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Abstract: Temperature dependence of thermal effect for neodymium
doped yttrium orthovanadate crystal is quantified by measuring its dioptric
power. With the boundary temperature range from 293 K to 353 K, the
increase of fractional thermal load (lasing at 1064 nm, pumping at 888
nm) is from 16.9% to 24.9% with lasing, which is attributed to the rise
of upconversion parameter and thermal conductivity. The influence of
the boundary temperature on the output characteristic of a high-power
single frequency laser is also investigated. The maximum output power
decreases from 25.3 W to 13.5 W with the increase of boundary tempera-
ture from 293 K to 353 K. Analysis results indicate that further power
scaling can be achieved by controlling the Nd:YM®mperature to a lower.
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1.

Introduction

The Nd:YVO, (Neodymium doped yttrium orthvanadate) transitions at 1064 nm have been
widely used for laser applications, because it offers several advantages over other laser sys-
tems: its large stimulated-emission cross section at 1064 nm and high absorption over a wide
pumping wavelength bandwidth allow a low laser threshold and a high slope efficiency, YVO
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crystal is naturally birefringent and laser output is linearly polarized, which avoids undesirable
depolarization loss [1]. The transition 6F3/2-4I11/2 is a four-level process with fast multi-
phonon transitions populating the upper and depleting the lower laser level. Due to the energy
difference between the pump and the laser photons, the optical pumping process is associated
with the generation of heat. The thermal effect has a number of undesirable consequences, such
as spherical aberration with consequent degradation in laser beam quality and resonator losses.
Ultimately, rod fracture will occur [2]. Additionally, the thermal lens (TL) resulting from the
thermal effect is a critical factor for optimizing resonator design and scaling the output power
of the laser [3]. So mitigating and quantifying the thermal effect have been the focus of the
study of high-power lasers [4, 5].

In-band pumping is one of the best methods of reducing the quantum defect heating. How-
ever, due to the influence of energy transfer upconversion (ETU) and excited-state absorption
(ESA), the quantum defect is not the only factor of determining the thermal effect [5-9]. Some
papers have mentioned a significant impact of doping concentration and laser regime (lasing
or nonlasing) on the thermal effect of the Nd:YY®©rystal [10-13]. Comparing with lasing,
the Nd:YVQy laser system exhibits a significantly increasing thermal effect under conditions
of nonlasing [10, 14]. This behavior has been explained by probability increase of ETU owing
to higher population density in the upper lasing level [10, 15]. The phenomenon that the ther-
mal effect arises with the increase of doping concentration attributes to smaller ion spacing in
higher doping crystals, which increase the probability of ETU [16]. The ETU processes cause
extra heat to be generated in the Nd:Y)V@ystal, exacerbating thermal problems caused by
the conversion of pump power into heat.

Recently, some authors did also mention a significant impact of temperature on Ngi:YVO
emission wavelength, emission cross section, and line width, at the emission wavelength around
1064 nm [17-19]. However, until now, the influence of absolute boundary temperature of
Nd:YVQOq, crystal on the thermal effect and the output power of high-power laser has not been
studied.

In this paper, the influence of the boundary temperature of Nd.)®®the thermal effect
(related to the fractional thermal load induced from quantum effect and ETU) and laser perfor-
mance is investigated in detail. In order to quantify the thermal effect, we measure the dioptric
power of the Nd:YVQ crystal at different boundary temperatures with lasing. Based on the
measuring results, we simulate the fractional thermal load and the upconversion parameter at
different boundary temperatures. With lasing, the upconversion parameter increases with the
rise of the boundary temperature. The input-output relationship over the usual laser operation
temperature range is shown, respectively. The results show that the thermal effect intensifies,
the maximum output power and conversion efficiency decreases, with the rise of boundary tem-
perature.

2. Theoretical background

During the optical pumping process, a fraction of absorbed pump power is converted into
heat, generating a radial temperature gradient. The temperature gradient results in refractive
index gradient and stress-dependent refractive gradient along the radial directions of the laser
medium, and consequently, creating a lens-like element in the crystal. The focal length of the
TL is in inverse proportion to its dioptric power, which is a critical factor for laser design. In
order to make the measuring results of the TL correspond to the actual laser setup, the TL is
indirectly calculated by measuring the parameter of the output beam (the waist size or diver-
gence angle) of the Nd:YVgXxsingle frequency laser system. The parameter of the output beam
is measured via a Kmeter (DataRay. Inc).

The single-frequency laser cavity can be described in terms of an infinite wave-guide of
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repeated optical components. The optical path for one round trip inside the resonator can be
expressed by ABCD transfer matrix, which is obtained from the individual ABCD matrices of
the resonator components. In view of the astigmatism of off-axis concave mirrors in the ring
cavity, we build the ABCD transfer matrix in the sagittal plane or the tangential plane, and
then measure the characteristic of the output beam (the waist size and divergence angle) in the
corresponding plane via adMeter. In these optical components, except for the focal length
of the TL, all other optical components are known. Once the characteristic of the output beam
(the waist size and divergence angle) is measured, it is very easy to deduce the focal length
of the TL (that is dioptric power) of the gain medium [20]. The accuracy of this technique is
limited by the uncertainty in the measurement of the cavity length, the incident angle of the
concave mirrors, and the output beam parameter. The combined of these uncertainties results
in systematic error for the dioptric power within the rang@0% [21].

In addition, the dioptric poweD, can be given by [22]:

_ MnPaps ds
K wg dT

(1)

in which P4y is the absorption pump power, which can be expresseB>bjl-exp(-al)], P
is the pump powerg is the absorption coefficient,is the length of the Nd:YV@ n, is the
fractional thermal loadK is the thermal conductivityy, is the pump beam radius, adddT
is the combined effects of the temperature-dependierd() and stress-dependent variation of
the refractive index of the gain medium. The temperature-dependent variation of the refractive
index constitutes the major contribution of the dioptric power, whilst the stress-dependent vari-
ation of the refractive index has a minor contribution. The percentage weight of the combined
effects of the stress term is less than 3.7%, so we neglect the influence of stress-dependent
variation of the refractive index on the dioptric power in the analysis process [23].
The pump beam radius, is constant for the specific experiment. Both the thermal conduc-

tivity K and the thermo-optical coefficied/dT are related to the temperature of the Nd:YA/O
. The variation of the boundary temperature does also result in an opposite change in thermal
conductivityK and a positive change in thermo-optical coefficieémdT. The temperature de-
pendence of thermal conductiviyis approximately given by

MU:M% (2)
WhereT is the absolute temperature aglis the thermal conductivity at a characteristic tem-
peratureTg. For Nd:YVO,, Ko =5.23 W/mK at Tp=300 K. Based on the Eq. (2), the thermal
conductivityK at different boundary temperature can be calculated. The temperature depen-
dence of thermo-optical coefficiedt/dT is approximately expressed by [24]

dn(T)
dT

WhereA andB are constant. HoweveB is only less than 10* of A (the uncertainty of the
dn/dT is only 0.1% or so in the temperature range of our measurement), the dependence of the
dn/dT on the temperature can be neglected.

Generally, the fractional thermal loag), is only related to quantum defegy, (defined by
(Ai-Ap)! A, where), is the laser wavelength arig is the pump wavelength). However, due to
high population inversion in high power laser, ETU process must be considered, accompanied
by additional heat sources, then the fractional thermal load can be higher than the one brought
by only quantum defect. If we consider the influence of ETU process on the fractional thermal

= A—B(T —296) 3)
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load, ny can be expressed as [11]:

Ap An 2
nh_nq+R}\|(an+yAn ). 4)
wherernq is the thermal load induced from quantum def&ds the pumping rate and is given by
R=Pa,/hvpV, yis the upconversion paramethyy, is the pump photon energy, is the volume
of pumping region in Nd:YVQ), 1 is nonradiative decay timén is the population inversion
density. For the sake of simplicity, the nonradiative detawre supposed to be constant at dif-
ferent boundary temperatures, and the population inversion déwsitges only have relation
to the losses of the laser, independent of the absorbed pump power, above threshold.
Considering the ETU effect, the expression for the dioptric pdwbecomes:

D = CK 11npPaps. (5)

whereC=(nwF2,)*1ds/dT. For the positive experiment systef@ s a constant. Substituting (4)
into (5), the dioptric poweb can be found to be

D= CKflanastrc:K*thV(? + yAn?). (6)
nr

It can be found, from Eq. (6), that the dioptric povizers theoretically linear with the absorp-
tion pump poweiP,ps at a certain boundary temperatu@K —1nq stands for the slope of the
line, CK~thvV (An/ Ty 4 yAn?) stands for the intercept of the line. Based on Eq. (6) and the
measuring results of the dioptric powerwe deduce easily the reasonable parameter value of
Eq. (6) to fit the measuring results. Firstly, on the basis of the slope of fitting line, the parame-
ters C, K1, Nq) relating to the slope can be determined. Then, according to the intercept of the
fitting line, the upconversion parametecan be easily obtained. Meanwhile, the dependence
of the fractional thermal loagy, on the boundary temperature can be also calculated.

The nonradiative decay ting, is only related to doping concentration of the crystal. The
fluorescence lifetime is measured to be §7s for 0.8% doped crystal used in our experiment.

On the basis of the expression of the fluorescence lifetime=11/1sp + 1/Tnr, Tsp Is the
spontaneous lifetime), we obtain easily that the nonradiative decayrtjine669us.

The population inversion densifyn above threshold does only depend on the laser loss. For
end-pumped lasers with Gaussian pump beam profile, the laser loss increases significantly with
the increase of the absorption pump power due to the aberrated nature of thermal lens, which
results in an increase of the diffraction loss [25, 26]. As a result, the population inversion density
Anis not held constant with the change of the pump power. However, the current laser pumped
by a fiber-coupled laser diode with ‘“Top-hat’ beam profile, the thermal lens has no high-order
phase aberration within the pumped region. We do always ch@pse wy to eliminate the
high-order aberration and the diffraction loss during the measuring process [27]. At the same
time, in order to minimize the influence of the variation of the pump power on the diffraction
loss, the measurement results of the dioptric power are limited to the range of 6t8 gim 1.

The radius of the corresponding laser mode, at the position of the laser crystal, is only in the
range of 416um to 426um, which is less than that of the pump mode. Thus, the dependence of
the population inversion densify\n (relative to the diffraction loss) on the dioptric power can

be neglected, the population inversion denAityis considered as a constant within this range.

According to the nonradiative decay tinig, the population inversion densifyn, and the
intercept of the fitting line, the upconversion paramegteain be easily obtained at every bound-
ary temperature. According to the measuring results, the dependence of the fractional thermal
load n, on the boundary temperature can be also calculated.
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3. Experimental results and analysis
3.1. Upconversion parameter and fractional thermal load

With the model above, we consider the upconversion-induced heat generation in Ngd:YVO
crystals, which is end-pumped by a fiber-coupled laser diode at different boundary tempera-
tures, and establish the relation between the dioptric power and the absorbed pump power based
on the measuring results. The Nd:YY®@rystal is wrapped with indium foil and mounted into

a copper housing, whose temperature is controlled by a thermoelectric cooler. A thermistor is
embedded in the copper housing to measure the boundary temperature of the laser crystal. A
figure “8” ring cavity is adopted to obtain the dioptric power by measuring the parameter of the
output beam [28, 29]. Subsequently, we calculate the dioptric power in the boundary tempera-
ture range of 293 K to 353 K based on the measuring results of the parameter of the laser output
beam. Further reducing the boundary temperature to 283 K, the end-faces of the NdwWINO

be covered with steam since they are exposed to air. Ultimately, the Nd; Y\&Cture will

occur.

293K

8.0 -

75

O o> PO HE

7.0

6.5 -

Dioptric Power (1/m)

6.0 -

55 PR T T R TS S SRS E S ST |
30 35 40 45 50 55 60 65 70 75

Absorption pump power (W)

Fig. 1. Dioptric power versus absorbed pump power at 7 different boundary temperatures
ranging from 293 K to 353 K. Dots are measuring results of the dioptric power and the
lines are the theoretical fitting.

Figure 1 shows the experimental data and theoretical fitting of the dioptric power at different
boundary temperatures of Nd:YMOThe experimental results show that the dioptric power
almost linearly increases with the absorbed pump power between 293K and 353K. We know,
on the basis of the analysis of section 2, that the thermo-optical coeffanédi, nonradia-
tive decay timery,, and population inversion densityn keep small variation with the change
of the temperature and pump power. In the theoretical simulation, the invariable parameters
at different boundary temperatures are shown as folloa/sT=3.0x10 % K1, 1,,=669 us,

An = 0.5 x 10?4, wp=533 um, nq=16.5%. The thermal conductivit§o at To=300 K is 5.23
W/m-K. The values of the upconversion paramegeobtained from Eq. (6) and the fitting
curves, are 14102t m¥/s, 4.5<10°21 m%s, 6.1x10° %1 m?/s, 7.8<10 2 m%/s, 10.3¢10"2%
md/s, 12.8< 10 22 m¥/s and 16.5 10 2! m%s, respectively, at the boundary temperatures of
293 K, 303 K, 313 K, 323 K, 333 K, 343 K and 353 K. However, limited by the tempera-
ture gradient within the Nd:YV@and the uncertainty of measuring results, the results do only
demonstrate the trend of the upconversion parametéth temperature, and can not indicate
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Fig. 2. Upconversion factoyr and fractional thermal loagy, versus boundary temperature
of the Nd:YVQy crystal.

accurately they value at different temperatures. The trendg)efandy at different boundary
temperatures are shown in Fig. 2. The analysis results show that the fractional thermp| load
and the upconversion parametgancrease with the rise of boundary temperature of Nd:¥VO
crystal. The phenomenon can be explained by the fact that the efficiency of the spectral over-
lap between laser transition and upconversion transition increases with the rise of boundary
temperature. It is due to the thermally induced line broadening mechanism in the absorption
(emission) line of acceptor (donor) ion, thermally induced band shifts as well as thermally in-
duced changes in the population of different®Naub-Stack levels [16, 30, 31]. The thermal
broadening and shift of the transition line attribute to direct one-phonon process and station-
ary effects of the phonon-ion interaction [32, 33]. The increase of the upconversion parameter
intensifies the nonradiative transitions, as a result, the fractional thermajjaadreases.

To the best of our knowledge, it is the first time that the dependence of the upconversion
factor and the fractional thermal load on boundary temperatures in Nd;Y¥¥@stimated.
The probable reasons why there is a deviation between the experimental data points and fitting
curves is that the dioptric power depends on several experimental factors and crystal parameters,
such as the temperature dependence of the thermal conductivity, thermo-optical coefficient, etc.

3.2. Laser experiments

The scheme of the laser cavity is shown in Fig. 3. Based on the ABCD transfer matrix and
the condition of the laser stable mode operatidA4{D| <2) [34], considering the optimal
coupling condition of intracavity frequency doubling laser and the minimum thermal effect
of the Nd:YVQ, crystal, the cavity length of the ring cavity is determined. The distance be-
tween Mgy and M, is fixed at 95 mm and the length of the laser path outsideakid M,

(M1 =>Ma+My —M3+My —M7 ) is kept at 604 mm. The function of the beam radiu@t

the position of the Nd:YVQ@ crystal) versus the thermal lefisis shown in Fig. 4. It can be
seen that, if the thermal legfluctuates in a range around 100 mm (about from 88 mm to 262
mm), the laser can still operate in the stable region. Further shortening the length between M
and M, the stable region of the laser operation moves toward shorter thermé&{.letfmvever,

it must be said that shorter cavity length makes the stable region of the laser operation narrow,
which is adverse to the stability of the laser. Thus, the maximum output power is also limited

#191256 - $15.00 USD Received 28 May 2013; revised 12 Jul 2013; accepted 12 Jul 2013; published 19 Jul 2013
(C) 2013 OSA 29 July 2013 | Vol. 21, No. 15| DOI:10.1364/0E.21.018068 | OPTICS EXPRESS 18074



by thermal lens driving the cavity towards the boundary of stable region. At certain laser, the
thermal lens (dioptric power) is only dependent of a combination of fractional thermahjpad

and absorption pump pow®s. In order to increase the output power of the laser, the only
method we can do is that minimizes the fractional thermal Iggdto enables higher pump
power to inject, while does not increase the thermal load of the gain medium. According to
the measuring and analytic results of section 3.1, the lower boundary temperature is benefit of
mitigating the fractional thermal loag}, and increasing the output power of the laser.

Pum
p » M,
LD n ﬁ
~
M, Power
measurement
Single
frequenc
q y M,

operation Etalon

LBO

]\'44 :l“"“:

< A

pR
Y

Ve

Fig. 3. Experimental setup of the single-frequency green laser. TGG: terbium gallium gar-
net; HWP: half wave plate; LBO: lithium triborate.

The Nd:YVQ, crystal has a wedge shape end-facet of 1.5-degree at the exit facet [35], doped
concentration of 0.8% and length of 20 mm. A LBO crystal, with the dimensions 8315
mm? and type one non-critical phase matching, is used as the nonlinear crystal for intracav-
ity frequency-doubling. To maintain the unidirectional operation of the laser, an optical diode
consisting of a 10 mm-long terbium gallium garnet (TGG) rod and an AR-coated zeroth-order
half-wave plate (HWP) at 1064 nm is applied. A magnetic field of 0.6 T is forced on the TGG
rod to provide about 6-degree polarization rotation for the fundamental wave. An etalon is in-
serted into the laser resonator as a spectral filter to narrow the gain bandwidth and ensure the
stability of the single-frequency operation.

During the process of increasing pump power, the thermal load of the laser crystal increases
gradually, thef; shortens gradually. Until thg is less than 262 mm (from Fig. 4), the laser
satisfies the condition of the stable mode operation and starts to oscillate. When the boundary
temperature of the Nd:YV@crystal is controlled at 7 different temperatures ranging from 293
K to 353 K, the output power vs. the absorption pump power is shown in Fig. 5. The pumping
threshold at the boundary temperature of 293 K is about 21.1 W, while it is 17.9 W at 353 K,
which is lower than that of 293 K. This can be explained by the langext 353 K, in which a
lower power level is enough to make<262 mm, the laser starts to oscillate.

After the pump power exceeds the threshold, the output power increases monotonously with
pump-power until it reaches the maximum value. However, owing to the discrepangytbe
laser shows different output power characteristic curves for these cases of different boundary
temperatures. This phenomenon can be explained by the conclusion that the fractional thermal
load n, increases with the rise of boundary temperature with lasing. At the boundary tempera-
ture of 293 K, the lowest temperature in our experiment, the fractional thermahjaadower,
which permits higher pump power to inject meanwhile keeps the cavity in the stable region.
25.3 W of output power of single-frequency green laser is obtained at the absorption pump
power of 78.5 W. However, for the boundary temperature of 353 K, due to the larger fractional
thermal loadqy, a lower pump power can induce enough dioptric poyeind make the laser
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Fig. 4. Beam radius of fundamental wave in Nd:YY& a function of thermal focal length
of the Nd:YVQy crystal.
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Fig. 5. Laser output power vs absorption pump power at 7 different boundary temperatures
ranging from 293 K to 353 K.

out of the stable region. Only 53 W of the absorbed pump power can be injected, correspond-
ing to a maximum output power of 13 W. The similar analysis is omitted at other temperatures.
According to Fig.1 and Fig. 5, we know that all the maximum output powers at different bound-
ary temperature are obtained under the condition of the same dioptric power. At this point, the
mode radius in the nonlinear crystal is the same, which corresponds to the same conversion
efficiency of the intracavity second harmonic generation. So the dependence of the harmonic
output power on the boundary temperature can fully represent that of the fundamental wave.

Figure 6 shows the functions of the maximum output power and conversion efficiency ver-
sus the boundary temperature of the Nd:Y)/@ystal. The maximum conversion efficiency
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Fig. 6. The dependence of the maximum output power and optical-optical conversion effi-
ciency upon the boundary temperature of the Nd:\,\d@ystal.

decreases with the rise of boundary temperature, which results from the decrease of SECS
(stimulated emission cross section) [17-19] and the increase of ETU process [6]. Reduction in
the maximum output power is a superposition result of the decrease of the conversion efficiency
and maximum absorbed pump power. The maximum absorbed pump power is limited by the
fractional thermal loady,,, which is in close approximation of quantum defect with the reduc-
tion of boundary temperature. On the basis of the above analysis, we believe that further power
scaling can come true by reducing the Nd:YM@mperature to less than 293 K.

4. Conclusion

In summary, we have analyzed the thermal effect of Nd:Y\é®ystal operating at different
boundary temperatures by measuring the dioptric power. In combination of the theoretical anal-
ysis with measuring results of the dioptric power, we obtain the fractional thermalrgad

and the upconversion parameteat different boundary temperatures. In the analysis process,
since these parametedn(dT, An) have a very small temperature coefficient, its influence on
the dioptric power can be neglected. We consider mainly the temperature-dependent thermal
conductivityK and obtain the dependence of the upconversion parameterthe boundary
temperature. Measurement and analysis results show that the valyearady present a con-
siderable increase with the increasing of boundary temperature under the condition of lasing.
The increase of is explained by the fact that the efficiency of the spectral overlap between laser
transition and upconversion transition increases with temperature. As a result, the nonradiative
transition enhances gradually, which makgget into a higher level.

Subsequently, we construct the experimental setup of high-power single-frequency laser and
measure the output characteristic of the laser at different boundary temperatures. Experimental
results show that the maximum output power and conversion efficiency of the laser decreases
obviously with the rise of boundary temperature, which is attributed to low SECS and high
upconversion parameter. In addition, the increagjpguith the rise of temperature limits the
maximum pump power injecting, which is another reason that the maximum output power
decreases.

Therefore, designing a high power Nd:YY@ser system does not only involve managing
thermal lens resulted from the temperature gradient, but also involves working with laser crys-
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tals having lower performance due to the absolute boundary temperature increase. Base on the
experimental and theoretical analysis results, it is certainly possible to scale the output power
to higher by controlling effectively the Nd:YVQtemperature to a lower.
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