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Abstract: We report on a simple and accurate method for determination of
thermo-optical and spectroscopic  parameters (thermal  diffusivity,
temperature coefficient of the optical path length change, pump and
fluorescence quantum efficiencies, thermal loading, thermal lens focal
length, etc) of relevance in the thermal lensing of end-pumped neodymium
lasers operating at 1.06- and 1.3- um channels. The comparison between
thermal lensing observed in presence and absence of laser oscillation has
been used to elucidate and evaluate the contribution of quantum efficiency
and excited sate absorption processes to the thermal loading of Nd:YAG
lasers.
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1. Introduction

Pump and laser induced Thermal Lens (TL) is a crucial effect in laser materials, especially
when operating in an end-pumping configuration (due to the much localized heat deposition
achieved in this case). In most of the situations TL is an undesirable effect that leads to
deterioration in the laser output power and/or in the spatial quality of the laser beam. On the
other hand, in some configurations, such as microchip designs, TL is required for stable laser
oscillation. In any case, and independently of the geometrical configuration of the laser cavity
used, a precise knowledge of the thermo-optical and spectroscopic properties of the system,
determining the generated heat in the active volume and the induced TL, is very important to
laser design [1,2]. Some properties, particularly the TL dioptric power (Dr.=fr, ") and thermal
loading, change when the system is under laser action [3,4]. Furthermore, in some cases the
presence of excited state absorption (ESA) and/or Auger upconversion at laser wavelength
could lead to the appearance of additional heating sources different to those associated to
pump radiation [5,6]. Thus, it is very important for an accurate determination of these
properties, the redlization of the measurements with the system in real conditions of
functionality, i.e., in the presence of laser oscillation.

The quantitative determination of the effective focal length due to thermal effects in end-
pumped lasers is difficult compared to lamp-pumped due to the small size involved and aso
due to the higher sensitivity required. Severa different approaches have been used including
those based on interferometry, analysis of the output beam parameters, transverse mode beat
frequency, and degeneration in the resonator length [7-10]. Nevertheless, most of these
methods are inaccurate and some important features are not well understood. For instance, it
is recognized that the end-face curvature of the sample should contribute to TL due to the
hotter center of the sample compared to its edge (the surface bulging effect) [11,12].
However, this effect is not well quantitatively known and most papers consider only the
temperature coefficient of the refractive index (dn/dT) to estimate Dy [8,13]. Moreover, how
crystal defects affect the pumping and fluorescence efficiencies and, consequently, the heat
generation is still uncertain. Although these subjects have been extensively studied, they have
proven to be quite difficult with many conflicting resultsin the literature [ 14].

The dual-beam mode-mismatched TL spectrometry (MMTLS) was developed to improve
the sensitivity of TL measurements [15]. It is a smple, accurate, and very sensitive method
for the determination of TL induced phase-shifts (up to ~A/10°) and thermo-optical properties.
It has been successfully applied to laser materials for accurate determination of thermal
diffusivity, temperature coefficient of the optical path change (ds/dT), fluorescence quantum
efficiency (77), and Auger upconversion parameter [11]. In this work, the MMTLS was applied
to an intracavity experiment, a diode end-pumped Nd:YAG laser oscillating at 1.064 and
1.34 um. Most of previous papers [4,6-9] used TL only to measure D1 while the fractional
thermal loading (the rate of heat generated to absorbed energy) and quantum efficiency were
determined by other phototherma methods or estimated from lifetime measurements and
Judd-Ofelt calculations [3,6]. In this paper, we demonstrated that the analysis of laser and TL
data (without and with laser oscillation at 1.064 and 1.34 um) alows a precise determination
of several important laser and spectroscopic parameters. D+, the pump efficiency (at 808nm),

the fractional thermal loading (¢), and the effect of ESA on ¢ at 1.34 um.
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2. Theoretical background and experiment

In the MMTLS experiment, a probe laser beam crosses the pumped volume of the sample and
consequently a change in its on-axis intendity takes place, which in the far-field is given
by [15]:

2mv 2 D
[(1+2m)2+vz]tc/2t +1+2m+V?

Where m= (Wplwex)z, V = Z,/Z. (when Z.<<Z,), Z. isthe confocal distance of the probe beam,
Z, isthe distance between the probe beam waist and the sample, Z; is the distance between the
sample and the photodiode, w, and we are the probe and excitation beams radii at the sample
position, respectively, 1(0) = I(t) when the transient timet or & is zero, t. is the characteristic
TL signal time, which is related to the thermal diffusivity by D = we?/4t., and this one to the
thermal conductivity by K = pcD, where p is the density and c the specific heat. € is
approximately the phase difference of the probe beam a r = 0 and r = /2 We, induced by TL,

whichisgiven by [11,12,14,15]:
0 _Pabs(dS)w )
A,k dT

where /,, is the probe beam wavelength, Pasis the absorbed pump power, and ¢ is the fraction
of absorbed energy converted into heat (also called fractional thermal loading). Since the
fluorescence quantum efficiency of higher-lying levels than the metastable state (*Fsy) is
negligible, Nd:Y AG can be considered as presenting only one emitting state. In this case, ¢is
given by [3,6,11,14]:

NO:N@%—zmm

qozl—ﬂp{(l—m n <//11ex>+77' %xl+a § lo } o

where 77, = 1 is the pump quantum efficiency (the fraction of absorbed pumping photons
contributing to inversion), 75 is the fluorescence quantum efficiency, 7 is the laser extraction
efficiency (the fraction of excited ions that are extracted by stimulated emission), 4 is the
laser wavelength. In the case of diode pumped Nd:YAG crystals the excitation wavelength
(Le) and the average emission wavelength ((Aemy) are 808 and 1050 nm, respectively. In
expression (3) o is the stimulated emission cross-section and cesa IS the ESA cross-section
at the laser action wavelength. Self-absorption of the fluorescence was not taken into account
in Eq. (3) because absorption at the emission wavelengths of Nd:YAG are negligible. From
the knowledge of the TL-induced phase shift (), it is possible to obtain the dioptric power
[13,14]:

_ MO _ P (ds) 4)
Dn =- g = m [dTJ(p =CPs

in which C:(M;K)‘lds/ dT is a congtant that depends on thermo-optical properties of the

sample. The parameter 6 is obtained from the fit of TL transient signal, as detailed elsewhere
[11,12,14,15]. According to Eq. (4), the product Co can be achieved from the plot of Dy
(calculated from 0) versus Paps.

The experimental setup used in this work is shown in Fig. 1. It is similar to that used in
previous works concerning MMTLS with the only difference that in this case the crystal under
study was placed in a laser cavity. The laser cavity was composed of an input mirror with
10 cm radius of curvature and a flat output coupler. Both mirrors were highly-transmitting
(HT) at the pump wavelength and highly-reflecting (HR) at the laser wavelength. The pump
source was a fiber coupled LIMO laser diode operating at 808 nm, with TMg, mode, and
quality factor M?= 3.5. The fiber has 100 um diameter, a numeric aperture of 0.22, and a
bandwidth of 1 nm. Before focusing, the laser radiation was collimated by an OFCR
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adjustable fiber collimator. The probe beam was a He-Ne laser operating at 632.8 nm. The
detection system consisted of a Si detector, a digital oscilloscope, and a computer. The pump
and probe beams were nearly counter-propagating in a small angle (<1.5°), in order to deviate
the probe beam to photodiode detector positioned in the far field. It was already demonstrated
that this small angle does not affect the TL signal [12,14]. To maximize the signal, the probe
beam was aligned to pass through the center of TL induced by the excitation beam. The
investigated sample was a Nd:YAG commercial crystal (Castech Inc.) with a nominal Nd**
concentration of 1.0 at.% and size of 1.5x2.5x3.0 mm® with the optical path along the shortest
thickness (the absorption coefficient at 808.6nm is ~9.5 cmY).

Digital . 'G I
Oscilloscope
pinhole

chopper W
Excitation Laser

HT @ 808 nm

HR (@ 1.064 or 1.34 pm HR @ 1.064 or 1.M jm
R=10cm

Fig. 1. Experimental setup for thermal lens experiments intra-cavity.

M,

3. Results and discussion

Figure 2 shows typical TL transients obtained from the Nd:Y AG samples with (at 1.064 um)
and without laser action for P,s = 0.44 and 0.40 W, respectively. The smaller amplitude of the
TL signal with laser oscillation is an indication of reduced heat generation. From the fitting

with Eq. (1), it was obtained ¢ - _(1945+02)x10%rads 6, =—(162.8%0.2)x10rad» and

no—lasing
for the two transients t.= (160 + 6) us. From thist. and W = 55 um, D = (47 * 2)x10° cm?/s
was obtained, in agreement with the expected value for Nd:YAG crystal [1,2,14,16].

asing

= 1125] ° without lasing (P, = 0.40 W)
c e
S
» 1.100} g
-
1075y , o with lasing (P, _=0.44 W) 1
N 1050} f 1
® { e
€ 1005l § — Theoretical fitting
<3 I
Zi000fd ]
0 25 50 75 100 125
Time(ms)

Fig. 2. Normalized TL signal from Nd:Y AG crystal with (at 1.064 um) and without laser action. The
absorbed pump powers were 0.40 and 0.44 W for no-lasing and lasing conditions, respectively.

The measured laser curve and Dy versus Pg,s without and with laser operation at
1.064 pm is shown in Fig. 3 (8). The data are very well fit by straight lines with a clear
distinction between before and after laser threshold. This indicates that an abrupt transition
from 7, = 0 (no lasing condition) to 7 = 1 (under lasing operation) takes place [Egs. (3) and
(4)]. The correspondents Co parameters obtained from the linear fit of Fig. 3 (a) data were
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Colhormng = (32.2%0.4) MW and cy® = (25.3+0.7) mYw - S0, 1.064um laser action reduces the

lasing

thermal load by ~21% as predicted by Brown [16]. In order to interpret these results, severa
spectroscopic features of Nd:Y AG have to be considered. A nonunitary 7, would account for
nonunitary transfer efficiency from pump to metastable level or dead sites [3]. In some
Nd:YAG crystals, a broad absorption band can be noticed in the visible indicating color
centers or some defects [3,14,20]. However, in the near infrared range (730 — 900 nm) an
overall coincidence is observed between the absorption, excitation, and photothermal spectra,
which present only the characteristic of Nd*" line sharps [14]. Then, 17,=1 can be assumed for
excitation a 808nm. By a simple inspection of the energy level diagram of the Nd:YAG
system, ESA at 1.064 um should be negligible. Therefore, we can assume oesa/ o=~ 0 in Eq.
(3). This assumption is not only supported by previous spectroscopic works [17,18], but also
by the absence of any additional visible luminescence (upconversion) originated from higher
energy levels in laser-on conditions. Comparing the values with and without laser action by
means of the following equation:

D—Pf lasing _ ¢no|asing _ 1_771‘2’9( /<ﬂ’em> (5)

D‘:'aLsmg - ¢Iasirg - 1- ﬂ’ex/&
the fluorescence quantum efficiency 7 = (0.90+0.03) was obtained. Using this 7; value in
Crorming = (32.2£0.4) m™/W [Eq. (3) with 77 = 0], C = (105+5) m™Y/W was calculated. Since

Cz(m/vij)’lds/dT, with K = 13 W/mK and we = 55 pum, we have found
ds/dT = (13.020.7)x10° K™, These 7 and ds/dT values are in good agreement with those
previously determined for 0.75 at.% doped Nd:YAG crystal using multiwavelength TL
spectroscopy, 77 = (0.95+0.02) and ds/dT = (13.7+0.9)x10° K™ [14].

S 40F T . T = 40F T T T T 3
Eal Mg =1.064 pm gy hor=1.34 pm ]
220} Laser Threshold 2200 Laser Threshold ]
& 10} ]
&0 e
- = no lasing i
I;E/lo . Iasmg 1
o s 1
II¢5_ .

0 80 160 240 320 400 480 0 80 160 240 320 400 480

Absorbed pump power (mW) Absorbed pump power (mW)

Fig. 3. (a) Laser emission at 1.064 um (top), TL dioptric power (bottom) with (circles) and without
(sguares) lasing at 1.064 um; (b) Laser emission at 1.34 um (top), and TL dioptric power (bottom) with
(circles) and without (squares) lasing at 1.34 um as a function of the absorbed pump power for
Nd:Y AG doped with 1.0 at.%.

Most papers on TL in end-pumped solid-state lasers analyze their results considering in
Eg. (4) only dn/dT instead of ds/dT, as modeled by Innocenzi et al [13]. However,
Neuenschwander et al [7] observed a TL focal length 30% smaller (or larger Dy) than that
predicted using dn/dT and attributed this difference to the surface bending (bulging), stress,
and strain induced refractive index change. All these effects can be taken into account
replacing dn/dT by an effective ds/dT [12,14] (note that Dy < ds/dT by Eg. (4)). An
approximated simple analytical expression is available for two geometries: disk (L<<Dgy) and
rod (L>>Dy), where L and Dy represent the cylinder length and diameter, respectively. In the
case of Nd:YAG, d¢/dT is larger than dn/dT by a factor of 1.3 and 2.2 for rod and disk
geometry, respectively [1,14]. Neuenschwander et al. [ 7] obtained afactor 1.3 as expected for
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rod geometry (in their experiment L = 4D4). We obtained a factor 1.8 (lower than 2.2)
probably because our sampleis not thin enough, L = Dg/2.

T > 1.00 T T T
12t E
= 8 (b) a=134pm
o
8 10 = 0.95 J
g‘ 08} 5
e £ 090} E—
> .
€ 06 % ﬂf, maximum
% 0al 50_85_0ur ple: |
E g n;f, minimum
02f =] L
Lu L—L 080 1 :I 1 1 1
0.0 0.1 0.2 0.3 04 05 0.6

O ) 1 1 1 1 1
500 520 540 560 580 600 620 640 /
Wavelength (nm) O/ O
Fig. 4. (&) Visible luminescence spectra of the Nd:YAG crystal in the presence and absence of laser

oscillation at 1.34 um. The absorbed pump power was 0.40 W. (b) Fluorescence quantum efficiency

Versus Gesp/Ose Obtained from the ﬂlﬁéﬂﬂ and Prores data using Eq. (3).
nolasing

The discussion about 7 will be made after the analysis of the data obtained for 1.34 um
laser action shown in Fig. 3 (b). At variance with the case of laser action at 1.064 pm
(Fig. 3 (@), the thermal loading is increased in the presence of laser oscillation. In fact,
Catd = (522 mYW which is twice larger than that with laser operation a 1.064 pm and

62% larger than without laser action. A similar increase of thermal load (~2x) was observed in
Nd doped YAG and vanadate crystals [6,19], when compared 1.064 and 1.34 pm laser
oscillation. There are severa reasons for the higher thermal loading observed for 1.34 um
laser operation. Firstly, the higher quantum defect due to the longer laser wavelength.
Secondly, we have observed a strong green luminescence originated from the active volume
when laser oscillation is achieved (see Fig. 4 (8). This 1.34 um laser induced visible
fluorescence has been attributed to ESA of laser radiation resulting in a population of the Gy,
state (Auger upconversion is less possible, given the doping levels of the studied sample
[4,5,18]). Consequently the assumption cesp/ o = 0, made for the case of 1.064 um laser
operation, is not longer valid for analysis of the 1.34 um laser oscillation data. The effect of
Oesa IS equivalent to increase the quantum defect since A, is multiplied by the factor
(1+oesa/ o). Subsgtituting the experimental data of P 1a%, in Eq. (3), the value

Oesa/Ose = 0.19+0.02 is obtained in good agreement with Gesa/Gse = 0.14 (at ~1.34 um,
Gesa~ 8x10% cm? and 6=~ 5.8x10% cm?) estimated from ESA data, which are not very
accurate (ESA experiment presents serious problems of calibration) [17,18]. Then, using
Oesa/0se = 0.19+0.02 and the data of a-:_‘n‘g | Groraing WE obtained 7; = 0.90+0.04, corroborating

the 75 value previously caculated from P Prorasng Alternatively, we could use

D | Protasing data assuming Gesa/ose= 0.14 (from ESA data) to obtain 7;= 0.92, in agreement

with the previous value. According to this procedure, Fig. 4 (b) simulates the effect of
Oesa/Ose ON 77, calculated from (p,laj.“né‘m and Droting data using Eqg. (3). The effect of 77, was

aso investigated and indicates that decreasing the value of 77, and/or 7; implies in Ggsa/Cse
much higher than 0.2, which isin contradiction with ESA dataat 1.34 um. For instance, using
77, = 0.90 with (plggﬁg ! Protasing datawe aobtain 77; = 0.86 and ogsa/ose =0.57. Thus, we concluded
that our data corroborate the assumption of unitary 77, for excitation at 808nm and 7; = 0.90

(@no 1asing = 0.30). Our results are also consistent with @ 1asing = 0.27 and 73 = 0.95 obtained by
TL in a 0.75 at.% doped Nd:YAG crystal [14]. Both results are in agreement with the
calculated 7Jca = Texp/Trag. From Judd-Ofelt analysis it is expected T = 259us in excellent
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agreement with lifetime measurements of diluted crystal (tep = 260us), since multiphonon
decay should have negligible effect. Due to cross relaxation ion-on interaction e, decrease
with Nd* concentration and for ~1 at.% doped Nd:YAG crystals it is expected 774 =~ 0.9
[2,20]. However, it should be noticed that 73, might depend on crystal preparation procedures
since nonunitary pump efficiency is usually attributed to defects or impurities [3,14,20].

4, Conclusion

In summary, we have applied the MMTLS to analyze the pump and laser induced thermal
lensing of Nd:YAG crystals operating at 1.064 and 1.34 um laser channels. This method is
characterized by its smplicity, sensitivity, and accuracy, providing information about TL and
other physical properties. We obtained fractional thermal loadings of = 0.30, 0.24, and 0.49
for the cases of no lasing, laser oscillation a 1.06, and laser oscillation at 1.34 um,
respectively. We conclude that for excitation at 808 nm, the pumping efficiency is close to
unity and the fluorescence quantum efficiency is = 0.90. We have found that ESA plays no
role for 1.064 um laser oscillation but for 1.34 um laser it increases the fractional thermal
loading by =23%. Besides, the TL results evidenced the importance of the end-face curvature
or bulging effect (ds/dT = 1.8xdn/dT) in the TL created in Nd:YAG lasers. It is worth noting
that, all these parameters were obtained with the system in real laser action, differently from
previous TL experiments [5, 11, 14]. All experimental data (with and without laser action)
could be described by a simple theoretical model that depends critically on the above-
mentioned spectroscopic and thermo-optical parameters. In addition, with the present
approach additional parameter such as pump quantum efficiency, effect of ESA on the laser
emission, etc were obtained.
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