
Abstract. A laser based on a Ho:YAG crystal operating at a
wavelength of � 2:1 lm under pumping by Tm :YLF laser
radiation with a wavelength of 1.908 lm is studied. The laser
operates in cw and repetitively pulsed regimes with a high
beam quality (quality factor M 2 4 1:2). The cw radiation
power reached 15 W with the total optical eféciency of
� 55%. In the active Q-switched regime (achieved using an
acousto-optic Q-switch), a highly stable repetitively pulsed
lasing was obtained with a pulse repetition rate of
2.5 ë 10 kHz, a pulse duration of 25 ë 55 ns, and an average
power up to 14.7 W. Using intracavity frequency selection,
lasing was obtained at individual spectral lines in three
wavelength regions, near 2.09, 2.097, and 2.123 lm.

Keywords: 2-mm lasing, Ho :YAG crystal, Q-switching, frequency
selection.

Lasers based on crystals doped with Ho3� ions operate at
the wavelength � 2:1 mm, owing to which they are widely
used in modern production technologies, medicine, remote
probing of the atmosphere, and other éelds [1 ë 3]. Under
lamp pumping, this generation is achieved in lasers based
on crystals co-doped with Ho3�, Tm3�, and Cr3� ions [4].
The pumping of Ho3�-doped crystals by narrow-band laser
radiation leads to a considerable increase in the laser power
and eféciency, as well as to a better beam quality.

In this paper, we study a Ho :YAG laser pumped by a
Tm :YLF laser. We study the cw and repetitively pulsed
lasing in the Ho :YAG laser without selective elements and
with an interference-polarisation élter (IPF).

The Ho :YAG laser elements (ELS-94, Moscow) were
cut in the form of cylinders (30 mm long and 4 mm in
diameter) from crystals grown by the Czochralski method
with an � 1% atomic concentration of Ho3� ions; their

faces were antireêection coated at the pump and laser
wavelengths (1.9 and 2.1 mm, respectively). In some experi-
ments, we used a segmented laser rod consisting of a
Ho :YAG element and an undoped YAG rod (5 mm
long and 4 mm in diameter) diffusion welded onto the
pumped face of the Ho :YAG crystal, which ensured a lower
temperature gradient. The Ho :YAG rods were wrapped
with an indium foil and mounted in a copper heatsink,
whose temperature was kept constant at � 12 8C with the
help of a Peltier element and a temperature control system.

To pump the Ho :YAG crystals, we used the cw
radiation of a diode-pumped Tm :YLF laser with an output
power up to 30 W at l � 1:908 mm (Fig. 1), which was
described in [5]. The Tm :YLF laser, whose wavelength
l � 1:908 mm well coincides with the Ho :YAG crystal
absorption band [5, 6], is the best source for pumping
the Ho :YAG laser.

The Ho :YAG laser cavity was formed by three mirrors:
a plane mirror M1 with a high reêectance at the laser
(2.1 mm) and pump (1.8 mm) wavelengths, a dichroic mirror
M2 with a high (above 99.5%) reêectance at the laser
wavelength and a high (� 96%) transmittance at the pump
wavelength, and a spherical output mirror M3 semitrans-
parent at the laser wavelength (Fig. 1). To obtain a higher
gain, the Tm :YLF laser beam was focused by a lens system
L into the Ho :YAG crystal through the dichroic mirror
M2. The mirror M1 had a high reêectance at l � 1:908 mm
to increase the pump radiation absorption in the Ho :YAG
crystal. The pump beam twice passed through the active
element and was almost completely (� 95%) absorbed in it.

If the radiation reêected from the mirror M1 was not
completely absorbed in the Ho :YAG crystal and fell back
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Figure 1. Scheme of the experimental setup: (P) polariser, (L) lens
telescope, (M1) highly reêecting mirror, (M2) dichroic mirror, (M3)
output mirror, (AOM) acousto-optic modulator, (IPF) interference-
polarisation élter.



into the cavity of the Tm :YLF laser, the two oscillators
become coupled. This changed the Tm :YLF lasing dynam-
ics, namely, sharply (tenfold) increased the amplitude of
pulses and decreased their total number. This, in turn, lead
to a breakdown of the Tm :YLF crystal faces even at a low
output power (� 5ÿ 6 W). To decouple the Tm :YLF and
Ho :YAG lasers, we placed a polarising wedge P and a
quarter-wave plate in front of the focusing lens (Fig. 1).
After a double pass through the quarter-wave plate, the
Tm :YLF laser beam was polarised orthogonally to the
initial polarisation and deêected from the cavity axis by the
polarising wedge. This allowed us to completely eliminate
the laser crystal breakdown (up to the operation with the
maximum laser power).

The output power of the Ho :YAG laser was optimised
by the best overlap of the cavity mode volume with the
pumped volume (taking into account the lens induced in the
Ho :YAG crystal by the pump radiation). We varied the
pump beam diameter in the Ho :YAG crystal from 0.5 to
0.9 mm, the cavity length from 5 to 23 cm, the radius R of
curvature of the output mirror from 150 to 300 mm, and the
output mirror transmittance T from 50% to 70%. The
maximum output power (� 15:3 W) was achieved in the
scheme with the segmented active element (with an undoped
segment at the face) and the output mirror with R �
150 mm and T � 64% [curve ( 1 ) in Fig. 2]; in this case,
the optical eféciency reached 55%. The eféciency of a
similar laser with a Ho :YAG crystal without an undoped
section was 2% lower [curve ( 2 ) in Fig. 2].

The transverse spatial structure of the Ho :YAG laser
beam was recorded on an IR Pyrocam III camera. The
quality factorM 2, which characterises the coincidence of the
beam proéle with the Gaussian shape, was determined
according to the method of the International Standards
Organisation [7]. It was found that the beam quality remains
close to the diffraction limit (M 2 4 1:2) even at the
maximum output power.

In addition to the cw regime, we achieved the Q-switched
operation of the Ho :YAG laser. For this purpose, we
placed an acousto-optic Q-switch into the output arm of the
cavity between the dichroic (M2) and output (M3) mirrors

(Fig. 1). We obtained repetitive short (25 ë 55 ns) pulses
with a repetition rate of 2.5 ë 10 kHz (Fig. 3). In this pulse
repetition rate region, we observed a high duration and
amplitude stability of pulses (the amplitude instability below
3% and the duration instability below 2 ns). A decrease in
the pulse repetition rate (within the above range) at a
constant pump power, as well as an increase in the
pump power at a constant repetition rate, lead to a decrease
in the pulse duration and an increase in the pulse amplitude.
The average power and the pump conversion eféciency in
the repetitively pulsed regime within the mentioned repeti-
tion rate region were constant and comprised 98% of the
corresponding values in the cw mode. The beam quality in
the repetitively pulsed regime remained close to diffraction
limit. At the acousto-optic modulation frequency below
2.5 kHz, the average output power decreased (by � 6% at
2 kHz). At higher modulation frequencies (10 ë 20 kHz), we
observed a strong increase in the amplitude instability of
pulses.

The spectral composition of the output radiation of the
Ho :YAG laser was measured using an MDR-41 mono-
chromator with a resolution of 0.1 nm. The spectra showed
that the lasing occurred simultaneously in two spectral
regions with maxima at l � 2:09 and 2.097 mm in both
cw [curve ( 1 ) in Fig. 4] and repetitively pulsed [curve ( 2 ) in
Fig. 4] regimes. The intensity ratio of the spectral lines
depends on the laser operation mode, the crystal temper-
ature, and the cavity Q-factor. For spectral selection of the
output radiation, we placed an IPF (a plane-parallel
sapphire plate oriented at the Brewster angle to the cavity
axis) into the cavity arm between the M2 and M3 mirrors.
This allowed us to obtain lasing in both cw and repetitively
pulsed regimes at a selected spectral line in each of the three
wavelength ranges, near 2.09, 2.097, and 2.123 mm (with the
linewidth below 0.5 nm). The decrease in the average power
was minimal (not exceeding 1%) in the case of selection of
the line at l � 2:097 mm. The selection of lines at l � 2:09 or
2.123 mm decreased the average power stronger, by � 10%
and � 15%, respectively, at the maximum power.

Thus, we have demonstrated high-power cw and repet-
itively pulsed two-micron lasing with a high beam quality
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Figure 2. Dependence of the output power of the 2.1-mm lasers based on
Ho :YAG crystals with ( 1 ) and without ( 2 ) undoped ends on the pump
power (the measurement error is � 0:05%).
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Figure 3. Oscillogram of a pulse of the Q-switched Ho :YAG laser at the
pulse repetition rate of 3 kHz and the output power of 14 W.

Efécient lasing at 2.1 mm in a Ho :YAG laser 99



and highly stable characteristics (power, pulse duration,
pulse repetition rate, wavelength, and spectral linewidth).
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Figure 4. Spectra of the Ho :YAG laser in the absence of selecting
elements for the cw ( 1 ) and Q-switched ( 2 ) modes at the output power
of � 14 W.
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