscillator power
was 12.4 W and the amplified power was 23.7 W at a centre
wavelength of 2065 nm. This corresponds to a gain of the
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amplifier of 1.9. The total pump power transmitted through
the oscillator crystal was 47 W (57% of the pump power) at
full power. The amplifier crystal absorbed 62% (29 W) of
this transmitted pump light, which left 22% (18 W) of the
total pump light unused. The slope efficiency of the ampli-
fied beam versus total fibre pump power was 47% with an
overall optical-to-optical efficiency of 29%. With respect to
the total absorbed power (35 + 29 W), the slope efficiency
was 60% and the overall efficiency was 37%. The efficiency
with respect to incident pump power could be further in-
creased by reflecting the 18 W transmitted pump light back
into the amplifier and oscillator. This was not attempted as
it was unclear at the time what the fibre-laser’s tolerance to
back reflection was.

A two dimensional rotational symmetric amplifier model
was developed. The model considers upconversion losses
and ground-state depletion, as well as the spatial distribu-
tion of the pump and laser beam and is described in detail
in the Appendix. The parameter values used in the simula-
tion are listed in Table 1. Taking into account the measured
transmitted pump power through the laser crystal, the am-
plified cw laser power is calculated. The solid line in Fig. 3
shows the results of this calculation which agree well with
the experimental values, if we assume a pump and laser spot
radius of 550 um, which is slightly smaller than the mea-
sured pump spot at the oscillator crystal of 600 um. The to-
tal upconversion loss constant ky, must be set to zero in the
simulation. If a small amount of upconversion is considered
in the amplifier model (e.g. ks = 1 x 107® cm3/s) the gain
decreases and the pump and laser spot size must be set to
475 um to get good agreement with the experimental data,
which was not the case in the experiments. Therefore, it can
concluded from the amplifier model, that upconversion at
the low dopant level of 0.5% in Ho: YLF is negligible.

The amplifier small signal gain was measured under cw
operation at a fixed pump power of 75 W of the fibre laser.
The oscillator output power was attenuated with different
partial reflectors to vary the seed power of the amplifier. The
amplifier was pumped with the transmitted pump power of
40 W. Figure 4 shows the measured amplifier small signal
output power and gain under cw operation (data points) to-
gether with the results of the numerical simulation (solid
lines). The results of the simulation show good agreement
with the experiment and the small signal gain of ~3.6 im-
plies that the amplifier is operated nearly in saturation at full
CW power.

The oscillator was subsequently Q-switched with an
acousto-optic modulator at repetition rates between 5 kHz
and 1 kHz. The pulse energies of the oscillator and amplifier
and the FWHM pulse lengths as a function of the repetition
rate are shown in Fig. 5 at full pump power together with
the results of a numerical simulation. Repetition rates below
1 kHz were not attempted in order to keep the intra-cavity
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Table 1 List of parameter values used in the simulation unless other-
wise stated

Description, symbol [unit] Ho:YLF
Dopant concentration 0.5%
Length of crystal, L [cm] 5
Upper level lifetime, 12 [ms] [7] 14
Pump wavelength, A, [um] 1.94
Laser wavelength, A; [um] 2.065
Eff. Stim. em. cross-section, oefr [1072! cm?] 12.5
Eff. pump abs. cross-section, oaps [1072! cm?] 7
Refractive index, n 1.44
Temperature, 7' [K] 300
Ratio of Boltzmann factors, F), 1.2576
Ratio of Boltzmann factors, F; 0.2845
Pump beam radius, w, [um] 550
Super-Gaussian pump parameter, sgp 2
Laser beam radius, w; [um] 550
Super-Gaussian pump parameter, sg/ 2

Eff. pump quantum efficiency, n,,

Total UC loss constant, ks, [10718 cm?3/s] 0

energy density below the damage threshold of the 45° pump
mirrors. As expected, the highest pulse energies for the sys-
tem in our operating regime was achieved at a repetition rate
of 1 kHz with the oscillator delivering 10.9 mJ per pulse and
an amplified pulse energy of 21.3 mJ with a FWHM pulse
length of 74 ns. This corresponds to a gain of 2.2. Assum-
ing a pump and laser spot radius of 550 um (see Table 1)
the results of the simulation show good agreement with the
experiment and the calculated small signal gain of ~3.85
at 1 kHz repetition rate is slightly higher than in cw mode.
The amplifier did not change the pulse length in any mea-
surable way compared to the oscillator. The beam quality of
the amplified beam was measured to be better than an M?
of 1.1.

4 Conclusion

A novel oscillator—amplifier scheme was developed and suc-
cessfully demonstrated, where the unused pump light trans-
mitted by the oscillator was utilised to pump an amplifier
crystal. The system produced more than 21 mJ energy per
pulse at 1 kHz, with an M 2 better than 1.1. The amplified
energies agreed well with the predicted values from a two
dimensional rotational symmetric amplifier model that we
developed. The model considers upconversion losses and
ground-state depletion, as well as the spatial distribution of
the pump beam. From the good agreement between simula-
tion and experiment it can be concluded that upconversion at
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the low dopant level of 0.5% in Ho:YLF is negligible. Fur-
ther work entails building a single-frequency system with
higher output energies at low pulse repetition rates.

Appendix: Amplifier model

We consider a cylindrical amplifier crystal which is end-
pumped from one or both sides with a pump laser beam.
The beam quality of the fibre laser is excellent (M? < 1.1).
Assuming a spot radius of the pump beam w), = 550 um the
Rayleigh range zg (zr = nw?,n/kpMZ) is ~640 mm inside
the crystal with refraction index n = 1.44 (1, is the wave-
length of the pump beam). Therefore, the amplifier model is
treated in a plane wave approximation. For the pump laser,
a super-Gaussian intensity distribution is assumed which is
given by

P sgp
Ip(r) = =25 38 exp[—2<L) } (1)
TWws 51— 2 w
p2 AgPF(@) P

where P, is the pump power, sgp is the super-Gaussian ex-
ponent of the pump light and r is the radial position. The
launched pump photon density at the entrance surface is thus
given by

I,(r)n
cohv,’

Plaunched(r, 2 =0) = 2)
where ¢y is the speed of light and /v, is the pump photon
energy.

When the YLF amplifier crystal is pumped with the
1940 nm fibre laser, the ground state ions in the 51g Ho man-
ifold can be excited to the upper lasing level of the °I; Ho
manifold as can be seen in Fig. 6. According to [13], the
rate equations for the local population densities of the Ho
manifolds read as:

dNy(r,z,t) <o -
_ = ;O’abs()\-p)np[P+(rv <5 l) + P (r,z,t)]

dt
N. t

x | N1(r,z,t) — M

F()"pv T)

No(r,z,t
— ke N3(r,z,1) — UEGELN 3

™

Ny = Nt — N2, 4)

where ap5(A ) is the absorption cross-sections at the pump
wavelength, n, is the effective pump efficiency of the upper
lasing level, P and P~ are the local photon densities of
the pump laser fields (the superscripts + and — refer to the
forward and backward propagation directions), N; are the
population densities of the Ho ions of manifold i, Ny is the
holmium dopant concentration, ky, is the total upconversion

loss constant [14] and F (A, T) is the ratio (f1£2)/(f281)
of Boltzmann population distributions of Ho, which can be
written as [15]

p

P )= = 2 ™ i \5, -

where Z1(T') and Z,(T) are the partition functions of the Sg
and 517 manifolds of Ho as function of the temperature T,
and E is the energy of the lowest energy level of the 17 Ho
manifold.

The forward and reverse propagating pump fields P and
P~ are iterated along the length of the amplifier crystal ac-
cording to

dP*(r, z,
% = FPE(r, 2, Doabs (hp)
Na(r,z,1)
X [Nl (r,z,t) — 7}7(/\[” ) :| (6)

Note that the negative sign in (6) relates to the forward (+z)-
direction and the positive sign to the reverse (—z)-direction.

The treatment considers either a cw or a Q-switched laser
beam to be amplified in a single or double pass through the
crystal. For cw, a super-Gaussian intensity distribution is as-
sumed:

P sgl r\*%
w2 “T(5) !

For Q-switching a Gaussian temporal pulse shape according
to

L) E; sgl
l r7 ==
713/2l0w12 21—%1—1(%)
r sgl ¢ 2
x exp| —2| — —| = ®)
wy fo
with
IFWHM
th= 9
0= 2/ ©)

is assumed, where P; is the incident laser power (cw mode),
E; is the energy (Q-switched mode) of the incident laser
pulse, wy is the laser spot radius, sg/ is the super-Gaussian
exponent of the laser light and #gwy is the full width at half
maximum pulse duration of the incident pulse. The launched
laser photon density at the entrance surface is therefore
given by

Ii(r,t)n
cohv;

Staunched (r, 2 =0, 1) = (10)

where hv; is the laser photon energy.
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Inside the crystal the forward and reverse propagating
amplified laser fields ST and S~ (photon densities) are it-
erated along the length of the crystal according to

dS*(r,z, 1)

= +8%(r, 2, )oer (M)
dz

x [No(r,z,t) = F(A, TNy (r, 2, 1) ]

A2 Ny(r,z, 1)
+—-—
V% T2C0

(11)

Note that the positive sign in (11) relates to the forward
(+4z)-direction and the negative sign to the reverse (—z)-
direction. oefr(A;) is the effective stimulated emission cross-
section at the Ho wavelength A;, F(A;,T) is the ratio
(f1£2)/(f2g1) of Boltzmann population distributions of Ho
at the lasing wavelength A; given by (5) (by replacing A,
with A;). The last term in (11) is amplified spontaneous
emission, where AS2 is the solid angle given by the length
of the amplifier crystal L and the pump spot radius w,
(A2 =2m - (1 —cos B), with B = tan™ ! (“2)).

Calculating the local population in (3) and iterating (6)
and (11) along the length of the amplifier crystal, we obtain
the extracted photon densities of the laser field after amplifi-
cation. The simulations have been done using the parameters
listed in Table 1.

A positive gain could be deduced from setting the first
term in (11), i.e. No — F(A;, T)N; > 0, which results in
N2 /Nt = F(A;, T)/(1 + F(x, T)) = 0.22. The amplifier
becomes transparent if (6) is set to zero, which results in
No/Nigt =Fp, T)/(1+ F(Ap, T)) =0.56.
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