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Herein, we report a homemade new Nd:YAG crystal rod that contains a gradient dopant of 0.39–0.80 at.% Nd3�

from end to end, achieving superior performance of a 2 kHz Nd:YAG pulse laser at 1064 nm. The optical-to-
optical conversion efficiency reached 53.8%, and the maximum output power of the laser was 24.2 W, enhanced
by 35.9% compared with a uniform crystal rod with the same total concentration of Nd3�. Significantly, our
experiments revealed that the gradient concentration crystal produced a relatively even pumping distribution
along the rod axis, greatly reducing the temperature gradient as well as having a smaller thermal effect. The pump
and thermal distribution smoothing obviously improved the features of laser oscillation and output. © 2021

Chinese Laser Press

https://doi.org/10.1364/PRJ.424989

1. INTRODUCTION

Pulsed solid-state lasers, which have been widely used, need to
further improve their output energy and energy efficiency in
order to be successfully used in other energy-limited environ-
ments such as aerospace exploration. End-pumped solid-state
lasers have proven to be one of the most efficient methods
for producing a high repetition rate and good optical beam
quality. The end pumping can easily match the mode of the
pump beam with the mode of the resonator in the laser cavity,
leading to a lower lasing threshold [1,2]. In the case of single-
ended pumping, however, traditional uniform dopant crystals
will cause the uneven distribution of pumping energy along the
propagation direction due to the attenuation of pumping light
by the absorption by dopant ions in the crystal rod. The result-
ant temperature gradient distribution produces a high thermal
lensing effect, which obviously decreases the efficiency of the
system, the optical beam quality, and the laser stability [3–6].
To help address this problem, some possible approaches have
been tried by using low concentrations of Nd3� crystals and
dual-ended pumping to reduce the distribution of temperature
gradients [7–10]. As a result, however, weak absorbance in low
concentrations of Nd3� crystals will reduce the efficiency of
pumping light, and the dual-ended pumping makes the equip-
ment very complex to avoid incident light entering another
pumping source with possible damage. However, high concen-
trations of Nd3� crystals will bring about power saturation,
serious thermal effects, and possible concentration quenching

at strong pump power [11,12]. In the study of an 808 nm CW
diode pumped uniformly doped Nd:YAG laser, Kushawaha
et al. obtained an optical-to-optical conversion efficiency of
about 40% in multimode operation, and Frede et al. reported
an optical-to-optical efficiency of 48% [13,14]. Obtaining both
temperature uniformity of gain media and the high efficiency in
the use of pumping light is still unsolved challenges.

A stacked structure of the multi-segment Nd:YAG and
Nd:YVO4 crystals with gradually high Nd3� concentration
later was adopted as gain media, enhancing the conversion ef-
ficiency significantly [15–18]. One of the main reasons is that
the stepped-up doping concentration of the stacked structure
greatly reduced the absorption of pump light at the input end,
enabling the middle and end parts of the crystal to obtain
enough pumping energy. However, the key drawbacks are that
if stack fabrication is not perfect, the multiple interfaces and the
Nd3� concentration jumps in multisegment crystals inevitably
result in the reflection of pump light and affect the oscillation
and amplification of laser oscillation. In addition, the multiseg-
mented crystal structures were complex, expensive, and suscep-
tible to distortion in stack preparation. Wilhelm et al. made the
gradient dopant Nd:YAG plus two undoped YAG endcaps to
obtain a maximum output power of 187 W in CW mode [15].
Nevertheless, the abovementioned problems of multi-
segmented laser crystals still need to be resolved.

In this paper, a modified Czochralski method [19] was used
to grow a gradient dopant Nd:YAG crystal that was used to
fabricate a high-repetition-rate pulsed laser. To clarify the
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thermal and optical mechanism and performance of gradient
concentration crystals, thermal imaging revealed the tempera-
ture distribution along the rod axis and a small temperature
gradient at high-repetition-rate pumping. We have made the
theoretical calculation to get the accurate thermal focal lengths
of crystal rods and performed measurement verification. For
the first time to our knowledge, a pulsed laser experiment with
Nd:YAG crystal having a concentration gradient has been car-
ried out. The maximal output laser power and the optical-
to-optical conversion efficiency of the gradient concentration
crystal was greatly enhanced in comparison with the uniform
concentration crystal. The gradient concentration crystal exhib-
ited excellent pulsed laser properties at high-repetition-rate
pulse pumping.

2. GROWTH OF THE GRADIENT Nd:YAG
CRYSTAL

Growth of single crystals with a constant gradient of impurity
concentration is presented using the Czochralski method [20].
In this method, there are two crucibles, one inside the other,
and the concentrations of activator in the internal and external
crucibles are different. Under conditions of absence of diffusion
between these vessels, the concentration of dopant ion in the
process of growth of a single crystal will vary according to the
rate of movement of the internal crucible, the segregation
coefficient of the activators in a single crystal, the geometry
of the crucible, and the concentration of activators in both
internal and external crucibles. This dual-crucible technology
can achieve controllable ion doping concentration by an
additional supplement in the external crucible, but the equip-
ment is very complex and the noble metal crucibles are
expensive.

In this study, we have developed a single small-volume cru-
cible strategy that combines the advantages of two important
methods for crystal growth from high temperature melt,
Czochralski and Kyropoulos methods. In the Kyropoulos
method, its crystal shoulder is very short, and after the shoulder
stage there is no crystal rotation and mechanical pull, and crys-
tal growth speed is equal to melt drop speed, so no mechanical
perturbation during isodiametric boule growth, which is ben-
eficial to crystal quality and is widely used in sapphire growth.
In the case of the Czochralski method, however, there is crystal
rotation and mechanical pull, the crystal growth speed is the
sum of mechanical shift and melt drop speed, and the ratio
of crystal radius to crucible radius is only ∼50% when it is used
to grow doped crystal. Rotation can apply a forced convection
on melt near the interface between crystal and melt, which is
beneficial to the improvement of doped crystal quality. The
main characters in our method, which can be called the
quasi-Kyropoulos method, are as follows: the pull mechanical
speed to the grown crystal at the shoulder stage is gradually
decreased, which is like the Czochralski method, and is less
than melt drop speed or close to zero until the isodiametric
growth stage, which is like the Kyropoulos method.

The dopant concentration variation in crystal can be ex-
pressed by the following equation [19]:

CS � C0keff �1 − g�keff −1, (1)

where CS is the concentration of doped ion of the grown crys-
tal, C0 is the concentration of doped ion of the starting
material, keff is the effective segregation coefficient of doped
ion in crystal, and g is the crystallization ratio that can be ex-
pressed as g � W S

W T
(W S is the weight of the grown crystal and

WT is that of the starting material).
Although keff can be affected by temperature field gradient,

rotation speed, crystal growth speed, and so on, these effects are
relatively less in our method. For an actual crystal, it can be seen
that the concentration difference between the upper and lower
parts of the crystal increases with the increase of g, and W S is
determined by the length and diameter of the grown crystal
while WT is determined by the size of crucible used for crystal
growth. Under the condition of the same crucible size, the
larger the crystal diameter, the bigger theW S and g are accord-
ing to Eq. (1), which lead to a larger concentration gradient.
During our method, the crystal diameter during the boule stage
is close or equal to the limitation diameter dmax:

dmax � 2
ffiffiffiffiffiffiffiffiffiffiffiffi
ρm∕ρc

p
Rc , (2)

where ρm, ρc , and Rc are melt density, crystal density, and cru-
cible radius. The desired diameter of crystal growth was set
close to dmax, the temperature was controlled by an automatic
procedure in the Czochraski furnace, and the ratio of crystal
radius to crucible radius was 83% in our experiment.
Therefore, the Nd concentration in the YAG could be in-
creased rapidly with the crystal growth due to the dopant seg-
regation effect. In this case, the interspace between crystal and
crucible wall is very small so that we did not allow the rotation
of the growing crystal to avoid rubbing the crucible wall after
the shoulder crystal growth.

Nd:YAG crystal was prepared from the high-purity Y2O3,
Nd2O3, and Al2O3 according to the chemical reaction

1.5�1 − x∕keff �Y2O3 � 1.5x∕keffNd2O3 � 2.5Al2O3

→ �Ndx∕keff Y1−x∕keff �3Al5O12, (3)

where x is the initial dopant concentration of the crystal and
keff is the effective segregation coefficient. The raw materials
were fully mixed and pressed into a disk that was sintered above
1000°C for more than 24 h. The resultant polycrystalline
Nd:YAG powder was melted to grow the Nd:YAG single crys-
tal at temperature from 1970°C to 2100°C in a Czochraski
furnace with an iridium crucible (Ø60 mm × 60 mm) and an
induction heat system (made by the 26th Institute of Chinese
Electronics Technology Group Corporation). The crystal
growth is carried out under nitrogen gases. The appropriate in-
itial growth parameters were selected, and to start the growth
with the interface shape of the growth interface was convex to
the melt. First, the YAG seed crystal was dropped until its end
reached the melt surface center at a suitable melt temperature
obtained through heat power control. When the seed was not
melted and its diameter did not decrease, it was pulled upward
with an initial mechanical shift speed 0.6 mm/h and rotated at
8 r/min, which is the shoulder growth stage. It should be noted
as the operation details that the shoulder stage has a micro-
mechanical pull to the crystal, the rotation speed at the shoulder
stage was decreased to 0 r/min from the initial 8 r/min, and
the pull speed from the initial 0.6 mm/h to 0.4 mm/h, and
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the crystal growth was about 0.4 mm/h. After seven days, the
final boule of Nd:YAG single crystal had a diameter of 50 mm,
a length of 40 mm, and a weight of ∼400 g. The crystal boule
was then annealed above 1250°C for ∼48 h to remove the
interior stress, was cut into rods, and was polished into a laser
rod sample.

3. Nd3� CONCENTRATION DISTRIBUTION IN
EXPERIMENTAL CRYSTALS

The homemade gradient concentration Nd:YAG crystal rod has
a total length of 58 mm (shoulder included), which is cut into
sliced samples each with about 5 mm interspace along the axial
direction. The measurement of the Nd element content used
laser ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS) coupled with a GeoLasPro 193 nm ArF excimer
laser ablation system and Agilent 7500a Quadrupole ICP-MS. In
the process of laser ablation, helium and argon were used as the
carrier and compensation gases respectively to adjust sensitivity.
The standard glasses SRM 610 and SRM 612 were used as the
reference calibration to quantify the element Nd content. Three
random sites were measured at each crystal slice, and the average
values of the Nd element concentration along the rod axis were
plotted to describe the spatial dependence. As shown in Fig. 1,
the concentration of the Nd element gradually increased from
0.34 to 0.80 at.%. The concentration of the Nd element at
the front part of the crystal rod increased slowly, but the con-
centration near the final end increased exponentially with dis-
tance. Using a fit to the data, the concentration of Nd3� can
be described using

n � 0.0223 exp�l∕19� � 0.331, (4)

where n is theNd3� concentration in the crystal and l is the axial
position from the end of the crystal.

4. TEMPERATURE DISTRIBUTION AND
THERMAL FOCAL LENGTHS

A. Temperature Distribution along the Rod Axis
For crystals with uniform concentration, the Nd3� concentra-
tion is a constant, while for crystals with gradually varying

concentration, its value changes with the length l . Assume that
n is the average concentration of the graded crystal, integrating
the value of n as a function of the l change, which then gives the
average concentration

n�l 2 − l 1� �
Z

l 2

l1
ndl : (5)

A 40 mm long crystal rod with concentration of 0.39–
0.80 at.% was cut from the homemade gradual gradient crystal.
By the Eqs. (4) and (5), the average concentration of the
gradient crystal rod can be calculated to be 0.55 at.%, which
is close to the value of 0.60 at.%. Therefore, the uniformly
doped 0.60 at.% crystal rod was used in our experimental
research to compare with the gradient concentration crys-
tal rod.

The gradient concentration crystal of 0.39–0.80 at.% and
uniform concentration crystal of 0.60 at.% were used to test
their temperature distributions under high-repetition-rate pulse
pumping. The bottom parts of the crystal rods were in contact
with the heat sink that was controlled at 25°C, while the upper
parts of the crystal rods were placed in air. The temperature
distributions of the crystals were determined using a Flir ther-
mal imaging camera (model T450sc). The pumping power was
45 W (Fig. 2). The maximum infrared temperature at the in-
cident end of the pump light was only 268.3°C for the gradient
concentration crystal rod, which was very much lower than that
of the uniform concentration crystal (504.1°C). Surprisingly,
the values of temperature for the gradient crystal rod and
the uniform crystal rod were from 268.3°C to 50.3°C and from
504.1°C to 27.6°C, respectively. The maximum temperature of
the gradient concentration crystal rod was only half that of the
uniform concentration crystal rod, and the temperature at the
end was higher than that of the uniform concentration crystal
rod. The results reveal that the gradient concentration crystal
rod did not only lower the maximum temperature value but
also remarkably exhibited a more even temperature distribution
along the rod axis.

To further analyze the temperature distribution along the
rod, a temperature value was tested every 5 mm (Fig. 3).
For 0.6 at.% uniformly doped crystal, the temperature decrease
was very rapid as a function of position along the rod axis. The
temperature can be approximated as a quadratic relationship
between the temperature distribution and the distance, leading
to a correlated distribution of the refractive index and birefrin-
gence over the cross section of the rod. This dependence is
equivalent to the spherical lens effect [21,22]. The temperature

Fig. 1. Nd3� concentration distribution along the crystal rod axis.

Fig. 2. Different temperature distribution of the two crystal rods
under pump power of 45 W. Crystals rod of (a) 0.39–0.80 at.%,
(b) 0.60 at.%.

Research Article Vol. 9, No. 7 / July 2021 / Photonics Research 1193



distribution of the gradient concentration crystal rod is almost
linear along the axial direction. Different from uniform concen-
tration crystal rods, the middle and final part of the crystal rod
also absorbs the remaining pump light to generate some heat,
making its temperature distribution more uniform and the axial
thermal gradient much smaller than that of the uniform con-
centration crystal rods. That makes the thermal lens effect
much smaller for the gradient concentration rods than for
the uniform concentration crystal rods.

B. Comparison of Thermal Focal Lengths
The above results proved that the gradient concentration crystal
has superior performance of the temperature distribution com-
pared with the uniform concentration crystal. In order to ex-
plore the influence on the thermal lensing effect, theoretical
calculations were performed in combination with experimental
measurements.

Here the thermally induced lens is assumed to be an ideal
thin lens. Based on the theorem of light transmission optics, as
a consequence, the focal length lens f is given by [23]

f � −r2

2ΔOPD
: (6)

The optical path difference (OPD) can be expressed as [24]

ΔOPD �
Z

dn
dT

�T �r, z� − T �0, z��dz � �n0 − 1�Δl�r�

�
X3
i, j�1

Z
∂n
∂εi,j

εi,jdz, (7)

where dn
dT � 7.3 × 10−6 K−1 is the thermo-optical coefficient,

Δl�r� is the axial end bulging, and T �r, z� is the temperature
distribution. The value of n0 � 1.82 is the refractive index. If
the pumped surface is coated to be highly reflective, the factor
n0 − 1 has to be replaced by n0. ∂n

∂εi,j
is the elastic-optic coeffi-

cient, and εi,j is the strain tensor [25] of the elastic-optic
coefficient [26].

Using Eqs. (6) and (7) and the temperature distribution, the
thermal focal length value can be calculated. The curves of (f )
and (g), in Fig. 4, show that the calculation results for 0.6 at.%

Nd3� uniform concentration crystal rod and 0.39–0.80 at.%
Nd3� gradient concentration crystal rod are consistent with their
measured values according to the critical cavity stability condi-
tions shown in (b) and (d). It can be seen that the thermal focal
length values of different concentration crystals decreased with
the increasing pump power. Compared with other crystals,
the thermal focal lengths for the high concentration of
0.80 at.% and 0.80–0.39 at.% crystals were smaller, and they
became much smaller with the pump power increase as shown
in (c) and (e) of Fig. 4. The evolutions of two thermal focal
lengths were almost identical because they had the same high
Nd3� concentration at their incident end, playing a decisive role
in affecting thermal focal length. This was also confirmed from
the thermal focal length of the 0.60 at.% crystal, which is larger
than the thermal focal length of the 0.80–0.39 at.% crystal with
an almost average concentration of 0.60 at.%.

The absorption of pump light is positively correlated with
the ion concentration, and the higher concentration results in
serious thermal effect under high pump power. Meanwhile, the
evolutions of thermal focal lengths of crystal rods with a lower
concentration of 0.40 at.% and 0.39–0.80 at.% showed an
obvious difference, in which the thermal focal length of the
0.39–0.80 at.% rod is larger as shown in (a) and (b) of
Fig. 4. The increasing dopant concentration enhanced the uti-
lization ratio of pump light, which is beneficial for improving
the laser conversion efficiency.

5. LASER EXPERIMENTAL SETUP AND RESULT
ANALYSIS

A. Laser Experimental Setup
Figure 5 schematically draws the structure of 2 kHz pulse laser
using the gradient crystals and uniform crystal rods. The diam-
eters of the five types of crystal rods were 3 mm with the length
of 40 mm, and each side of the laser rod was coated to be anti-
reflective at 808 and 1064 nm. The crystals were wrapped with
indium foil and were mounted in water-cooled copper heat
sinks at 293 K. The laser oscillating configuration was a
plane-parallel cavity with the overall length of 90 mm. The flat

Fig. 3. Different temperature distribution of the rod axis.

Fig. 4. Dependence of the focal length on the pump power.
Different Nd:YAG concentrations of (a) 0.40 at.%, (b) 0.60 at.%,
(c) 0.80 at.%, (d) 0.39–0.80 at.%, and (e) 0.80–0.39 at.%.
Theoretical calculation of (f ) 0.60 at.% and (g) 0.39–0.80 at.%.
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input mirror was coated for high transmission at 808 nm and
coated for high reflection at 1064 nm. A flat mirror with a re-
flectivity of 85% at 1064 nm was utilized as the laser output
coupler, which was experimentally found to be with the opti-
mal reflectivity. A fiber-coupled laser diode with a numerical
aperture of 0.22 and a core diameter of 400 μm was used
as pump source with an emission wavelength of ∼808 nm
and a maximum output power of 45 W. After the optical cou-
pling system, the spot size of the pump beam imaging in the
center of the end face of crystal rod is 800 μm. The experiment
was carried out at a repetition rate of 2 kHz, and the pulse
duration of pump light was 230 μs. The laser output power was
measured using a power meter (Coherent LM-150 FS HTD).

Here we used three uniform crystal rods with different
Nd3� contents: 0.40, 0.60, and 0.80 at.% as shown in (a), (b),
and (c) of Fig. 5. A gradient crystal rod with 0.39–0.80 at.%
was used for this experiment, but the laser performances in two
pumping directions were tested with 0.39 at.% and with
0.80 at.% at the incident end, as indicated in (d) and (e) of
Fig. 5, respectively.

B. Comparison of Laser Output Power
Figure 6 shows the dependence of the output power at
1064 nm on the pump power at 808 nm for each of the gain
media. The pump thresholds for all gain media were found to
be almost the same: ∼2.7 W. Below the pump power of 18 W,

the output power of different Nd3� concentrations of crystal
rods was almost identical and exhibited the same increasing rate
with pump power. It can be seen that the slope of the increasing
output power is different for each crystal rod at the pump
power between 18 W and 30 W. The output powers of crystal
rods with higher Nd3� concentrations of 0.80 at.% and 0.80–
0.39 at.% were very close, and the magnitudes of the increases
were smallest. It is indirectly explained that the performances of
absorption pump energy and heat generation of the two crystal
rods were similar, corresponding to the similarity of the thermal
focal lengths (Fig. 4). For crystal rods withNd3� concentration
of 0.40 at.% and 0.39–0.80 at.%, their output powers were
higher than those of other crystals. A downward trend in
the output power of high Nd3� concentrations of crystals
(0.80 at.% and 0.80–0.39 at.%) emerged for the pump power
above 30 W. Rods with higher doping concentration and large
absorption coefficient made their incident ends absorb more
power and produce a great deal of heat by absorbing high pump
power. That created a more serious thermal lens effect and re-
sulted in a smaller volume of the fundamental mode of the
plane-parallel resonator, accounting for the decrease of output
power. At a lowerNd3� concentration of 0.60 at.%, the output
laser power showed a very slow increase with greater than 40 W
pump power. In contrast, the output laser power of crystals
with gradient concentrations of 0.39–0.80 at.% and 0.40 at.%
still kept a linear increase, and the gradient concentration crys-
tal had significantly higher output power than the uniform con-
centration crystal. This can be because the gradient crystal
would produce less heat at the incident end, giving a small tem-
perature gradient along the rod axis, thus improving the pump
and temperature distributions, and decreasing the thermal lens
effect to enhance laser oscillation efficiency.

As shown in Fig. 6, when the pump light was 45 W, the
output laser power of the gradient concentration crystal of
0.39–0.80 at.% was 24.2 W, and its optical-to-optical conver-
sion efficiency was 53.8%, while the uniform concentration
crystal of 0.60 at.% gave out a maximal output laser power
of only 17.8 W. Here the maximal output power of gradient
crystal was greatly enhanced by 35.9% in comparison with the
uniform crystal.

The beam propagation analyzer of Spirion (M2-200S-USB)
was used to obtain beam profile images and beam qualities. The
measured beam quality factors were M 2

x � 3.335 and M 2
y �

3.329 for the gradient concentration crystal of 0.39–0.80 at.%,

Fig. 5. Experimental arrangement for comparison of the continu-
ously spatially varying and conventional crystals. Schematic configu-
rations for the different Nd:YAG concentrations of (a) 0.40 at.%,
(b) 0.60 at.%, (c) 0.80 at.%, (d) 0.39–0.80 at.%, and (e) 0.80–
0.39 at.%.

Fig. 6. Output average power with respect to the absorbed pump
power for each laser crystal.

Fig. 7. Beam profiles and beam qualities of (a) 0.39–0.80 at.% and
(b) 0.60 at.%.
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and the beam quality factors of the uniform concentration crys-
tal of 0.60 at.% were M 2

x � 3.765 and M 2
y � 3.434 (Fig. 7).

Their beam profiles were also shown in Fig. 7. The pulse
durations of crystals of 0.39–0.80 at.% and 0.60 at.% were
196.1 μs and 191.9 μs, respectively, tested by a detector
(Thorlabs DET10A/M).

It should be noted that in order to objectively reflect the
temperature characteristics of the gradient concentration crystal
rod itself, in this case we did not use the non-dopant crystal cap
at the two ends of the experimental crystal rod, limiting the
acquisition of greater laser output power. Moreover, the output
laser power of gradient concentration crystal is not saturated
due to the limitation of the pump source.

6. CONCLUSION

In summary, we have made a gradient concentration Nd:YAG
crystal and successfully realized the operation and high-
efficiency output of a 2 kHz pulse laser. The gradient concen-
tration crystal exhibited excellent performance in pump and
temperature distributions, enhancing the absorption of the
middle and final rod end to pump light. These lower the tem-
perature of the incident end, mitigate the temperature gradient
along the rod axis, and lead to a weak thermal lensing effect.
The maximum output power of gradient crystal was greatly en-
hanced by 35.9% in comparison with the uniform crystal.
Thereby, the gradient dopant crystal is a convenient and prac-
tical gain medium to appreciably scale the output power in the
end-pumped pulse laser system with high pulse energy and high
repetition rate. This represents a performance increase and also
offers a way for the future technical route to high energy effi-
ciency. The method used to grow gradient concentration Nd:
YAG crystals can also be used for other laser crystals (for exam-
ple, Nd:GGG, Nd:YAP, and Nd:YVO4).
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