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Abstract: Energy transfer upconversion (ETU) coefficient plays a crucial role in investigating
complex laser systems as it greatly influences both the laser output behavior and heat generation.
For some quasi-three-energy-level lasers based on Er’* doped, Ho** doped and codoped gain
media, the available theoretical studies relied on some unreasonable approximations due to the
lack of spectroscopic data, notably the ETU coefficient. We put forward what we believe is a novel
approach to overcome the difficulties caused by wavelength jump occurred in aforementioned
laser systems. Based on net gain cross-section analysis and rate equations modelling, the
functional relationship between the ETU coeflicient, the laser power and pump power at the
jumping wavelength are established. ETU coefficients and their temperature dependences of
Er,Yb:YAB crystals with different crystal doped concentrations are experimentally determined
for the first time. The results reveal that the ETU process in Er,Yb: YAB laser system is 5~35
times stronger than that in Er** and Yb>* codoped phosphate glass. The determination of these
spectroscopic data paves the way for precise modelling of laser system based on Er,Yb:YAB or
similar gain media.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Spectroscopic parameters of laser gain media, for instance energy transfer upconversion (ETU)
coefficient, play an important role in the laser behaviors of either the strongly pumped four-
energy-level lasers or the quasi-three-energy-level lasers [1-5]. Generally, ETU process not only
depletes the inversion population and consequently lowers the laser efficiency, but also raises
up the thermal load inside the gain media. Therefore, measurement of the ETU coefficient and
the studies on the relations between ETU coefficient and other parameters are of great value for
understanding the laser behaviors and providing guidance to laser optimization.

To date, there are mainly three methods for the experimental determination of ETU coefficient.
The spectroscopic method in the outset was based on the resonant energy transfer (RET) theory
proposed by T. Forster and D. L. Dexter [6,7]. Quantitative characterization of ETU can be
achieved by RET theory using the microparameters of energy transfer and migration, indicated
by Cpa and Cpp, which can be evaluated based on the emission spectra of the donor and the
absorption spectra of both the donor and acceptor [6]. Nevertheless, spectroscopic method in
recent investigations were relied on fluorescence detection and rate equation modelling [8,9].
With short pulse laser pumping, N. P. Barnes et al. predicted the ETU coefficient of Er:YAG
by measuring the rise and decay of the fluorescence intensity related to the meta-stable energy
level involved in ETU, and fitting the data with the rate equations model [8]. However, one
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may note that the results obtained from the method showed nonnegligible relative error and
multiple outliers, especially at the case of low doped concentration, which may be due to the
limited precision in fluorescence detection and fitting process, temperature variation under dense
pumping and the disturbance stem from stimulated emission existed in the pumped crystal
powder. The second method named as z-scan was based on pump absorption measurements
along the z-direction, i.e. the pump laser propagation direction, inside the crystal at various
pump intensities, since the implications of ETU on the change of ground state population was
directly related to the pump laser absorption inside the gain medium [10,11]. Good measurement
accuracy had been realized by z-scan for a series of four-energy-level lasers including Nd:YVO4
lasers and Nd:YLF lasers. Note that high measurement accuracy could only be guaranteed when
the power stability and beam quality of the pump laser were both extremely well. Ultimately
though, this method had never been utilized for lasers based on Er** doped, Ho** doped or Er**
and Yb** codoped gain media, which were usually named as quasi-three-energy-level systems,
for the reason that the relationship between the ETU coeflicient and pump transmission in this
kind of lasers became quite complicate unless significant simplifications were made. The third
method was relied on the analysis of ETU dependence of the laser threshold [12,13]. When the
laser thresholds at various laser intracavity loss, usually varied by changing the output coupling
transmission, was recorded experimentally, the ETU coefficient was then fitted with a rate
equation model. Comparing with the previous two methods, this method exhibited the advantages
of simple configuration and low cost. However, for the Er** doped, Er** and Yb** codoped, and
Ho’* doped quasi-three-energy-level laser systems, the laser threshold was known depending on
the oscillation wavelength, hence the method was incapable to deal with the wavelength jump
phenomena when intracavity loss was tuned [14-21].

In this paper, a new method for measuring ETU coeflicient in quasi-three-energy-level laser
systems was proposed. The function relationship between ETU coefficient, the jumping oscillation
wavelength, the pump power and laser power when the wavelength jump occurred was derived
on the basis of a model involving net gain cross-section spectra analysis and rate equations. By
constructing continuous wave single frequency solid-state lasers (CWSFLs) based on Er,Yb:YAB
crystal with different doped concentrations, the ETU coefficient, as well as its temperature
and doped concentration dependences were determined utilizing the model and laser output
parameters.

2. Mechanism of wavelength variation for 1.5 um CWSFL depending on the
energy transfer upconversion

Considering the dispersive behavior of intracavity loss (6,(1)), net gain cross-section of a
Er,Yb:YAB laser can be defined as [22-25]

G(A) = Nl Boem(2) = (1 = B)oaps(D)]/n = 6:(2), &)

where N is the population density of Er** ions, [ is the length of the gain medium, 3 is the
inversion fraction factor, indicating the ratio of the excited Er3* ions number to the total number of
Er’* ions, 0 s and o, are the stimulated absorption cross-section and the stimulated emission
cross-section for the gain medium which are assumed to be invariant when the crystal temperature
is varied in a relative small range, n is the refractive index of gain medium.

Using Eq. (1) and the cross-section spectra of an Er(1.1 at.%),Yb(25 at.%):YAB crystal,
simulations can be carried out with following parameter values: Ng=15.96* 10®m™3, /=1 mm,
n=1.7508, while 6,(1) is obtained using the dispersive transmission data of the coatings on the
cavity mirrors and sapphire plates (see Supplement 1). As shown in Fig. 1, the lineshape of
the net gain cross-section spectra is significantly affected by the value of §, leading to a varied
wavelength corresponding to the peak of the spectra. Since this wavelength has the highest
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probability to be oscillated owing to the mode competition, one can found that the predicted
oscillating wavelength (4,,.) is changed non-uniformly with increasing S.

Net gain cross-section (a.u.)

VAV
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Wavelength (nm)

Fig. 1. Net gain cross-section of an Er(1.1 at.%),Yb(25 at.%):YAB crystal as a function of
wavelength.

More specifically, when the computation was repeated in a loop that the value of S was varied
from 0.01 to 1, the net gain cross-section spectrum was simulated at each given value of 3, and
the oscillating wavelength A,,. was predicted using a peak search program (see Supplement 1).
One can found that the A, versus 8 curve shows a multi-step shape. For an Er(1.1 at.%),Yb(25
at.%):YAB crystal, as shown in Fig. 2(a), there are three critical values of 8, namely 5=0.14,
£=0.24 and 5=0.57, at the case of 8=0.14, 1,,. jumps from 1591 nm to 1610 nm, at 5=0.24,
Aose jumps from 1610 nm to 1600 nm, and at the third case (8=0.57) 1,5 subsequently jumps
to 1529.4 nm. For an Er(1.5 at.%),Yb(11 at.%):YAB crystal, as shown in Fig. 2(b), 1,5 versus
[ curve becomes simpler, where two times significant wavelength jump (from 1609.7 nm to
1603.4 nm and from 1603.4 nm to 1533 nm) can be observed at the critical values of §=0.19 and

£=0.48.
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Fig. 2. Predicted oscillating wavelength as a function of inversion fraction factor (a) for
Er(1.1 at.%),Yb(25 at.%):YAB crystal; (b) for Er(1.5 at.%),Yb(11 at.%):YAB crystal.
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Since the critical values of § are invariant when the doped concentration of gain medium and
the dispersive behavior of intracavity loss are both fixed. The ETU coefficient (Cgry) can be
determined by further studying the function relationship between 8 and Cgry.

For a CWSFL based on Er,Yb:YAB crystal, 5 can be defined as

S Napav

V)
B=—"—. )
NV,

where Ny is the population densities on the 13 /2 level of Er3* ions, V) is the pump volume
inside the crystal.

According to the laser rate equations of Er,Yb: YAB laser at steady state (see Supplement 1),
N> can be written as a function of Cgry

{VE + O-an (/l) (]5()‘) + UY(A)NYR rp(r Z)}
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where vy is the de-excitation rate of Er?* ions, 0gum(A) is the sum of o ppm() and o gps (1), ¢ is
light speed in vacuum. k; and k; are the coefficients of energy transfer and secondary energy
transfer, respectively. oy(1) is the pump absorption cross-section of Yb** ions. Ny is the
population density of Yb>* ions. Ry, = P,(1-exp(-al))/(hvy) and r,(r,z) are the pump rate and its
distribution function incident on gain medium. P, is the pump power incident into gain medium.
« is the pump absorption coefficient of the gain medium. / is the length of gain medium. hv,, is
the pump photon energy. r,(7;2) is assumed to be top-hat distribution function that can be read as

@ exp(—az) o2
w1 —exp(—al)] ™

=), “

rp(r.z) =

where w,, is the average pump radius in gain medium. ®() is the Heaviside function.

DO=2P,:Leg/[In(1/(1-T,c))chvy] is the intracavity laser photon number density, P, is the
output power, hvy is the laser photon energy. ¢(r) is its distribution function. Assuming that the
oscillation laser is in Gaussian distribution, ¢(r) can be written as

272
- 5)
Wy

#(r,2) =

exp

nwOLeﬁr

Obviously, if the pump power and emitting laser power at the moment that wavelength jump
phenomena occurred are recorded, the value of Crry can be determined using Egs. (2)-(5).

3. Experimental setup and results

The schematic of the apparatus for 1.5 um CWSFL generation and ETU coefficient measurement
is depicted in Fig. 3. Two 975 nm polarized pump lights emitted from one laser diode (LD)
were shaped by a fiber and re-imaged by a 1.2X telescope system (f; and f;) producing a 60 um
diameter focal spot inside the gain medium. The gain medium was an uncoated a-cut Er,Yb:YAB
crystal with different doped concentrations. To reduce the Fresnel reflection and improve the
heat dissipation, two 0.8 mm-thick sapphire plates with one facet antireflection coated at 975 nm
and 1520 nm~1580 nm were employed and in close contact with the polished facets of the gain
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medium. Then the sandwich-scheme gain medium was mounted in a water cooled copper heatsink
and maintained at a temperature of 290 K. Single frequency laser operation was guaranteed
by unidirectional travelling wave resonator configuration based on an optical diode and an “8”
shape ring cavity. The 312 mm-long ring cavity was consisted with 4 concave mirrors (M_4),
where the curvature radii of M|_4 were 100 mm, 51.8 mm, 51.8 mm and 100 mm, respectively.
Considering the relative low laser gain, M|_3 were all high-reflection coated at 1.5 um and
high-transmission coated at 980 nm, and the output coupler (M) was coated with a transmittance
of 1.2% at 1.55 pm. During the ETU coefficient measurement, the laser longitudinal mode was
monitored utilizing a home-made scanning Fabry-Perot (F-P) interferometer (cavity length: 200
mm, fineness: 260), the pump and emitting laser powers were detected using power meters (PMs,
LabMax-TOP, Coherent), the laser wavelength jumps were recorded by a wavelength meter (WM,
WS6, High Finesses).

5
S
" Lp,

Fig. 3. Experimental setup of the 1.5 um CWSFL for ETU coefficient measurement. LD;
(i=1,2): laser diode; fj (j = 1,3): plano-convex lens; M (k = 1-4): concave mirror; My (k =5-
7): 45° reflector with high reflection coating around 1.5~1.6 um; Gain medium: Er,Yb:YAB
crystal; BS: beam splitter; PM: power meter; PD: photodetector; WM: wavelength meter.

When the Er(1.5 at.%),Yb(11 at.%):YAB crystal was adopted as gain medium and temperature
controlled at 10 °C, only one time oscillating wavelength jump was observed experimentally.
As shown in Fig. 4, the pump and emitting laser powers at the wavelength turning point were
respectively 7.77 W and 0.5 W. Then the 8 versus Cgry relation can be estimated using Eqgs. (2)-(5)
and the following parameter values: yg=3536.2 s~ 17], hv, = 2.038*10719 J, Wpa =61 pm,
wo=61pm, Loy =312 mm, /= 1.5 mm, T, = 1.2%, «=12.08 cm~!, as shown in Fig. 5. Since the
1.53 um to 1.6 um wavelength jump occurred at 8=0.48 according to Fig. 2(a), the value of Cgry
can be determined to be 5.2¥107>* m3/s. As a comparison, Cgry of an Er** and Yb3* codoped
phosphate glass is typically 1*1072* m3/s [18], while that of Er,Yb:YCOB and Er,Yb:YAG are
13%¥1072* m3/s and 2.5%1072* m3/s [19]. One can found that ETU process is relatively stronger in
borate crystal based gain media with respect to gain media based on other substrates.

Considering the uniqueness of the functional relationship between laser wavelength evolution
and pump powers at a specific ETU strength, the value of ETU coeflicient can evaluated by
fitting the experimental data with the procedure similar to Figs. 4 and 5. It is well known
that the spectroscopic parameters of a laser crystal are all temperature and doped concentration
dependent, experiment and theoretical fittings mentioned above were performed repeatedly at
different heatsink temperature, as well as different crystal doped concentrations. Figure 6 shows
the measured ETU coefficient versus heatsink temperature at two cases. Curve i and red blocks
in Fig. 6(a) indicates the averaged value of ETU coeflicient of a Er,Yb:YAB crystal with a
Er** doped concentration of 1.5 at.% and a Yb>* doped concentration of 11 at.% during 10
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Fig. 4. Input-output behavior of Er(1.5 at.%),Yb(11 at.%):YAB laser operating at 10 °C.
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Fig. 5. Estimated critical value of 3 as a function of Cey, and the experimental data.

independent measurements, curve ii and blue balls in Fig. 6(b) indicates the averaged value of ETU
coefficient of a Er,Yb:YAB crystal with a Er>* doped concentration of 1.1 at.% and a Yb** doped
concentration of 25 at.% during 10 independent measurements, while the error bars correspond
to the standard deviations in repeated measurements. It can be seen, for the low doped crystal,
Cgry increases from 5.2%1072% m?/s to 24.6¥1072* m*/s monotonically with increasing heatsink
temperature varied in the range from 10 °C to 40°C. Apparently, Cery of Er,Yb:YAB is quite
higher than that of Er’* and Yb3* codoped phosphate glass, and is significantly dependent on the
crystal temperature. Since ETU strength is related to the population density in excited states, Cgry
should be even higher for the high doped crystals. For Er(1.1 at.%),Yb(25 at.%):YAB crystal,
Cgry at specific temperature shows nearly 3.2-fold increase with respect to the Er(1.5 at.%),Yb(11
at.%):YAB crystal, while the value of Cgry ranges from 15.7%1072* m3/s to 36.6¥10724 m3/s
during temperature variation.
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Fig. 6. Measured ETU coeflicient as a function of heatsink temperature at two cases. (i)
doped concentration for Er3* and Yb3* were 1.5 at.% and 11 at.%; (ii) doped concentration
for Er3* and Yb>* were 1.1 at.% and 25 at.%.

Nevertheless, it should be noted that the influence of excited state absorption (ESA) effect on
the population density in the upper laser level was neglected since the measured ESA spectra
of Er,Yb:YAB did not overlap with the stimulated emission band [26]. When the method is
transferred to other similar laser systems, and there exists an overlap between the ESA and
stimulated emission spectra, the ESA cross-section (0.s,) spectra need to be measured before
theoretical simulations, and the stimulated emission cross-section (o) in all the equations should
be replaced by o.-0.s,. Besides that, the laser should be operated in single mode, otherwise
multi-wavelength laser radiation that disturbs the determination of wavelength jumping may take
place. Moreover, due to the relative high laser threshold, only one time wavelength jumping was
observed in our measurements. When the output coupling transmission is low enough, two or
more times wavelength jumping may be detected in each measurement, then the accuracy of the
determination of the ETU coefficient can be further improved by averaging the simulated values
obtained at the two wavelength jumping points.

4. Conclusion

In summary, we proposed a novel method of ETU coeflicient estimation for some special
laser systems, for instance that based on Er’* doped, Ho** doped, Er’** and Yb** codoped
gain media, etc, getting over the difficulties stemmed from the wavelength jump phenomena.
The core of the method was a theoretical model that establishing the association between the
inversion fraction factor and the emitting laser wavelength, as well as that between the inversion
fraction factor and the ETU coefficient. Based on this model, ETU coefficients and their
temperature dependences of Er,Yb:YAB crystals with different crystal doped concentrations
were experimentally determined for the first time. The results show that the ETU process in
Er,Yb:YAB laser system is much stronger than that in Er** and Yb>* codoped phosphate glass.
The determination of these spectroscopic data provides the prospect to precise modelling of laser
system based on Er,Yb:YAB or any other similar gain media, which has been rarely seen up to
date.
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