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Abstract

Energy-transfer processes in a Yb:Tm:YLF laser under 685 and 960 nm pumping have been
quantitatively studied and computer simulations considering the full rate-equation scheme up to
the !Gy level have been performed. The 2.3 wm laser efficiency has been simulated under
simultaneous diode pumping at both wavelengths. Optimized values of 685-960 nm pump
power ratio for typical laser cavity parameters were derived to achieve maximum output power
under constant pump power. Laser experiments performed at 2.3 yum are in agreement with
these results. The achieved output power of 620 mW is the highest reported so far.

Keywords: diode-pumped laser

1. Introduction

There are many application areas where tunable lasers emitting
around the 2.3 um region are of importance. They are
especially of interest in gas detection [1, 2] systems, because
of the presence of strong absorption lines in the spectral
region around 2.3 um for atmospheric pollutants such as CO,
CH4 and HF. The 2.3 pum laser is used for sensing carbon
monoxide and hydrocarbon gases in combustion experiments
and LIDAR applications [3], in part because of its relatively
weak water vapor absorption. In situ absorption measurements
of CO concentration in combustion experiments have shown
a minimum detectivity of less than 10 ppm using 2.3 um
radiation. Lasers emitting in the region 2.0-2.5 pum have
also gained renewed interest for non-invasive blood glucose
measurements [4] because of their capability to generate
measurements with very high signal-to-noise ratio.

Large emission spectra around 2.3 um with demonstrated
tuning range of 2.2-2.45 pm can be obtained using the
thulium-doped host YLF [5]. Tm:YLF has strong absorption
lines at 685 and 780 nm that are accessible with diode lasers.
The absorption at 685 nm is three times larger than that at
780 nm [6]. Due to a highly concentration-dependent cross-
relaxation process that leads to a reduction of the 2.3 pum
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emission from the upper laser level, the thulium concentration
should be kept below 2 mol% [5]. For efficient pump
absorption, a high concentration sensitizer like ytterbium can
be used that may be pumped at 960 nm.

Three (K, K>, K3) energy-transfer up-conversion (ETU)
processes occur when Yb:Tm:YLF is pumped at 960 nm, as
illustrated in figure 1. After pump excitation from the *F7,
level to the 2Fs /2 level, the first ETU process, K, transfers
energy from the ytterbium to the *Hs thulium level, followed
by a fast multi-phonon relaxation down to the metastable >F,
level. The second ETU process, K,, causes transfer to the 3R,
energy level of Tm>* followed by a rapid relaxation to the
upper laser level (*H,). The third ETU process, K3, causes
losses to the system because it transfers population from the
upper laser level into the 'Gy4 level of Tm. Other processes
deplete the upper laser level: the non-radiative transfer via
cross-relaxation originating from the *Hy and 3Hg levels to the
3, level (K4) and the back-transfer (Ks) from the *Hy thulium
level to the Fs ), ytterbium level.

In the 685 nm pumping scheme, thulium is pumped
from the 3Hg ground state into the 3F; manifold followed
by a fast multi-phonon relaxation to the upper laser level
3H,. Laser action at 2.3 pum in Tm is based on the 3H,—>Hs
transition.

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Scheme of the Yb:Tm:YLF energy levels. K, K», K3
represent energy-transfer up-conversions; Ky is a cross-relaxation
and K5 a back-transfer.

In this work we demonstrate agreement between
spectroscopic measurements taken at our laboratory and the
simulations using a MATLAB based computer program using
energy-transfer probabilities from the literature. With this
program, optimized values of 685-960 nm pump power ratio
for typical laser cavity parameters are calculated. The output
power achieved in this experiment is the highest reported so far
for the 2.3 ;«m emission.

2. Spectroscopic measurements

The Yb:Tm:YLF crystal was grown at our in-home crystal
growth facility with a concentration of 9.44 + 0.06 mol%
ytterbium and 1.15 £ 0.02 mol% thulium, as measured
with energy dispersive x-ray fluorescence (EDXRF; Shimadzu
EDX-900). These concentrations allow for maximum
efficiency of the 2.3 um emission [7].

The experimental setup mainly comprises an optical
parametric oscillator (OPO from OPOTEK) pumped by the
second harmonic (532 nm) of a Nd:YAG laser (Brilliant B
from Quantel), tunable in the near-infrared range from 680
to 990 nm, which delivers a typical energy of 10 mJ with a
repetition rate of 10 Hz, pulse duration of 4 ns and bandwidth
of 4 nm. The detection apparatus consisted of a single-grating
spectrometer (25 cm monochromator from KRATOS) with
an optical grating with blaze at 300 nm. The luminescence
in the visible spectral region was collected perpendicularly
to the laser excitation, in order to minimize the scattered
laser light, with a refrigerated (—30°C) photomultiplier (S-
20 type cathode from EMI, model QB-9558). For infrared
measurements, an InSb detector refrigerated to liquid nitrogen
temperature (77 K) was used. The luminescence decay times
were recorded using a 100 mega samples per second digital
oscilloscope (TDS 410 Tektronix). Acquisition was done at
three different timescales (short, middle and long) in order to
achieve good resolution at the beginning and at the end of the
luminescence curves.
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Figure 3. Thulium emission at 1900 nm under ytterbium excitation
at 960 nm. The fitted rise time for the Yb—Tm energy transfer and the
lifetime of the thulium *F, level are 0.807 & 0.062 ms and

15.04 £+ 0.12 ms, respectively.

2.1. First energy-transfer process

The Yb:Tm:YLF crystal was excited at 960 nm and the thulium
emission was collected at 1900 nm using a filter of 10 nm band-
pass. Care was taken to avoid radiation trapping by exciting
the sample at the edge closest to the detection apparatus. The
energy levels and transfer mechanisms involved are shown in
figure 2. The measurements and the applied fit (equation (1))
are given in figure 3.

The rise time and lifetime were obtained by fitting the
measured luminescence intensity curves with the following

equation [8]:
I =A Y _ -t
= A|exp . exp -

where [ is the signal intensity, and A its amplitude; #; and 4
are the rise time and the decay time, respectively. The fit with a
double exponential curve does not correspond to an analytical
solution of rate equations, but only serves as a guide to the
eye and to obtain an estimate of the energy-transfer times and
lifetimes involved. It is important to remark that the measured
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Figure 4. Energy-transfer processes and energy levels involved in the
second-step ETU process.
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Figure 5. Thulium emission from the *H, energy level measured at
1500 nm. The pump wavelength was 975 nm. The fitted rise time for
the Yb—Tm energy transfer and the lifetime of the thulium *H, level
are 0.65 £ 0.26 ms and 1.148 £ 0.038 ms, respectively.

rise times do not correspond to one single and isolated energy-
transfer probability but to a superposition of a series of energy-
transfer processes involved.

2.2. Second energy-transfer process

The 3H, thulium energy level becomes populated after
the second ETU process. The respective energy-transfer
probability K, depends on the first-step energy-transfer
probability K| because the latter is necessary to populate the
thulium 3F, level, which is the ground state of the second
ETU process, as shown in figure 4. We measured the 3Hy
fluorescence emissions at 1500 nm under pumping at 975 nm.

Using filters with a bandwidth of 10 nm and centered at
1500 nm, we obtained the measurements shown in figure 5.
The signal at 1500 nm is less intense than at 800 nm, but also

less susceptible to re-absorption. The measured rise time is
0.650 £ 0.017 ms.

2.3. Energy back-transfer process

The ytterbium back-transfer (Ks) from the 3H, thulium level
to the ?Fs 5 ytterbium level is explained in figure 6. Ytterbium
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Figure 6. Energy-transfer processes and energy levels involved in the
back-transfer process.
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Figure 7. Ytterbium emission at 1064 nm under thulium excitation at
795 nm. The fitted rise time for the Tm—Yb energy transfer and the
lifetime of the ytterbium 2F5/2 level are 0.293 4 0.011 ms and

1.011 % 0.029 ms, respectively.

emission at 1064 nm under 795 nm pumping is shown in
figure 7.

3. Rate equations

We used a numerical, time-resolved simulation which included
all energy levels of figure 1. The system of eight differential,
nonlinear equations is solved using a fourth-order Runge—
Kutta algorithm. The parameters used for the numerical
simulation are shown in table 1.

Given the pump beam spot size and the size of the laser
beam within the crystal, as well as the respective beam quality
M? factors, the numerical simulation calculates the spatial
overlap factors along the pump axis [12]:

wi, (D)W, () + 2wp, ()]

[w?, () + w}, )]

n(z) =

wi, (@) [wi, () 4 2wp, (2)]

[wi, @) + w3, @

@)
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where wi,, wp, and wpy, wp, are the laser and pump
waists inside the crystal, respectively, perpendicular to the
propagation axis z. The mode fill efficiency 7y, is the spatial
overlap factor, weighted by the normalized pump absorption
Aexp(-az), where o = o3¢n3 or « = o211, and integrated
over the crystal length.

The rate equations for the population densities n; and the
photon density ¢ are given by

dny no
— = —Rp + — + Knanz + Kynang + Kznang
dr 1%

— Ksning 3)
dnz ny
— = Rip — — — Kynyn3z — Kanong — Kiznang
dr 1%

+ Ksnineg 4
d
dny _ Ryt m Besne | Prng Kuinons
dr T4 T6 77

— Kynsng + Ksning (5)
dna M + s + Poins + Prany — Kaonong
dr Ty Ts Ts 77

+ 2K4n3n6 (6)
d
dns _ Res — s Besns . Brsnz + Ko ™
dr T5 T6 7
dn n n
—° = Ry — Rsg — — + Prony + Ksnong
dr T 7

— Kinong — Kanzng — Ksning (®)
dn7 ny
— = —— + Kznang &)
dr 77
d¢ Lcr T ne
— = cN,™ | R —o0,
o~ N SE + faeo fUtoL 7 e

" In (RouT') c¢
2Lcay

where the energy levels are labeled as in figure 1, starting with
the two ytterbium energy levels. Energy level 3 is the thulium
ground level and energy level 6 is the thulium upper laser level
for the 2.3 um emission. Since the 3F, and 3F; levels are
thermally coupled to the 3Hy level, they are treated as one
combined level 6.

The pump rates R and R3¢ are given by

(10)

Rij = ¢ijnaetivoijni (11

where the o;; are the effective pump absorption cross sections
o012 and 03, respectively, and ¢;; is the photon pump rate per
volume given by

P;j Ai jNmoNdeliv

= 12
i chwpxwp, (12)
where ngeliv 1s pump delivery efficiency.
The stimulated emission rate is given by [13]
8ULL
Rsg = <bULLn6 - —bLLLn5> Oem®- (13)
8LLL

The geometrical fraction of the spontaneous emission is

given by [14]
WLx WLyTT

4 L2

cav

fgeo = (14)

Table 1. Parameters used in the numerical simulation.

Parameter Value
Fluorescence lifetime *Fs; (2) 2x 1073 s [9]
Fluorescence lifetime 3F, (14) 15 x 1073 s [9]
Fluorescence lifetime 3Hs (s) 1 x107°5s[9]

Fluorescence lifetime 3Hy (4)
Fluorescence lifetime ' Gy (17)
Transfer probability K

Transfer probability K,

Transfer probability K3

Transfer probability K4

Transfer probability K5

Branching ratio *Hy — *Hg (Bs3)
Branching ratio ' G4 — *Hg (B73)
Branching ratio *Hy — 3F, (Bes)
Branching ratio 'Gy — 3Fy (B74)
Branching ratio 3H, — 3Hs (Bes)
Branching ratio ' G4 — *Hs (B75)
Branching ratio ' G4 — *Hy (B76)
Active center number density

for 9.4 mol% Yb (nyy)

Active center number density

for 1.2 mol% Tm (n1y,)

Laser emission cross

section (Gem)

Laser absorption cross

section (o) at 975 nm

Effective pump absorption cross
section at 960 nm and 25 °C (o07»)
Effective pump absorption cross
section at 685 nm and 25 °C (03¢)
Upper laser level Boltzmann
occupation factor (byrr)

Lower laser level Boltzmann occ. fac.
(second highest Stark level of *Hs) (b 1)
Degeneracy of upper laser level (gurr)
Degeneracy of lower laser level (grr1)
960 nm laser diode spot size at

focus (horizontal x vertical)

M? pump beam parameter

product (horizontal x vertical)
Crystal length (L)

Cavity length (L,y)

960 nm nominal pump power (Pj,)
685 nm nominal pump power (Pss)
OPO pump power at 960 and 780 nm
OPO pulse duration

Pump delivery efficiency (9geriv)
Mode fill efficiency (1mo)

Cavity loss

Output mirror reflectivity (R)
Fraction of spontaneous emission
coupled into laser mode ( fgeo)
Radiatively emitted decay rate from

upper laser level to lower laser level ( fuL)

1.2 x 1073 5 [7]
0.75 x 1073 s [9]
649 s~ [9]
3245571 [9]
4000s7! [9]
500s! [9]
210s7' [9]
0.924 [10]

0.406 [10]

0.07 [10]

0.076 [10]

0.006 [10]

0.366 [10]
0.155[10]

13.4 x 10*° cm™

1.6 x 10 ¢cm™
1.2 x 1072 cm?
3.3 x 1072 cm?®
7.0 x 1072 cm?
2.2 x 10720 cm?
0.19

0.28

1[11]
2011]
230 x 230 um?

42 x 29

4.6 mm
2cm

20 W

5W

260 000 W
4 ns

0.61

0.77

0.99

0.988

1.6 x 107

0.006 57!

The output power of the laser is calculated by

Pour =

4. Laser experiments

1 — Ry) h
%%—wawy. (15)

The same crystal used for the OPO measurements was end-
pumped by a 20 W, 960 nm diode bar that was focused at the
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Figure 8. Laser output spectrum.

Brewster cut crystal of 4.6 mm length inside the hemispherical
cavity of 1% output transmission. For the end-pumping setup,
a series of lenses and a two-mirror beamshaper were used to
reconfigure the diode emission into a more circular beam with
approximately equal M? factors in the x- and y-directions [15].
A pump intensity of 19 kW cm~2 and an M? quality factor of
42 x 29 (horizontal x vertical) were used at the crystal position
as measured with a calibrated power meter and a CCD, using
the second-moment method to calculate the beam spot sizes.
The pump spot size was 230x 230 m?. The temporal behavior
of the output pulse was analyzed with a thermoelectrically
cooled InAs detector. Due to losses in the beamshaper and
the input mirror, the maximum pump power was 11 W. A
maximum of 620 mW of 2.3 um laser radiation was achieved
(see figure 8) in a quasi-continuous operation (8 ms pulses,
10 Hz) using 960 nm pump radiation only. Lasing at the 2 um
ground-level transition is not possible in this system with low
Tm?>* concentration and Yb co-doping [9]. The main reason
is that the Tm>* ground state cannot be depleted due to the
relative small rates K; and K4. Additionally, the upper laser
level for the 2 pum transition is depleted by the second ETU
process.

In the double pumping configuration, a 5 W diode bar at
685 nm is used, as shown in figure 9. For the 685 nm, side-
pumped setup, a half-wave plate was used to rotate the diode’s
emission parallel to the crystal’s c-axis in order to access its
high absorption coefficient of 4.3 cm~! (1 mol% doping). The
pump beam was incident on the top surface of the crystal. A
3 cm spherical lens and mirror at 45° matched the pump beam
to the laser mode size inside the crystal. Due to losses, the
maximum pump power was 4.5 W. An indium foil between
the crystal and the heat-sink reflected the 685 nm pump beam
back into to the laser mode. A total absorbed pump power
of 600 mW was estimated in this double-pass, side-pumped
configuration. In order to allow the 685 nm pump beam to
access the crystal from the top it was not possible to remove
the generated heat from the crystal’s top face, and therefore,
quasi-continuous wave operation had to be employed. Pulse
durations ranged from 2 to 10 ms at 10 to 40 Hz.

Pump power and output power measurements were
done with a calibrated power meter of 10 mW resolution

Ll 12

Figure 9. Pumping scheme: (1) 685 nm diode laser; (2) 1 /2
waveplate; (3) spherical lens; (4) folding mirror; (5) output coupler;
(6) Brewster cut Yb:Tm:YLF crystal; (7) input mirror; (8) spherical
lens; (9) two-mirror beamshaper; (10) spherical lens; (11) cylindrical
lens; (12) 960 nm diode laser.
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Figure 10. Output power of the Yb:Tm:YLF laser at 2.3 um as a
function of input power for single-pumping and double-pumping
schemes.

(NEWPORT 818T-150). Diode emission spectra were
recorded with a portable spectrometer (HR2000, USBio
Solutions Inc.), with 0.11 nm resolution. Crystal absorption
and emission spectra were recorded with a high-resolution
spectrometer (Cary 13D). The effective pump absorption
cross sections, oy, and o036, are given by the overlap of the
respective normalized diode emission spectra and the crystal
absorption spectra, integrated over the crystal length L. The
temporal behavior of the output pulse was analyzed with
a thermoelectrically cooled, fast rise time (<2 ns), InAs
detector (Virgo System InAs-PVI-2TE), coupled to a 20 MHz
preamplifier (Virgo VPDC-201). The pulses were recorded
with digital storage oscilloscope (Tektronix TDS 360). Care
was taken to attenuate the pulses in order to avoid saturation
effects of the detector. Pump beam parameters were measured
with a CCD coupled to a PC and dedicated software (WinCam;
Merchantek Inc).

With 685 nm pumping only no laser action could be
achieved. Slope efficiencies of 7.3 & 0.15% and 7.9 £ 0.15%
were obtained for single pumping at 960 nm and double
pumping at 960 nm and 685 nm, respectively. In all cases
the laser output beam was in TEMyy mode with an M? beam
quality factor of approximately 1.3 x 1.4 in the vertical and
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Figure 11. (a)—(c) Measured and simulated decay curves of the *F,,
3H, and ?Fs), levels, respectively.

horizontal directions, respectively, as measured with the knife
edge method. For the double-pumping scheme, the 685 nm
diode is fixed at 5 W output power and only the 960 nm pump is
varied. In figure 10 the output power is illustrated for an output
coupler reflectance of 98.8% as a function of the total absorbed
pump power. The threshold pump power reduced from 3.0 to
2.6 W for dual pumping, although care must be taking with this
information, because a large error margin is involved in the
estimate of the absorbed 685 nm pump power. Nevertheless,
the slope of the two curves is statistically significantly different
(p < 0.05). Another interesting characteristic of the double-
pumping scheme is that the laser turn-on time reduces from

0.05
0.04 4
% 003
o j
% 0.02-
(=3
0.014 —— measured
- - - - sinmlated
0.00 gl - -
0 2 4 6 g

time {ms)

Figure 12. Measured and simulated output power curves obtained at
low pump power (5 W).

1.0 ms in the single-pumping scheme to 0.82 ms in the double-
pumping scheme. Because the resonator losses are the same in
both cases, this demonstrates a higher small signal gain when
using 685 nm. The additional 685 nm pump power clearly
increases the slope efficiency.

5. Validation of the numerical simulation

The acquired spectra and the output power pulse of the laser
were fitted with the above rate equations (figures 11 and 12).
The only adjustable parameters are the cavity losses and the
pump power. These parameters had to be adjusted very
carefully in order to achieve a good fit.

The losses used in the simulation to achieve the fit of
figure 12 are 0.989 and the pump power used was 4.9 W. We
did a Findlay—Clay analysis of the cavity losses with three
different output coupling mirrors, and calculated 0.02140.011
in agreement with the simulated loss.

6. Numerical simulation

6.1. Pump absorption saturation at 685 nm

In order to understand why no laser action is seen under pure
685 nm pumping, the laser cavity was simulated with only the
685 nm radiation switched on and without the 960 nm pump.
From figure 13 it can clearly be seen that a very high threshold
pump power of approximately 5.5 W is necessary for laser
action. This threshold pump power is higher than our available
5 W. The high threshold is due to the inefficient 685 nm side-
pumping scheme.

Also clearly seen is the bottle-neck effect of the *F, energy
level under 685 nm pumping that leads to a saturation of the
absorption. The dotted line demonstrates what would happen
if the 3F4 level lifetime were 1 ms and not 15 ms: it can be seen
that the saturation behavior of the absorption is removed.

6.2. Optimized values of 685-960 nm pump power ratio

For the cavity described in figure 9 and the parameters used in
table 1, the simulation demonstrates that the optimum fraction
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Figure 13. Numerical simulation of the output power as a function of
685 nm pump power (squares). The dashed line is a simulation using
an imaginary lifetime of 1 ms for the *F; level.
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Figure 14. Numerical simulation of the output power as a function of
the fraction of 685 nm pump power maintaining a total input power
of 12 W.

of 685 nm pump power is about 35% (shown in figure 14). This
generates a significant increase in output power of almost 33%.
It should be remarked that the optimum fraction of 685 nm
pump power is a function of pump absorption efficiency and
therefore depends on the pump parameters as well as crystal
doping and geometry. The simulation also demonstrates
clearly that pure 685 nm pumping is inefficient due to the
bottle-neck effect of the *F4 energy level.

7. Conclusions

Yb:Tm:YLF laser operation at 2.3 pum, achieved by pumping
simultaneously at 685 and 960 nm, is demonstrated. The
output power of 620 mW is, to our knowledge, the highest
reported so far. Higher slope efficiency is achieved for double
pumping with 685 nm, and an increase in output power of
more than 30% seems possible if a total pump power fraction
of 35% 685 nm pump radiation is used. The rate-equation
model shows a good agreement between numerical simulation
and experimental data for a diode-pumped Yb:Tm:YLF laser
emitting at 2.3 pum.
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