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a b  s  t  r  a c  t

Numerical  modeling  simulations  are carried out  to  analyze  and study  the  thermal  effects  in
Nd:YLF  laser  crystals.  The  distributions  of  temperature  and  stress  in the Nd:YLF laser rods
are  calculated  with finite element  (FE)  simulations  for different  rod geometries  and  pump
powers. The FE simulations  that were carried  out  showed  that  using  thinner  Nd:YLF  rod
would  lead to scale  the  power  by  50%  before  the  limits  imposed  by  the thermally  induced
stress  is  reached.  Also, we have investigated  the  generation  of strong negative  thermally
induced  lens  for �-  polarizations.  The  calculations  of thermally  induced  lens  in Nd:YLF  laser
rod  is  validated  experimentally.  Shack-Hartmann  wavefront  sensor  was used for direct
measurements of thermal  lenses  at  different  pump  power.  The  obtained  measurements
were  coinciding  with the  (FE)  simulations.

©  2017  Elsevier  GmbH. All  rights  reserved.

1. Introduction

Neodymium (Nd) doped yttrium lithium fluoride (YLF) has been used as a continuous wave (CW) and Q-switched laser
source for numerous applications in scientific, industrial and medical fields due to its desired thermo-optical properties [1–5].
This properties represented in weak thermal lensing provides for a high quality, free depolarization effect that hindered the
output power due to its birefringence nature [1,6]. However, Tm:YLF suffers a low thermally-induced stress fracture limit
[7],  restricting to its power-scalability. Some approaches to solve this problem in end pumped Nd:YLF lasers, is  to increase
the length of the gain medium and to lower the doping or to decrease the width of the gain medium and to increase the
doping (thin disk lasers [8]). However, no balance between efficiency and thermal effect can be found if the thermal effects
are incomplete and are not incorporated in a laser design [9–13]. Rare experimental and theoretical discussions in other
papers so far we know for the dependence on the pump beam size, rod diameter and pump distributions that can be utilized
for optimization for power scaling which is the aim of this work. In the present work, we  have investigated power limits
imposed by thermally induced stress in Nd:YLF rods which eventually can lead to the fracture of the rod under different

pump powers and rod geometries using finite element (FE) simulation LASCAD program [14]. Also, we have presented
the FE simulations for temperature distributions as well as thermal focal length of thermally induced lens. The numerical
simulations showed that reducing Nd:YLF rod diameter by 25% would lead to scale the power limit before fracture occurs by
50%. The FE calculations were validated experimentally using Shack-Hartmann wavefront sensor. We have introduced direct
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Fig. 1. The model for end-pumped Nd:YLF laser rod.

Table 1
The Nd:YLF parameters used in the finite-element analysis [12,16].

Refractive index �  1.448
�  1.47

Thermo-optical coefficient dn/dt (10−6/k) � -2
�  -4.3

Heat  conductivity (W/mK) 6.3
Thermal expansion coefficient (10−6/K) z-axis 8.3
Young’s modulus (GPa) 85
Poisson’s ratio 0.33
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Percent of absorbed pump power 85%
Fraction of absorbed power which is converted to heat under lasing condition 32%

nd accurate measurements for thermal focal length of thermally induced lens at different pump power for �-polarizations.
he obtained measurements were coinciding with the (FE) simulations.

. FE model considerations

The model assumes that a Nd:YLF rod as sketched in Fig. 1. The barrel of the copper is water-cooled (Tcoolant = 291 K)
nd the front and back faces are in contact with air, the heat transfer coefficients for water and air cooling were set to be

 = 2.0 W cm−2 K−1 and h = 0.005 W cm−2 K−1,  respectively [14].
The temperature dependence of the heat conductivity was taken into account. Low dopant concentration 0.7% (at.) Nd+3

as used in the (FE) calculations to reduce the fracture risk of Nd:YLF laser rod and possible up-conversion processes instead
f the typical ∼1–1.2% [2].  Pump wavelength of 805 nm was chosen which has a low absorption cross section as compared
o peak absorption at 793–797 nm to avoid thermal fracture with intensive diode pumping [9]. An additional concern in
educing pump intensity while maintaining diffraction limited fundamental mode oscillation TEM00 is that the Nd:YLF
adius is much larger (∼3 times [2,10])  than pump radius. The simulated length Nd:YLF laser rod is chosen according to
ttenuation law:

I (z) =  I0e−z˛ (1)

here I(z) is the intensity of the pump light inside Nd:YLF laser rod along its z-axis, � is the absorption coefficient and I0 is
he initial pump intensity. With the above equation and (�∼ 1.1 m−1 [15]), one gets the length Nd:YLF laser rod of 10 mm.
our Nd:YLF rods with diameters 1, 2, 3, 4 mm were analyzed for pump powers ranged 5–55 W.  The Nd:YLF parameters used
n the FE simulations are given in Table 1. Also we assumed a uniform pump configuration with pump radius of 300-�m to
void asymmetric thermally induced lens.

. FE simulation results and discussion

.1. Temperature distributions in end-pumped Nd:YLF laser rods

Fig. 2(a–d) shows FE simulations of the temperature distribution on the y-z plane in end pumped Nd:YLF lasers rods at
5 W for rod length 10 mm and diameters 4, 3, 2 and 1 mm,  respectively. Only the upper half of the rod is shown due to
ymmetry.

The pump beam is focused at the rod end, the results allow a detailed analysis of the temperature distribution within
he crystals, and different colors indicate the different temperatures. The highest temperature is found where the pump
eam enters the Nd:YLF rod, which also indicates where most of the pump photons are absorbed. It also decreased in the
ropagation direction as the pump was absorbed.

Fig. 3 shows the central temperature of Nd:YLF rods of length 10 mm verses pump powers and different diameter. The

lope was found to be 2.8 K/W, 2.6 K/W 2.2 K/W and 1.3 K/W of Nd:YLF rod with diameter of 4 mm,  3 mm,  2 mm and 1  mm,
espectively. It is clearly seen that, by simply reducing rod diameter from 4  mm to 1  mm the thermal load decreased by
lmost a factor of ½.  This is  mainly due to rod conducive to cooling.
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Fig. 2. Numerically calculated temperature distribution for end pumped Nd:YLF rods of length 10 mm  and diameters (a) 4 mm,  (b) 3 mm,  (c) 2 mm and (d)
1  mm,  at 25W of pump power.

Fig. 3. Variations of the central temperature versus pump power ranged from 5 to 55 W for Nd:YLF rods of length 10 mm and different rod diameters 4 mm,
3  mm,  2 mm,  and 1 mm.
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ig. 4. Numerically calculated stress intensity distribution for end pumped Nd:YLF rods of length 10 mm  and diameters (a) 4 mm,  (b) 3 mm,  (c) 2  mm and
d)  1 mm,  at 25W of pump power.

.2. Thermally induced stress and power scaling

Since the fragile nature of YLF crystals, it’s essential to predict the maximum pump powers before fracture occurs. In
he following, we present calculation of (FE) simulations to evaluate the power limits imposed by thermally induced stress
hich eventually can lead to the fracture of the rod. The nonuniform temperature distribution results in mechanical stress

nd strain. Fig. 4(a–d) shows the FE simulation results of stress intensity for Nd:YLF rod of different diameters (a) 4 mm,  (b)
 mm,  (c) 2 mm and (d) 1 mm,  pumped at  25 W.  The real amount and the spatial distribution of the stress intensity depend
n the temperature distribution as well as on the material constants. The highest stress intensity is clearly on the center
op and bottom positions of the crystal. We could therefore expect thermally induced crack formation to start from these
ositions where the stress is showing to be high.

Fig. 5(a–d) shows plots of the maximum stress intensity in the Nd:YLF at different pump powers and rod diameters. As
an be seen in Fig. 5 that linear increase in the maximum stress intensity as a function of pumps powers. The stress intensity
ise is a function of the temperature difference between the rod center and its circumference while the all other parameters
f rod length, material parameters, a fractional heat load of 32% due to the quantum defect heating are fixed for comparison.
s mentioned in Fig. 3,  using thinner Nd:YLF rod of 1 mm  diameter will reduce the thermal load by almost a factor of ½ as

ell as stress intensity. The stress fracture limit of the YLF is in the range ∼35–40 MPa  [17]. Therefore, as indicated in the top

eft of Fig. 5 that the maximum pump power before fracture limit for the Nd:YLF of rods of diameter 4 mm,  3 mm,  2  mm and
 mm can be pumped up 30W, 30W, 45W and 55W, respectively. These result showed that, the only way  to have a significant
educed maximum stress in the Nd:YLF rod would have to use thinner crystal. Practically mounting and working with these
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Fig. 5. Calculated maximum stress intensity versus pump power ranged from 5 to 55 W in the Nd:YLF rods of length 10 mm and different rod diameters
4  mm,  3 mm,  2 mm,  and 1 mm.
Fig. 6. Calculations of the focal length of thermally induced lens �-polarization versus pump power for rod length 10 mm  and diameters 4, 3, 2 and 1 mm.

rods would have been is not difficult, we have performed laser operation in even thinner Nd:YAG crystal of radius 0.34 mm
[18].

3.3. Thermally induced lens

The nonuniform temperature distribution and mechanical stress-strain results in refractive index gradients cause thermal
lensing which has an adverse effect in the beam quality and divergence. As mentioned above YLF crystal is a naturally
birefringent crystal, and has negative contribution to the thermally induced lens due to negative dn�,�

dT for both polarization
directions. The calculations were performed for �-polarizations because it’s more pronounced than the weak thermal lens
for �-polarization [2,10]. The focal length f of the thermally induced lens was calculated by fitting the optical path difference
(OPD) of an ideal thin lens

OPDlens (r) = OPD0 − 1
2 ∗ f

·  r2, (2)

to the OPD that was calculated with the numerical simulations, where r is the distance to the rod axis and OPD0 is the
optical path difference at r =  0.

Fig. 6 shows the calculations of thermally induced lens in the �-polarizations rod diameters 4 mm,  3 mm,  2 mm and 1  mm
verses pump powers. As can be seen in Fig. 6, the higher the pump powers the shorter focal thermal lens. During the power

range of 5–55 W, the thermal focal length was in the range of 970–75 mm  for all cases. It  is clearly seen that, there is no
change on the thermal focal lengths by reducing rod diameters. This is mainly due to quantum defect heating is the same
for all cases and independent to the rod diameter.
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Fig. 7. Experimental setup.

. Experimental validation of EF simulations

.1. Experimental setup

The experimental setup is shown in Fig. 7.  A fiber coupled laser diode (LD) was employed as a pump source. The focusing
ptics was configured to produce a circular beam spot of radius ∼300 �m on the a-cut Nd:YLF laser rod as chosen in the
E simulations. An a-cut Nd:YLF crystal allows the polarization (E-field) of linearly polarized light to be either parallel or
erpendicular to the c-axis. The Nd:YLF rod is 10 mm  long (0.7% atom dopant) and 4 mm diameter oriented with its c-axis
arallel to the resonator plane. The diode wavelength was temperature detuned from the absorption peak, at 797 nm,  to

onger wavelengths 805 nm to reduce the risk of rod fracture as mentioned in the simulations.
The rod is wrapped with indium foil and mounted in a copper sink. The mounted Nd:YLF rod is water cooled at 293 K

nd the two end faces are in contact with air. The resonator design chosen was  a  simple two concave-plane mirrors. The
nput coupling mirror is a high reflective (HR) at the wavelength near 1050 nm (R > 99.5%) and high antireflective at the

avelength about 805 nm (R <  0.5%). The plane output coupling mirror has 5% transmittance at ∼1047 nm. The physical
ength of the cavity was 150 mm;  a half-wave plate was  added to the setup when the orthogonal polarization was  required.
or thermal focal length measurements, a probe He-Ne laser beam enlarged by a telescope to cover 4 mm of rod diameter
nd reflated to the Nd:YLF by microscope slide. The transmitted probe He-Ne laser beam reflected back to Shack-Hartmann
enor (WFS1505C-Thorlabs) after passing through the Nd:YLF rod for measuring wavefront aberrations.

.2. Experimental results

With the above setup we have obtained stable laser oscillation at maximum pump power of 30W. Under a pump power
f 30 W from the laser diode, the obtained output laser at 1047 nm �-polarization was 7.2W. In order to determine the
ccuracy of the wavefront sensor, we performed the test measurement replacing Nd:YLF by a spherical lens of focal length

 = 50 mm  on translation stage. Lens focal length measurements for two  different positions along probe beam axis are done, to
valuate accuracy of measurement setup. Ideally, focal length difference should be equal to distance between measurement
ositions. Element placement and its position determination error results in measured focal length error which varies from
etup to setup, but does not exceed 11%.

Fig. 8 shows the deformation of the phase front that occurs when the He-Ne laser beam propagates through the Nd:YLF
od (a) unpumped and (b) pumped at 10W. Since most of the pump power is concentrated in the center of the rod, the lens
ear the centre of the rod is stronger as compared to the lens in the outer region. As can be seen in Fig. 8,  that the difference
etween the propagation in the undisturbed and the heated rod over a range of 4 mm of the rod diameter. The dashed lines
f Fig. 8 represent the fitting of the parabola presented in following equation:

z (x,  y) = a ·  x2 +  b · y2 + c · x · y + d ·  x  +  e ·  y + f (2)
The thermal focal length is proportional to the curvature of parabola and the coefficients a and b. Depending on the pump
ower distribution in the laser rod, the thermal lens may  not be radially symmetric. This leads to an astigmatic thermal lens
ith focal lengths (fx)  and (fy). Comparison between the calculated negative focal length of thermally induced lens and the

xperimental measurements for Nd:YLF laser rod is  presented in Table 2.  The deviations between measured and calculated



590 R.M. El-Agmy, N. Al-Hosiny / Optik 140 (2017) 584–591

Fig. 8. Wavefront measured with Shack-Hartmann sensor after probe beam passing Nd:YLF rod (a) unpumped, (b) �-polarization pumped at 10 W.

Table 2
Comparisons between measured and calculated values of the focal length of thermally induced lens in Nd:YLF laser rod.

Pump power [W] FE-Simulation Shack–Hartmann

fy [mm]  fx [mm]  fy [mm]

5 −972 −960 −950
10  −475 −465 −450
15  −308 −300 −290

20  −224 −220 −205
25  −174 −170 −160
30  −141 −135 −130

date refers to the accuracy of the FE analysis which is given by two points, on one hand by the numerical resolution of  the
algorithm and on the other hand by the values of the input parameters.

5. Conclusion

In conclusion, to our knowledge, this is the first report of a detailed theoretical and experimental study of power scaling
of the Nd:YLF laser rod. The FE results showed that the only way  to scale the power before fracture occurs in crystals of fragile
nature is to use thinner crystals. In the present work we  showed numerically that under the reducing Nd:YLF rod diameter
by 25% would lead to scale the power limit before fracture occurs by 50% while all other parameters are fixed. Also, we have
analyzed numerically temperature distributions at different pump powers and rod geometries. Central temperature and
stress intensity of Nd:YLF laser rod verses pump powers is presented with clear linear dependence. The thermal focal length
was calculated for laser emission at 1047 nm �-polarization and utilized to design the laser resonator. Direct measurement
of dioptric powers of thermal lens using Shack-Hartmann Wavefront sensor at different pump powers is introduced. The
experimental measurements were reasonably coinciding with the theoretical calculations.
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