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Influence of Excited-State-Energy Upconversion
on Pulse Shape in Quasi-Continuous-Wave
Diode-Pumped Er:LiYF, Lasers

Niklaus Ursus Wetter, Alessandro Melo Deana, Izilda Marcia Ranieri, Laércio Gomes, and Sonia Licia Baldochi

Abstract—In this paper, we demonstrate the temporal de-
pendency of an Er:LiYF, laser on the upper laser level energy
transfer upconversion. By spectroscopic measurements and nu-
merical simulations, we calculate a value for this upconversion of
9 X107 cm? /s. We also report a 60% higher average output
power for short-pulse duration, which is complementary to some
earlier findings.

Index Terms—Diode-pumped lasers, infrared lasers, lasers for
biomedical applications, rare earth lasers.

1. INTRODUCTION

N RECENT years, there has been an enormous interest in
I obtaining and optimizing lasers in the 3 xm region because
of the strong absorption due to the OH vibration of water
vapor, liquid water [1], and consequently, biological tissue [2].
Therefore, this wavelength may be used for light detection and
ranging (LIDAR) [1] measurements of atmospheric humidity
and laser surgery. For laser surgery, a small laser system is
desirable with high rep rate and pulses of hundreds of microsec-
onds [2]. The erbium laser may be efficiently diode pumped at
970 nm [3].

Depending on the host material, the “I;; /2 -4 Iy /2 Er-
bium transition emits between 2.7 and 2.94 um. Several en-
ergy transfer processes occur simultaneously in the Er:LiYFy
(Er:YLF) crystal during the laser operation, some of which are
difficult to measure, including the key process Wos5. This en-
ergy transfer upconversion (ETU) process is responsible for de-
populating the upper laser level, therefore decreasing the output
power. The presented results show that it is this process, which
is predominant in shaping the temporal behavior of the lasers’
output pulse in quasi-continuous-wave (qCW) operation.

The energy level diagram of Fig. 1 shows the most signifi-
cant processes involved in the laser operation. Although there
are many mechanisms operating simultaneously, the lasing be-
havior can be qualitatively explained by four main processes [4]:
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Fig. 1. Energy level scheme of Er: YLF showing the relevant processes involved
in the laser operation. Wy, and Ws, are ETUs, W, is a cross-relaxation, R
the stimulated emission, and R¢ is the ESA. The relative rates of these pro-
cesses can be found in Table 1.

the ground-state absorption (GSA) of the 973 nm pump wave-
length directly populates the upper laser level *1;, /2- Once this
level populates, there are two main competing mechanisms de-
populating it: the stimulated emission, which is proportional to
the population of this level, and the energy transfer Ws,, which
is proportional to the square of this population. The Wy ETU
introduces a loss in the laser channel that grows at a faster rate
than the stimulated emission. It has been shown that the Wso
is much more significant than the also competing excited state
absorption (ESA) [4]. Both W5 and ESA eventually occupy
the 4S; /2 energy level after nonradiative decay, from where the
cross-relaxation W redistributes the energy to the upper and
lower laser level. The stimulated emission Ry populates the
g /2 lower laser level and a second ETU, W1y, redistributes
its energy to the ground level and also back to the upper laser
level. This second ETU is the main responsible mechanism for
CW operation in Er:YLF. Due to the long 41,4 /2 lower laser
level life time, this laser would be self-terminating if the W1,
process did not exist. Due to the Wy, ETU this laser operates
CW by directly pumping into the lower laser level [5].

II. EXPERIMENTAL SETUP

The main resonator is pumped by a fiber-bundle-coupled
diode array (Opto power model BF-NSI-ENG) and delivers
21.5 W of output power at 975 nm after the focusing optics.
The diode was mounted on a thermoelectric cooler that was
temperature stabilized to within £0.1 °C, using a temperature
controller and a feedback loop. The focusing optics delivered a
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TABLE I

PARAMETERS USED FOR THE NUMERICAL SIMULATIONS

Parameter

Value

fluorescence lifetime *I;3/ (77)
fluorescence lifetime *I; 1/ ()
fluorescence lifetime 419/2 (73)

fluorescence lifetime *Foy (74)

fluorescence lifetime *Hyy2 & %Sy (5)
fluorescence lifetime *F7 (75)

Laser emission cross section o,

ground state absorption oy

excited state absorption o4

upper laser level Boltzmann occupation factor b,
lower laser level Boltzmann occupation factor b,
branching ratio S : 4[]3/2 - 4]|5/2
branching ratio B : I, — *Lisp
branching ratio S : *lop — *lLisp
branching ratio By : *Fop — *lLisp
branching ratio fs; : 4Hl]/z & 253/2 g 4[13/2
branching ratio S : “F1p — *Lisp
branching ratio S, : 4[11/2 - 4113/2
branching ratio Ss; : *lop — *li3p
branching ratio By : *Fon — “Tian
branching ratio ﬁj] . 4H] 1n& zS3/2 i 4113/2
branching ratio By : *F1p — “Lisn
branching ratio 5 : *lon — “L11
branching ratio B : *Fon — ‘i1
branching ratio ﬁj_? : 4[‘[11/2 & 253/2 g 411 12
branching ratio S : “F1p — *Liip
branching ratio fy; : Fop — *lop
branching ratio ﬂjj : 4Hll/z & zS}/z — 419/2
branching ratio Ss; : “F1n — *lop
branching ratio fs : 4H11/z & 233/1 d 4Ft)/z
branching ratio fs : 4Fap — *Fopn
branching ratio s : *Fzp — *Hip & 2S3n
nominal pump power Py

pump delivery efficiency 7r

mode fill efficiency 7p

cavity transmission given by 7' = /- loss
output mirror reflectivity R

energy transfer upconversion from J'113/2 W
cross relaxation from *Hyy, & %S0 Wi
energy transfer upconversion from Mo Was
erbium concentration Ny

crystal length Lcg

cavity length Lcay

laser pump wavelength Ap

Laser emission wavelength A,

degeneracy of upper and lower laser levels dyp,

dl.()W
laser mode cross section Aode
*Lip— Lz radiatively emitted decay rate fpr

10x107 s [%]
4.8x107 s [°]
6.6x10° s [9]
100x10° s [8]
400x10° s [8]
20x107 s [4]
3x10%° cm? [4]
0.6x102° cm? [0
0.8x102° cm? [10]
2x107!

1.13x10™!

1[4]

0.613 [4]

0.001 [4]

0.087 [4]

0.488 [4]

0.051 [4]

0.387 [4]

0[4]

0.004 [4]

0.179 [4]

0.004 [4]

0.999 [4]

0.006 [4]

0.015 [4]

0.002 [4]

0.903 [4]

0.012 [4]

0.002 [4]

0.306 [4]

0[4]

0.941 [4]

215 W

0.95

0.77

0.961

0.986

3x10™"7 cm?/s [9]
2x10™" em¥/s [11]
1.8x10™7 em®/s [9]
2.1x10?" ¢em™
4.5 mm

2cm

973 nm

2.8 um

2

0.138 mm?
0.29 [4]

high intensity circular beam with focus dimensions of 232 ym
radius and beam quality of M? = 159, which was focused at the
surface of the crystal. Pump beam parameters were measured
with a CCD coupled to a PC and dedicated software (Newport,
model. LBP-4-USB) and also using the knife edge method to
measure the M? value [6].

The rare earth fluorides were prepared from pure oxide pow-
ders (Aldrich, 99.99%) by hydrofluorination at high tempera-
ture in HF + Ar atmosphere. The LiF-LnF3; (Ln = Y and Er)
mixture was melted using an open platinum boat in the same
atmosphere, with a composition of 1.02 LiF:1 LnFs. The LiF
powder (Alpha-Johnson Matthey, 99.9%) was zone-refined be-
fore it was added to the mixture. The crystal was grown by the
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Fig. 2. Schematic layout of the end-pumped Er:YLF resonator with detection
apparatus.

Czochralski method using automatic diameter control under a
Ar + CF, atmosphere, with growth rate of 1.30 mm/h and rota-
tion rate of 10 rpm for the (100)-oriented boule.

A schematic of the laser setup is shown in Fig. 2. The cavity
length was 2 cm and the crystal with 15 mol% (2.1 x 102! cm—3)
erbium concentration was a-cut at Brewster angle for pi-emis-
sion (polarization along the crystal c-axis). The 4.5-mm-long
crystal was placed inside a planoconcave, end-pumped res-
onator, based on a concave pump mirror with 10 cm radius
of curvature, highly reflective (>99.3%) at 2.8 yum and with
high transmission at 973 nm. The flat output coupler, made of
CaFs,, had 1.4% transmission at 2.8 um [7]. To avoid thermal
fracture, the duty cycle was kept below 5% and the pump pulse
duration was varied from 100 us to several milliseconds. 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 preampli-
fier (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. The beam energy was measured using an energy meter
(Ophir NOVA 2 with PE50-V2 for long pulse and a PE9-V2 for
pulses with short duration).

Spontaneous emission at 550 nm emitted from the 2S5 /2 en-
ergy level was monitored at 90° using a custom monochromator
and a photomultiplier (Newport, model 70107).

III. RATE EQUATIONS

A numerical, time-resolved simulation was used that included
all energy levels of Fig. 1 up to the *F; /2 level. The system
of seven differential, nonlinear equations was solved using a
fourth-order Runge—Kutta algorithm. The parameters used for
the numerical simulation are shown in Table 1.

The rate equations for the population densities NV; (the energy
levels are labeled as in Fig. 1) and the photon density ¢ are given
by [4]

dTLo /BLO
— = ZROZNM—; - N; — Wso(N5No — N3Ny)
— N3Np) + W22(N2

+W11(N1 — N6No) (1)
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6
dn, Bi Ny
o Ni — = 4+ Wio(NsNy — N3N
i ; - o + 50( 0 3 1)
— 2Wh1(N1™ — N3No) + Rsk )
6
d’l’lQ /Bz N2
T2 RoaNo — Rog N N, - 22
o 024Vo 261Va + ; . ™
— 2W22(N22 — NgNo) — Rsk 3)
dng Bis N3
= N; — — + Ws59(N5Ng — N3N
I ; = + 50( 0 3 1)
+ W11(N1 — N3N0) 4
dNy Bi N4
= N; — — 5
— Z - )
dN; 5 N5
d—ts = 56 (NsNo — N3Ny) (6)
76 T5
d N, N,
d—G = RygNy — =% 4 Wiy (N2 — NNy) (7
t T6
dgb _ LCR NQ 1H(RT)C¢
dt = Roay <RSE+ fafor - ﬂ26> + ony (8)

Here, c is the speed of light and the stimulated emission rate
RsEg as a function of the photon density is given by

d
Rsp = <52N2 7 CL
LOW

b1N1> 0'210¢. (9)

The energy levels are labeled, as shown in Fig. 1. Since the
‘Hy, /2 and 23, /2 levels are thermally coupled, they are treated
as one combined level 5. The geometrical fraction of the spon-
taneous emission coupled to the laser mode is [14] given by

Amode
== 10
fG 47TL20AV ( )
The pump rates IZ;; are given by
Tij  NBNTA
Rjj=-"22""r (1 —alLe)) P 11
! « hCLcrAmode( exp( * )) ( )
6 6
S3 Y o 1
i=0 j=i+1
The output power of the laser is calculated by
1-
POUT = 2 mode- (13)

IV. LASER RESULTS AND SIMULATIONS

A typical measurement of the output power as a function of
time at a pump power of 21.5 W can be found in Fig. 3(a), where
we have plotted the average of 64 measurements in order to de-
crease the amplitude of the oscillation relaxations. It can be ob-
served that there is a clear maximum in output power at the be-
ginning of the laser operation accompanied by strong oscillation
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Fig. 3. (a) Oscilloscope trace of the Er:YLF laser pulse (averaged over 64
pulses). (b) Normalized average output power as a function of the qCW pulse du-
ration with numerical fit using W» of 9 x 1017 cm? /5. (¢) Simulation of total
fraction of upper (dotted line) and lower (straight line) laser level occupation.

relaxations, followed by a second, distinctly different phase with
less relaxation oscillations and a more stable laser operation of
almost constant average output power.

In Fig. 3(a), it can be observed that the highest output power
is achieved at the beginning of the pulse. To show that this ef-
fect is real and does not depend on the pulse acquisition system,
we measured the pulse energy as a function of the qCW pulse
duration and calculated the average output power during the
pulse (see Fig. 3(b); shown are normalized values). This was
done for the period of strong oscillation relaxation, which ex-
tends to 1 ms after pulse initiation. The delay between the begin-
ning of the pump pulse and the beginning of the laser pulse was
90 ps. As can be seen in Fig. 3(b), the highest average output
power was achieved for a pulse duration of 250 us. Its average
output power is approximately 60% higher than for long pulses
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Fig. 4. (Left) Output power as a function of input power for 250-ys-long pump
pulses. (Right) Findlay—Clay analysis of the laser losses.

(2-3 ms). Experimentally, 0.43 mJ were measured at a duration
of 250 us, corresponding to 1.7 W of average power.

The first phase of the output power curve as a function of time
coincides with a period in which the upper laser level is already
strongly populated whereas the lower laser level is not. During
this period, stimulated emission and ETU Wy, dominate the
temporal evolution of the lasers output. At a later moment, the
lower laser level becomes populated and the ETU W1, which
depends quadratically on the population of this level, starts to
dominate the laser behavior [8].This is shown in Fig. 3(c), where
we used a pump pulse of 3 ms duration, and otherwise, the same
parameters, as shown in Table I. The simulation in Fig. 3(c)
does not include the Boltzmann factor of the laser levels and
represents the total fraction of occupation.

The slope efficiency is shown in Fig. 4. Using the least-square
method, a threshold of 8.7(18) W and slope efficiency of
0.119(10) were calculated. The cavity losses, calculated with
Findlay—Clay analysis [9] using 3-ms-long pump pulses, are
3.9(14)% and the small signal single pass gain is 0.32(8) cm ™1
(Fig. 4).

For comparison, the highest CW output power reported so
far is 1.8 W [10] obtained by using power scaling through
diode-side-pumping. The highest slope efficiency reported is
50% in CW operation [11] under Ti:sapphire pumping. This
high slope efficiency shows clearly the importance of energy
recycling by the ETU Wi, under CW pumping. Efficiencies
under qCW pumping are comparably much lower [12], [13],
being close to 10%.

The atypical pulse power enhancement at pulse start has been
observed before in an Er:ZBLAN fiber laser but its cause could
not be explained [14]. The strong decrease of the output power
at the beginning [see Fig. 3(a)] seems to be the result of a process
that competes with stimulated emission. Among the main mech-
anism outlined in Section I, there are three processes that de-
crease the population of the upper laser level or the inversion
itself.

1) The ESA R,¢, which has a linear dependency on the upper
laser level population [see (3)], is based on the absorption
of two photons by the same ion, and therefore, depending
on the pump condition, is of low probability, which makes
this effect very week. From the numerical simulation, it
was found that in steady-state operation the rate at which
this process depopulates the upper laser level is negligible
when compared to the ETU process Wa2. Even in the ab-
sence of Was or if the pumping conditions were such that
ESA were predominant, ESA would influence the pulse
characteristics right from the start, and therefore, cause
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Fig. 5. (Lower curve) Experimentally obtained and normalized average output
power as a function of pulse duration with numerical fit (straight line) using
Was = 9 x 1077 cm?/s. (Upper curve) Simulation using Ws, from the
literature (see Table I, Wao = 1.8 X 10717 cm?3/s).

only a lower output power but no decrease as a function
of pulse duration.

2) The Wiq process is a cross-relaxation originating from the
48, /2 energy level and from the ground level, and pop-
ulating the upper and the lower laser levels. The %S /2
level becomes populated by nonradiative decay from *F /2
after occupation of this level by ETU W5 and ESA Rog.
The cross-relaxation Wi is the main mechanism that de-
populates the higher energy levels and has to be studied
in context with Wsy: whenever Wy withdraws two elec-
trons from the upper laser level, W5 redistributes them to
the upper and lower laser level diminishing the total in-
version by two. Therefore, W5 is of special importance
during second phase of the pulse, when the ETU W1, pro-
motes population from the lower laser level to the upper
laser level. It also matters during the first phase, because
for every two electrons removed from the upper laser level
by W, one is returned by Wj(, diminishing the total oc-
cupation by one and not by two electrons. This scheme
effectively works because at the high doping level of 15
mol% used in this experiment, the fluorescence lifetime of
the combined *S3 5 /?Hy; /> energy level drops to less than
20 ps allowing for almost instantaneous energy recycling
[91, [15].

3) The ETU Ws5 is a much slower process than the ESA Rog
and it also depends quadratically on population. Both ar-
guments are in agreement with the observed decay of the
pulse output power during phase 1.

Using the parameters from Table I, our simulations did not
show (upper line in Fig. 5) the temporal behavior we observed
experimentally in Fig. 3(b). By the simulation, the average
output power increased steadily with pulse duration until it
reaches its CW condition, which is in disagreement with our
experimental results (see Fig. 4) but seemed in part in agree-
ment with the observations from [11]. Changing the value of
the Was to 9 x10717 c¢m?/s resulted in a good fit with our
results as demonstrated by the dashed line in Fig. 5.

Our simulations show that in the absence of both ETU (W7,
and Wa9) a triangular laser pulse of 9.7 ms total duration occurs
that steadily decreases with time. The fact that the duration of
this pulse is comparable to the lower laser level lifetime demon-
strates the self terminated nature of the involved laser levels. In
the absence of only W7, and using previous value for Wss a
short pulse of approximately 350 us (duration at pulse base) is
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obtained at the high pump intensities involved in our experiment
(12 kW /cm?). This pulse length is comparable to the duration
of the pulses with the highest output power encountered in our
experiment [see Fig. 3(b)]. Therefore, it seems that W5 is the
main responsible effect for the pulse shaping at the beginning of
the laser action and also that short-pulse lasing is possible even
in the absence of Wi;.

V. LASER SPECTROSCOPY

The rate of Wy, has been calculated previously (see Table I)
by measuring the 550 nm emission from the 2S; /2 level and
fitting the result with a rate-equation model whose adjustable
parameters were W1 and Wao [9]. The same researchers have
employed another method and obtained similar values using
only the first temporal part of the *I;; /2 decay curve after
direct, short-pulse excitation, during which time only W, is
presumed to be active [16], [19]. Another group determined
the Wss parameter by monitoring the 556 nm emission under
970-980 nm transient excitation and comparing with direct
excitation at 540 nm [17].

In our experiment, the emission of the 433 /2 level at 556 nm
was observed at 90° to the resonator axis with a monochromator
and a photomultiplier (see Fig. 2) under 2.8 pm lasing operation
using a pump power of 22 W. Fig. 6 shows the fit between the
48, /2 level spontaneous emission and the simulation for this
mechanism, assuming Wys = 9 X 10—17 cm3/s.

The higher value for the ETU W, is the reason why the laser
decreases its output power in the first few hundreds of microsec-
onds. When the *1;; /2 upper laser level becomes populated, this
ETU introduces a loss that increases with the square of the pop-
ulation of this level, competing with the stimulated emission,
therefore, decreasing the output power.

The decay at the beginning of the pulse is indicative for a
process that does not depend linearly on the upper laser level
population. This could be verified in our simulations, which
demonstrated clearly that no other process than Wss (the only
process that depends quadratically on N») is capable of repro-
ducing the experimentally obtained pulse decay. During the
simulation procedure, the other parameters were systematically
changed over several magnitudes and in several combinations.
The final set of parameters corresponds to the ones cited in the
references of Table I, with exception of Wys,.

VI. CONCLUSION

An output power increase at the beginning of the pulses of a
2.8 pm, qCW diode-pumped Er:YLF laser is demonstrated for
the first time. The laser generates higher average output power
when operated at 250 us pulse duration than for longer pulses.
When operating in this regime 60% more efficiency is obtained
than with pulses of several millisecond duration. This effect is
credited to a strong pulse modulation by the ETU from the upper
laser level, Ws5. The experimental data for the average output
power are well fitted by a value of 9 x 1017 cm? /s for the Was
process. Good agreement is obtained when using this value to fit
the experimentally measured spontaneous green emission from
%S5/ energy level.
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