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The thermal effect in diode-end-pumped
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The thermal effect and the heat generation in diode-end-pumped continuous-wave 914-nm Nd:YVOy lasers are

investigated in detail. A theoretical model of a diode end-pumped solid-state laser is constructed to analyse the influence

of fractional thermal loading on the thermal effect in the Nd:YVOy4 laser based on finite element analysis. The thermal

focal lengths and the end-surface deformations of laser rods in Nd:YVO4 quasi-three-level and four-level lasers are

measured and compared with the results obtained by ordinary interferometry for the demonstration of higher thermal

loading in 914-nm laser. Finally the fractional thermal loading in the Nd:YVOy4 quasi-three-level laser is calculated by

matching the experimental and the simulated end deformations.
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1. Introduction

Lasers around 900 nm play an important role in
many applications especially in generating blue lasers
by frequency-doubling, which could be widely used in
the fields of underwater communication, optical data
storage, full color display, high resolution print and
so on. As the most promising candidates for generat-
ing lasers around 900 nm, diode-end-pumped Nd3*-
doped quasi-three-level lasers have attracted much at-
tention since first introduction by Fan and Byer in
1987.[1=31 While lasers around 1.06 pum emitting from
the four-level transition have achieved high power and
efficient output, the performance of quasi-three-level
Nd3*-doped lasers is not perfect enough, restricted
mainly by some natural defects. First of all, the simu-
lated emission cross (~ 1072 em?) is only about 1/10
of the main four-level transition. Secondly the thermal
population existing in the lower level leads to strong
re-absorption of the oscillating laser.[¥! To overcome
the disadvantage and realize high power output in
Nd3*-doped quasi-three-level lasers high pump power
intensity is required, which induces some inevitable
negative influences on the laser performance. Pri-
marily non-radiative process would be enhanced such
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as ground state absorption, energy-transfer upconver-
sion (ETU) and excited-state absorption (ESA), which
would result in additional heat generation and reduc-
tion of inverse population density.[>6] The extra heat
makes the temperature higher and the thermal lens-
ing effect more serious in the laser rod than those in
the four-level lasers, which is consequently the leading
factor restricting the characteristics of Nd3t-doped
quasi-three-level lasers.

Due to the significant influence on the laser per-
formance, many methods have been used to reduce
the thermal effect in Nd3t-doped quasi-three-level

lasers.[7-8]

However there has only been experimen-
tal study or theoretical estimation carried out on the
thermal effect in Nd3*-doped quasi-three-level lasers
as done in four-level Nd3*-doped lasers.®=1 The ex-
tra heat generation in Nd3t-doped quasi-three-level
lasers, brought by the ESA and ETU effects has not
been analysed quantificationally either, despite of its
importance, which makes neither the fractional ther-
mal loading determined nor the thermal effect evalu-
ated precisely in Nd3*-doped quasi-three-level lasers.
The fractional thermal loading represents the frac-
tion of absorbed pump power deposited as heat in
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the laser medium at laser operation, which is a cru-
cial factor in analysing the thermal effect of the solid-

g [12—14]

state laser However the magnitude of frac-

tional thermal loading in Nd®t-doped quasi-three-
level lasers is still ambiguous.!*>-16]

In this paper the thermal effect and the heat gen-
eration in diode-end-pumped continuous-wave (CW)
914-nm Nd:YVOy, lasers are investigated comprehen-
sively. According to the theoretical finite element
analysis (FEA) model in diode end pumped solid-state
lasers the influence of fractional thermal loading on
the thermal effect in the Nd:YV Oy laser rod is demon-
strated. A simple interferometry is used to measure
the thermal focal lengths and end-surface deforma-
tions of laser rods in Nd:YVOy quasi-three-level and
four-level lasers for the illustration of the serious ther-
mal effect in the 914-nm laser, induced by the higher
fractional thermal loading. Finally the fractional ther-
mal loading with considering other nonlinear effects in
914-nm Nd:YVOy, laser is evaluated by matching the
experimental and simulated end-surface deformations.

2. Theoretic analysis on thermal
effect in Nd:YVO, laser

In a diode-end-pumped lasers the temperature
distribution (T'(z, y, z)) and the thermal effect of the
laser rod depend mainly on the heat flux induced by
the pump power. The heat flux Poisson equation de-
scribing the relation between temperature distribution
and heat flux is shown as follows:[!7:18]

k- V2T (z,y,2) + ¢ (z,y,2) =0, (1)

where k is the heat conductivity of the laser rod
and ¢ (x,y, z) is the distribution function of heat flux
transformed from the pump power. Considering the
accuracy and for the simplification of the analysis, the
pumping beam profile of a fiber-coupled diode-laser
output is assumed to be approximately in multimode
Gaussian distribution. The heat flux in the laser diode
end pumped system could be expressed as

. «
q(2,y,2) = Puép(z,y,2) 1= exp(—az)

x exp (—az), (2)

where £ is the fractional thermal loading, « is the ef-
fective absorption coefficient, P, is the incident pump
power, and p(z, y, z) is given by

p(x,y,2) = — u)22 B exp l_Qq(sz (er)y ) . (3)

where wp(z) is the normalized distribution of pump
light
1/2

(4

wy (2) = wpo 1+

ApMp (2 — ZO)] :

Tnw?,
with wpo being the beam waist radius, zp the beam
waist location, A, the pump wavelength, Mg the beam
quality. Since the contact between crystal and heat
sink is not ideal, the temperature (73) at the edge of
the laser crystal could not be equal to the temperature
(T.) of heat sink.[] The realistic condition follows a
Newton-type law of cooling and the conduction rela-
tion could be described as

aT
_kain = h(Ts — T¢). (5)

In addition, the thermal stresses in the radial and axis
directions in the laser rod would be induced by the in-
evitable temperature gradient. According to thermoe-
lasticity the mechanical stress and mechanical strain
distribution is discussed here. The equations of equi-
librium of stresses in the Cartesian coordinates are

given by
00py  00gy 004 0
Ox Oy 0z
004y | Ooyy 0oy, 0
Ox Oy 0z
00, Ooy, 00, o, (©)

Ox dy 0z

where the stress components o;; and o;; (i # j) repre-
sent the normal component and the shear component
respectively, with the subscript ¢ or j denoting =z, v,
and z. The strain-displacement relationships are ex-
pressed as follows:

fre = Thy Sw Ty Oy ox )’
Ouy 1/0u, Ou,
=y =3\ ey )

ou 1/0u ou
Ezz = Za Ez0 = &% z + z 5 (7)

0z 2\ Oz 0z
where €;; are direct strains in the z, y, and z directions
and e;; (i # j) are shear strains, u; are the displace-
ments in the z, y, and z directions. Based on Hooker’s

law the strain—stress relations in anisotropic crystal is
expressed as

Oxax = 2’75xx + 5mz [Ce - (3C + 27)0‘11T(1'7 Y, Z)]’
Oyy = 2761;1/ =+ 5yy [Ce — (3C + QW)OKCT(J;7 Y, Z)]’
Ouy = 2VE,, + 6zz[Ce — (3( + QW)QCT(I',ZJ, Z)],

Opy = 2V€xy, Oyz = 27VEyz,
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Ouz = 27VEzz, (8)
where §;; is the Kronecker delta function; T'(x,y, 2) is
the temperature distribution in the laser rod, solved
based on Eq. (1); e is the sum of normal strains
(e = > e4); « is the thermal expansion coefficient;
¢ and ~ are the constants related to the mechanical
properties of the laser crystal, which are expressed
with Young’s modulus E and Poisson ratio v as fol-

lows:
vE
D) Y
v = ﬁ (10)

It is obvious that the Young’s modulus E and Poisson
ratio v play an important role in analysing the me-
chanical performance of the laser rod. In the follow-
ing experiment the values of these parameters would
also be evaluated with the interferometry to keep the
consistence of our research. Based on Egs. (1)-(10) a
theoretical model can be constructed to analyse the
thermal effect in the laser rod based on FEA. The
significant factors related to the thermal effect such
as temperature, stress density distribution and end-
surface deformation in the laser rod can be simulated
with the ANSYS software.

Figure 1 shows the simulated temperature distri-
bution in the pumping end surface in the Nd:YVO,
laser. In the simulation the fractional thermal load-
ing is assumed to be & = 30% and other main pa-
rameters are shown in Table 1. The maximum tem-
perature emerges in the centre of the pumping light,

which reaches 61 °C much bigger than the side-surface
temperature. It can be seen that the variations of
temperature gradients in different directions are not
obvious regardless of the different values of thermal
condition. With the supposed Young’s modulus and
Poisson ratio (E = 134 Gpa and v = 0.33) the sim-
ulated mechanical and thermal stress density and de-
formation in the pumping end surface of the Nd:YVO,4
laser rod are shown in Fig. 2. Being different from the
case of the isotropous temperature distribution there
is remarkable difference of mechanical performance be-
tween horizontal and vertical directions, which is at-
tributed to the distinct anisotropic mechanical prop-
erty of Nd:YVOy crystal.

nodal solution

sub=1

time=1

DFETEMP (AVG)

rsys =0

dmx =0.917x10-6¢

smn = 32.884
smx = 61.047

— — —
32.884 39.142 45.401 51.659 57.918

36.013 42.272 48.53 54.789 61.047
3D stress simulation of the YVOy4 crstal 1

Fig. 1. (colour online) Simulated temperature distribu-
tion in the pumping end surface of the Nd:YVO4 laser
rod.

Table 1. Main parameters in the FEA simulation.

Description Value
Pump wavelength \p/nm 808
Incident pump power Py, /W 20

Effective absorption coefficient o/m~1! 183.3

Pump parameters Beam quality factor M2 144
Beam waist radius wpo/107% m 200

Beam waist location zp/1073 m 1
Dimension/10~? m? 6(L)x3(W)x3(H)

Thermal conductivity k/(W/(m-K))
Specific heat cp/(J/(gK))

Crystal parameters

Thermal-expansion coefficient/ 1076 K1

Refractive index n

8.5 (a axis)[20]
11.2 (¢ axis)[20]
0.429
1.972 (a axis)
2.165 (c axis)
4.43 (a axis)
11.37 (c axis)

3.0 (a axis)
Thermal-optical coefficient/1076 K1 8.6 (c axis)
Side-surface temperature Ts/K 305
Boundary conditions Ambient temperature Ty /K 295
Boundary heat transfer coefficient h/(W/(m?2-K)) 15000
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nodal solution
sub=1

time =1

SINT (AVG)
dmx =0.917x10-6
smn = 0.241x108
smx = 0.435X10%

0.241x108 0284><1()8 0.327x10%  0.371x10% 0414><108
0.263x10%  0.306x108  0.349x10%  0.392X10% 0.435Xx10%

3D stress simulation of the YVOy, crstal 1

nodal solution
sub=1

time =1

rsys =0

USUM (AVG)
dmx =0.917x10-6
smn = 0.362X10~
smx = 0.917x10-6

(b)

0.362x10~9 0.204x10-6 0.408x10-6 0.611X10~ ‘ 0.815%10-6
0.102x10-6 0.306x10-6 0.510x10-6 0.713X10-° 0.917x10-¢

3D stress simulation of the YVO, crstal 1

Fig. 2.
densities (a) and surface deformation distribution (b) in

(colour online) Mechanical and thermal stress

the pumping end surface of the Nd:YVOy4 laser rod.

From the above analyses it is obvious that the
thermal effect in the laser rod depends mainly on frac-
tional thermal loading £ in laser operation under the
same pumping condition. On the basis of the FEA
simulation the effects of fractional thermal loading on
the maximum temperature and end-surface deforma-
tion in the Nd:YVOQy crystal are given in Fig. 3. With
the increase of fractional thermal loading the maxi-
mum temperature and the end-surface deformation in
the pumping end of laser rod are enhanced greatly.
Fractional thermal loading represents the inevitable
and needless heat generation in laser operation and
its value could be assumed to be equal to quantum
deficiency as expressed below if the other nonradia-
tive effect is neglected:

E=1- X/ (11)

In the Nd:YVOy four-level laser pumped at 808 nm the
quantum deficiency is supposed to be 24%.[2!] How-
ever for the quasi-three-level operation the simulated
emission cross is so small that the other effects (re-
absorption, ETU, and ESA) inducing extra heat gen-
eration may not be ignored, which makes the value
much bigger than the quantum deficiency of 11.6%

in Nd:YVO, 914-nm laser.
iment the serious thermal effect in Nd:YVO, quasi-

In the following exper-

three-level laser is investigated comprehensively and
the value of fractional thermal loading is determined.

3. Measurement of the thermal
effect and determination of

fractional thermal loading
in Nd:YVO, quasi-three-level
laser

3.1. Experimental setup and analysis

The setup schematic of diode-end-pumped CW
Nd:YVOy laser and interferometer equipment for mea-
suring the end-surface deformation and the ther-
mal focal length is shown in Fig. 4. The pump
source is a 50-W fiber-coupled laser diode emitting
at 808 nm and the pump beam is focused into the
laser medium with a beam waist radius of 200 um. A
0.1at% Nd3*-doped Nd:YVOy rod with a dimension of
3 mmx3 mmx6 mm serves as the laser medium. The
laser rod is wrapped with indium foil and mounted
in the copper heat sink to dissipate the extra heat
from laser operation. The front facet of the laser
rod was coated with high reflectivity (HR) at 914 nm
(T > 99.8%) and high transmissivity (HT) at 808 nm
(T > 99%), which can be employed as the rear mir-
ror when the end-surface deformation in 914-nm laser
is measured. Antireflection is coated at 1064 nm
(R < 5%) and 1342 nm (R < 10%) on both faces
to prevent parasitical oscillating. The plane mirror
M1 and the concave mirror M2 are the rear mirror
and the output mirror respectively. The length of the
laser cavity is adjusted according to the variable mea-
sured. The same interferometer measurement system
is adopted in the whole measuring process. The probe
beam is produced from an He-Ne laser and the solid
line and dashed line in the scheme show the beam
paths for measuring the end-surface deformation and
the thermal focal length in the laser rod. A glass
is employed to split the probe beam into two paths,
one is the object beam (beam 1) and the other is the
reference beam (beam 2) when the pumping end de-
formation is measured. The rear surface of the laser
rod serves as the beam splitter to measure the phase
change caused by thermal lens effect. The two split
beams are combined after a focusing lens and the typi-
cal interferogram is collected by a CCD camera, which
is presented in the insert of Fig. 1. The fringes move
with the variation of optical path difference (OPD)
between the two split beams (2 and 3, or 2’ and 3'),
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which carry the information about end-surface defor-
mation and thermal focal length.

350 .,
< R ' g
o // -~
z 3or o =12 8
< - P ]
g - » .- g
= 330t o A — 10 &
g o z
E 305 &7 w” o
R e E
< - {10.6 &

310 L— . . . . | |

Fractional thermal loading/%

Fig. 3. (colour online) Maximum temperature and end-
surface deformation in the pumping end of Nd:YVOy4 crys-
tal versus fractional thermal loading.

CCD

lense

2
et P
pump beam \\\\
17 M2

probe
beam

Fig. 4. (colour online) Schematic diagram of experimen-
tal setup.

With the shifted number of fringe, the phase vari-
ation of two beams could be obtained and also the
focal thermal length and end-surface deformation ac-
quired. The total OPD between beams (2’ and 3')
induced by the thermal effect in the whole rod can be
expressed by the change of the refractive index and
end-surface deformation in the laser rod as

OPD = LAn +nAL, (12)

where An and AL represent the variations of refrac-
tive index and end-surface deformation respectively.
Therefore the interferogram contains the comprehen-
sive information about both index and end changes
induced by the thermal effect. If the thermal lens in
the laser rod is assumed to be an ideal thin lens to sim-
plify the calculation, the focal length of this spherical
thin lens could be given byl

7,2

b= 2 ]OPD(r) — OPDy)’

fe (13)

where OPDg is the OPD on the optical axis, and r is
the distance from optical axis. It should be mentioned
that the fi, is an averaged thermal lens obtained in
the parabolic profile. Then there exists a relation-
ship between the magnitude of thermal lens and the
change of interference fringes. Based on the theory of
light transmission optics, the thermal focal length can

be related to the phase variation as follows:

R?cos b
mA

Jin = ) (14)

where R is the radius of pump region, 6 is the in-
cident angle of probe beam, )\ is the wavelength of
probe beam, and m is the number of interfere fringe
variation.

Similarly, by the variation of OPD between light
beams (2 and 3) the magnitude of end-surface defor-

mation in the pumping surface is obtained by!2?!
mA
d=——. 15
2 cos(0) (15)

3.2. Experimental results and discussion

In the experiment the thermal effect in Nd:YVOy
four-level laser and that in quasi-three-level transition
are measured, through which the serious thermal ef-
fect induced by higher thermal loading in 914-nm laser
can be described clearly. On the basis of Eq. (13) the
thermal focal lengths in 914-nm and 1064-nm laser
operating conditions versus input pump power are ob-
tained as shown in Fig. 5. It is obvious that with the
increase of the input pump power the thermal focal
length becomes shorter and the thermal focal length
in 914-nm laser operation is several times smaller than
that in 1064-nm laser under the same condition and
power. The thermal focal length in 914-nm laser be-
comes even smaller than 50 mm when the pump power
is higher than 20 W, by which the serious thermal ef-
fect in 914-nm Nd:YVO, laser operation is demon-
strated. According to Eq. (2), the difference indi-
cates that fractional thermal loading is much higher
in quasi-three-level Nd:YVOy laser than in 1064-nm
laser.

For further illustration the end-surface deforma-
tions of Nd:YVOy laser rod in different laser oper-
ating conditions are determined as shown in Fig. 6.
The maximum end-surface deformations are 2.1 pm,
1.87 wm, and 1.49 pm at the input pump power of
28 W during non-laser, 914-nm laser and 1064-nm
laser operations respectively. The end deformations
in 1064-nm and 914-nm laser operations are 30% and
10% lower than that of non-laser operation, which
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could be attributed to the reduction of heat gener-
ation by the energy extraction of laser operation. The
phenomenon could also be explained that the varia-
tion scale of end deformation in 914-nm laser opera-
tion changes after threshold. The data also illustrates
that heat generation in 914-nm laser is bigger than
that in 1064-nm laser and the nonlinear progress as
the heat source should also be considered in 914-nm
Nd:YVOy laser except for quantum deficiency.

1.6
=
g n
S \
= 1.2 N m 1064-nm laser
) N & 914-nm laser
=1 \
9 \
\|
—'S 0.8F l\\
£ -
3 T
~m
L .
% 0.4F &« .-
< S
& e
0 1 1 —’-—T—‘-__.‘hn_"'__‘

4 8 12 16 20
Input pump power/ W

Fig. 5. (colour online) Thermal focal lengths in 914-nm
and 1064-nm Nd:YVOy4 lasers versus input pump power.

2.4

| = 1064-nm laser
¢ 914-nm laser e -
o
2.0 e no laser output
| — simulated curves

1.6
1.2

0.8

End-surface deformation/pm

041 1 )\ 1 )\ 1 )\ 1 )\
10 15 20 25 30

Input pump power/ W

Fig. 6.
Nd:YVOy4 rod in different laser operations versus input

(colour online) End-surface deformations of

pump power.

Through the comparison between experimental
data and numerical simulation based on the FEA
model, the values of Poisson ratio and Yong’s modulus
of Nd:YVOy crystal are also obtained. In the simu-
lation the fractional thermal loading in 1064-nm laser
operation is supposed to be 24% (£1064 nm = 24%).
When the Poisson ratio and the Yong’s modulus of
Nd:YVO, crystal are assumed to be 0.33 GPa and
134 GPa respectively, the simulated end-surface defor-
mation (solid line) in 1064-nm Nd:YVOy, laser matches
experimental result well as shown in Fig. 5. The mag-
nitudes of Poisson ratio and Yong’s modulus can be

estimated to be 0.33 GPa and 134 GPa in Nd:YVO4
crystal respectively.

With the estimated mechanical property of
Nd:YVOQOy4 crystal the fractional thermal loading in
914-nm Nd:YVOy, laser is evaluated by matching the
FEA result of end-surface deformation with experi-
mental data. The calculated fractional thermal load-
ing in the laser rod as a function of input pump power
is shown in Fig. 7. The ratio increases first with the
pump power increasing and then maintains a constant
of 32% when the threshold is reached. The initial in-
crease could be ascribed to the difference between the
wavelength of pumping light and the absorbed peak
wavelength of laser medium at the lower pump re-
gion. Besides, the value of 32% is nearly three times
higher than the quantum deficiency of 11.6% in the
Nd:YVOy, so another relaxation process accounts for
a significant amount of extra thermal loading being
generated. The thermal loading could be interpreta-
tive for the serious thermal effect qualitatively. The
factors leading to the heat generation requires addi-
tional detailed analysis. It is important to mention
that the evaluated fractional thermal loading in 914-
nm Nd:YVOy laser is a relative magnitude according
to supposed thermal loading of 24% in 1064-nm laser.

T T T T
x 321 = m-E-TTWTTTWTTTTH
Ry _-
o0 e 4
._g ’
ig 28 /// i
3 /n
= '
g 24t /
+ 1 T
— 1
< 1
8 /
= 20 - : i
2 i
£
16 L L L L L
0 10 20 30

Input pump power/W

Fig. 7. Fractional thermal loading of Nd:YVOy4 quasi-
three-level laser versus input pump power.

4. Conclusion

Comprehensive investigations on the thermal ef-
fect and heat generation in Nd:YVOy quasi-three-level
laser are conducted. The thermal effect in Nd:YVOy
laser medium and the influence of fractional thermal
loading on thermal effect are simulated by theoretical
FEA model. To further demonstrate serious thermal
effects in 914-nm Nd:YVO, laser generated by higher
thermal loading the thermal focal lengths and the end-
surface deformations in different laser operations are
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measured and compared with each other.

Through

matching the experimental and the simulated end-

surface deformation the fractional thermal loading co-
efficient in 914-nm Nd:YVO, laser is evaluated to be
approximately a constant of 32%, which is about 30%

higher than that in 1064-nm laser. Detailed research

is needed to determine the progress of the nonlinear

effect generating heat.
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