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Abstract.  The spectral characteristics of the longitudinally diode-
pumped Tm : YLF laser radiation are experimentally studied. The 
laser wavelength was tuned within a spectral range of 1860 – 1940 nm 
with a linewidth not exceeding 1 nm. The effect of water vapour on 
the spectral characteristics is studied.

Keywords: Tm : YLF laser, diode pumping, intracavity spectroscopy 
of water vapour.

1. Introduction

The remote absorption and/or scattering spectroscopy of 
molecular gases is one of the most important applied prob-
lems, which is solved using mid-IR sources. To design com-
pact and efficient laser systems operating in the mid-IR 
region, one uses lasers based on crystals doped with Tm3+ 
ions. In particular, Tm : YLF lasers pumped at 790 – 795 nm 
emit high-power radiation at a wavelength of 1908 nm with a 
high beam quality and a high pump conversion efficiency 
[1 – 3]. In order to extend the available spectral region, one 
can use Tm : YLF lasers to pump Ho : YAG crystals emitting 
at a wavelength of 2.1 mm, which in the future will allow one 
to obtain radiation in the region of 3 – 5 mm with the use of 
optical parametric oscillators [4, 5].

The Tm : YLF lasers seem to be promising as optical 
pump  sources for chalcogenide crystals (ZnS, ZnSe, CdSe, 
and others) doped with ions of transition metals (Cr, Co, Ni, 
Fe, etc.). This will provide the possibility of creating compact 
and efficient lasers tunable within the wavelength range of 
2 – 5 mm for gas spectroscopy, including high-sensitive intrac-
avity laser spectroscopy [6 – 9].

Since the Tm : YLF laser spectrum lies in the region of 
vibrational – rotational absorption transitions of water mole-
cules, it is always affected by the water vapours contained in 
the atmosphere [1]. The use of selective cavities makes it pos-
sible to control the width and position of the laser spectrum 
and, thus, to detune from the water vapour absorption lines. 

In this work, we experimentally studied the spectral charac-
teristics of a longitudinally diode-pumped Tm : YLF laser 
using an interference-polarisation filter. We studied the effect 
of water vapour on the spectrum of a laser placed inside a 
chamber, which could be pumped with nitrogen.

2. Experimental setup

The cavity of the laser under study consisted of a plane highly 
reflecting mirror ( 1 ) and a spherical output mirror ( 2 ) with 
the radius of curvature of 200 mm and transmittance T » 11 % 
at the lasing wavelength; the cavity length Lr was 120 mm 
(Fig. 1). A Tm : YLF crystal ( 3 ) (Tm3+ concentration of about 
2.5 wt %, length 18 mm, diameter 3 mm) was held in a copper 
heat sink at a stable temperature of 15 °С and pumped by the 
793-nm radiation of Coherent FAP-800 diode arrays with 
pigtails ( 4 ). The pump radiation was coupled into the cavity 
through dichroic mirrors ( 5 ) with a high reflectance at the 
pump wavelength; a system of lenses ( 6 ) transferred the 1:1 
image from the end of fibre pigtails ( 4 ) to the Tm : YLF crystal.

Tm : YLF is a uniaxial anisotropic crystal with intense 
broad emission bands in the spectral region of 1.75 – 1.95 mm 
with p and s polarisations (Fig. 2). To achieve lasing at a 
wavelength of 1908 nm, the optical axis of the crystal was ori-
ented perpendicular to the scheme plane. The dichroic mirror 
had the minimum losses for the desired s polarisation. For 
tuning the laser radiation spectrum, we placed inside the  
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Figure 1.  Scheme of the experimental setup: ( 1 ) highly reflecting mir-
ror; ( 2 ) output mirror; ( 3 ) Tm:YLF crystal; ( 4 ) fibre pigtails of the pump 
diode lasers; ( 5 ) dichroic mirrors; ( 6 ) optical condensers; ( 7 ) phase 
plate; ( 8 ) semitransparent mirror; ( 9 ) power meter; ( 10 ) MDR-41 
spectrograph; ( 11 ) FSA-G1 photodetector; ( 12 ) nitrogen-pumped 
chamber.
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cavity a sapphire phase plate ( 7 ) 5 mm thick mounted on a 
motorised rotary table (Standa, minimum step 1/200°).

The Tm : YLF laser spectrum was measured by an MDR-
41 spectrograph with the minimum spectral resolution dl ~ 0.1 
nm in the wavelength region 1.8 – 2 mm. The radiation was 
recorded by an FSA-G1 PbS photoresistor placed at the exit 
slit of the spectrograph. The remote control of the spectro-
graph and rotary table (with the phase plate) motors and of 
the diode array current source, as well as the data accumula-
tion and processing, were performed using a computer system 
based on an NI_PCI_6251 card; the program of the control 
and of the data processing and graphic display was written in 
the LabVIEW software environment.

The laser and recording system were placed inside a her-
metic nitrogen-pumped chamber (Fig. 1), which allowed us to 
change the water vapour concentration. The humidity inside the 
chamber was measured with a portable digital CENTER 310 
humidity meter.

3. Operation of a Tm : YLF laser with  
a nonselective cavity

In the described scheme, we obtained lasing with a slope effi-
ciency of about 32 % and the beam quality factor М 2 G  2.5 
(Fig. 3). The radiation was horizontally polarised, the polari-
sation ellipticity (no less than 1 : 200) being determined by 
the polarising properties of the dichroic mirrors and by the 
Tm : YLF crystal anisotropy. We obtained spiking-mode  
lasing with a spike-repetition period of 30 – 50 ms; the indi-
vidual spike duration was ~5 ms at the output power of 2 W.

The shape and position of the laser spectrum depended on 
the pump power (Fig. 4). At the near-threshold pump powers, 
the spectrum lies in the region of 1908.5 nm; with increasing 
power, the spectrum dynamics has a complicated character, 
namely, it smoothly shifts, extends, and changes in shape. 
This behaviour can be explained both by the dependence of 
the gain spectrum on the pump power and by the temperature 
dependence of losses caused by the absorption at the laser 
transition.

The laser spectrum shows holes near wavelengths of 1909, 
1910, 1910.5 and 1911.5 nm. This allowed us to suggest the 
existence of high intracavity losses caused by the absorp-
tion of radiation in the atmosphere. Indeed, the holes in the 
Tm : YLF laser spectrum coincide with the water vapour 
absorption lines (Fig. 4, Table 1) [1, 10]. The depth of the 
spectral holes was observed to decrease as the humidity 
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Figure 2.  Luminescence spectrum of a Tm:YLF crystal (spectral reso-
lution dl ~ 1 nm).
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Figure 3.  Dependence of the laser output power on the pump power.
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Figure 4.  Spectra of the Tm : YLF laser at the output power Pgen = 1.2 
( 1 ), 4 ( 2 ) and 6 W ( 3 ) and the transmission spectrum of one meter of 
the standard atmosphere Tatm ( 4 ) [10].

Table 1.  Most intense absorption lines of water in the spectral region 
1905 – 1914 nm [10].

	 Transition	 Wavelength	 Absorption 	 Linewidth 
		  /nm	 cross section/cm2	 /cm–1

	 011 – 000	 1913.76	 1.56 ́  10–20	 0.087
		  1911.75	 5.06 ́  10–21	 0.090
		  1910.61	 3.27 ́  10–21	 0.087
		  1906.98	 8.78 ́  10–21	 0.085
		  1906.73	 6.76 ́  10–21	 0.091
		  1905.38	 1.94 ́  10–20	 0.091
		  1903.02	 1.77 ́  10–20	 0.094

	 110 – 000	 1908.97	 1.94 ́  10–21	 0.085
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Figure 5.  Spectra of the Tm:YLF laser at the relative air humidity 
j = 23 % ( 1 ), 9 % ( 2 ) and 2 % ( 3 ) and the transmission spectrum of one 
meter of the standard atmosphere Tatm ( 4 ) [10] (Pgen = 7.5 W).
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decreased to 2 %. This indicates that the effect of water vapour 
on the spectral characteristics in this case was weaker due to 
smaller intracavity losses (Fig. 5).

4. Operation of the Tm : YLF laser with  
a phase plate inside the cavity

The laser spectrum was controlled by a sapphire plate with 
the thickness d = 5 mm, which was cut parallel to the optical 
axis of the crystal and placed inside the cavity at the Brewster 
angle.

The phase shift D j between the ordinary and extraordi-
nary waves propagating through the phase plate, which is 
determined by the wavelength l, the refractive indices no and 
ne, and the thickness d, leads to a change in the polarisation at 
the plate exit [11]. If D j = 2pn, where n is an integer number, 
the initial polarisation of radiation at this wavelength does 
not change. The laser spectrum was changed by rotating the 
phase plate around the normal to its surface, since the refrac-
tive index ne for the extraordinary wave depends on the angle 
q between the optical axis and the polarisation vector of the 
incident radiation.

The polarisation-selective losses were determined by the 
dichroic mirrors, the Tm : YLF crystal anisotropy, and the 
Brewster faces of the phase plate.

At the Tm : YLF laser wavelength (1908 nm), we experi-
mentally studied the angular dependence of the transmittance 
Tsap of the sapphire phase plate placed outside the cavity at 
the Brewster angle (the measured period was ~12°) (Fig. 6).

The free dispersion region of an interference-polarisation 
filter based on a phase plate is

.
d n ne o

2
Tl l

=
-^ h

	 (1) 

For our sapphire phase plate oriented at the Brewster angle 
(l = 1908 nm, ne = 1.731, no = 1.739), we have D l » 75 nm. 
Taking into account that the measured angular period of the 
phase plate transmittance is about 12 %, we find the laser 
wavelength tuning coefficient of about 6 nm deg–1.

The use of a phase plate inside the cavity allowed us to 
tune the laser spectrum within a band wider than 70 nm, while 
the power in the tuning curve maximum decreased no more 
than by 1.5 % (Fig. 7). The angular period of the laser spec-
trum variation also was 12°, and the tuning coefficient corre-
sponded to the above-estimated value. In the case of detuning 
from the water vapour absorption line, the linewidth of the 
laser with the selective cavity was found to be dlgen G  1 nm 
(Fig. 8).

The tuning of the selective cavity to one of the water 
vapour absorption lines resulted in a broadened laser spec-
trum with a spectral hole in the centre (Fig. 9). As humidity 
was increased to 2 %, the depth of the spectral hole at the 
wavelength 1908.9 nm decreased, but the more intense lines of 
water vapour absorption (at 1906.7 and 1907 nm) still com-
pletely burned the laser spectrum (Fig. 10).

90

95

85

Tsap (%)

30 40 50 60 q/deg20

Figure 6.  Dependence of the transmittance Tsap of a sapphire plate 
placed outside the cavity on the rotation angle q.
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Figure 7.  Tuning curve of the Tm : YLF laser with a phase plate at the 
pump power Pp = 18 W.
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Figure 8.  Spectra of the Tm : YLF laser with a phase plate rotated 
by Dq = 0 ( 1 ), 0.15° ( 2 ), 0.35° ( 3 ) and 0.55° ( 4 ) and the transmission 
spectrum of one meter of the standard atmosphere Tatm ( 5 ) [10] 
(Pgen = 2.2 W).

0

0.2

0.4

0.6

0.8

1.0

1908.51908.0 1909.0 1909.5 1910.0

Wavelength/nm

In
te

n
si

ty
 (

re
l. 

u
n

it
s) j = 12 %

j = 2 %

Imax

Imin

Figure 9.  Spectra of the Tm : YLF laser with a phase plate in the case 
of tuning to the water vapour line 1908.9 nm for the relative humidity 
j = 12 % and 2 %; Pgen = 2.2 W, Pp = 16 W, and the threshold pump 
power Pp

th = 8 W.
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5. Discussion of results

In essence, the experimental setup was a broadband version 
of an intracavity laser spectrometer, whose absorbing cell was 
the free space of the cavity.

The absorption spectrum of water molecules in the near 
IR region consists of individual vibrational – rotational lines 
with homogeneous collision-broadened profiles. At the atmo-
spheric pressure, the width of the observed water vapour 
absorption lines is Dlatm ~ 0.05 nm [10, 12], which is twice 
as low as the width of the instrumental function of the spec-
trometer used in the experiment. The measured hole in the 
lasing spectrum is the integral of the convolution of the instru-
mental function and the real absorption linewidth, which 
decreases the setup sensitivity [12]. Note that the intermode 
interval of the cavity is Dlr ~ 0.015 nm, i.e., only several lon-
gitudinal modes of the cavity fall into the absorption line.

Let us estimate the sensitivity of water vapour detection 
by the 1908.97-nm line (see Table 1). Since we measured the 
relative air humidity j, the volume concentration of water 
vapour N (in cm–3) was determined by the relation

6.02 10 ,N
M
max

H O

23

2

# j
r

= 	 (2) 

where rmax is the maximum humidity of water vapour at the 
given air temperature (taken from tabular data) and MH2O is 
the molecular weight of water.

By the hole in the lasing spectrum, we find the effective 
length leff of the water vapour layer corresponding to the 
observed transmittance Т = Imin /Imax for j = 2 % and N = 
= 1.2 ́  1016 cm–3 (Fig. 9):

leff = [ln(1/T)] / (sN ) » 105 cm,	 (3) 

where s is the water vapour absorption cross section.
The found leff correlates with the effective length of the 

absorbing layer estimated as a value proportional to the time 
T of stable lasing near the absorption line assuming that T is 
the laser spike duration (~5 ms) [12],

leff Т = cTm » 105 cm,	 (4)

where m is the factor of filling the cavity with the absorbing 
medium.

The signal-to-noise ratio of our measuring system allowed 
us to reliably record the relative spectral hole depth D I /I0 ~ 0.1. 
In this case, the threshold sensitivity, i.e., the minimum absorp-
tion coefficient corresponding to the minimum recorded hole 
depth, can be ~ 10–6 cm–1.

In addition to the absorption inside the cavity, the laser 
radiation is absorbed as it propagates from the output mirror 
to the photodetector (through the spectrometer). Estimates 
show that, at a humidity of 2 %, the absorption coefficient of 
water vapour for the path length of 1 m does not exceed 0.3 %, 
because of which this absorption can be neglected.

6. Conclusions

The spectral characteristics of a longitudinally diode-pumped 
Tm : YLF laser with a selective cavity have been experimen-
tally studied. The laser wavelength was tuned within a range 
of 1860 – 1940 nm with a linewidth not exceeding 1 nm. The 
effect of water vapour on the spectral characteristics of the 
output radiation is determined. It is shown that the Tm : YLF 
laser can be used for detecting water vapour in the atmosphere 
by intracavity laser spectroscopy.
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Figure 10.  Spectra of the Tm : YLF laser with a phase plate in the case 
of tuning to the water vapour lines 1906.7 and 1907 nm for the relative 
humidity j = 2 %; Pgen = 2.2 W, Pp = 16 W, and the threshold pump 
power Pp

th = 8 W.




