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Abstract: The thermo-optic coefficient dn/dT at 632.8 nm and thermal
expansion coefficient α of transparent ceramic yttrium aluminum garnet
(YAG) were measured between room temperature and 600 K. The data
showed that dn/dT increases with temperature and α is in good agreement
with that of single-crystal YAG. To the best of our knowledge, these are the
first experimental data of the thermo-optic properties of highly transparent
ceramic YAG above room temperature. We also present, using previously
reported values measured below room temperature, fitting parameters for
dn/dT that are valid over a wide temperature range (70–600 K) with an
average error of 2.0%.
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1. Introduction
Rare-earth-doped yttrium aluminum garnet (YAG) is found in various optical devices
including solid-state lasers and as a phosphor in solid-state lighting and scintillators owing to
its excellent mechanical, thermal, and optical properties. In particular, Nd- and Yb-doped
YAG are the most typical laser-active materials for high-average-power lasers and nonlinear
optical devices. Currently, high-grade ceramic YAG of any size and dopant concentration can
be commercially manufactured, and this is leading to rapid progress in solid-state laser
materials science [1,2]. The advantages of heavy doping, large apertures, and composite
structures have enabled many new ceramic-based laser concepts [3–5], and ceramic
technology will be exploited in future developments of higher average-power lasers with
higher pulse energies for next-generation laser material processing.
One of the primary obstacles in developing high-average-power laser systems is thermal
problem that negatively affects the laser performance. The strong optical pumping process in
a solid-state laser material associates with high heat generation, and consequently produces a
significant temperature gradient in the material, which leads to thermal lensing, stressinduced birefringence, thermal aberrations, and eventually thermal stress fracture. Thus, the
output power of solid-state lasers is mainly limited by thermal effects in the gain medium. To
solve these problems and obtain output power required at a high performance, thermal
analyses and well-designed laser systems are important.
The thermal conductivity Κ (W/mK), thermal expansion α (1/K), and thermo-optic
coefficient dn/dT (1/K) are particularly relevant parameters for a thermal assessment of a
laser medium. For example, the degree of thermal lensing, thermal-stress birefringence, and
fracture limit can be evaluated using these parameters [6]. Accurate values are accordingly
required for designing high-performance laser systems.
Previous studies on the thermal properties of YAG have considered various temperature
ranges. The temperature dependence of Κ in single-crystal YAG at low temperatures (30–300
K) [7–10] and high temperatures (300–473 K) [11] has been reported. For ceramic YAG,
Yagi et al. [12] measured Κ−value at 5–200 K and found that the values corresponded to
those of single-crystal YAG between 150 K to room temperature. Sato et al. [13] reported the
dependence of Κ on rare-earth Nd3+ and Yb3+ concentration for both single-crystal and
ceramic YAG from room temperature to 473 K. Recently, they also measured α for singlecrystal YAG from room temperature to 573 K using a high-resolution dilatometer [14]. Geller
et al. [15] and Ovanesyan et al. [16] determined α values of single-crystal YAG using an Xray diffraction method up to 1400 and 1273 K, respectively. Gupta and Valentich [17] studied
α on both single-crystal and ceramic YAG for temperatures up to 1673 K, while Foster and
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Osterink [18] simultaneously measured α and dn/dT of a Nd3+:YAG single crystal using a
Fizeau interferometer. The interferometry method has also been used to measure dn/dT of
single-crystal [19,20] and ceramic [21,22] YAG at low temperature; dn/dT is evaluated from
the fractional change in the interference fringe pattern in an optical path length. The majority
of these studies at temperatures below room temperature were carried out for developing
cryogenically cooled Yb3+:YAG lasers, which have excellent spectroscopic and thermal
properties [9,10]. There have been very few studies at high temperatures, especially on dn/dT,
but the temperature dependence of these thermal parameters above room temperature is
needed for designing high-power lasers operating above room temperature.
In this paper, we report α and dn/dT values of ceramic YAG at temperatures between 300
and 600 K, the range of which can be used for assessing the thermo-optic effects in ceramic
YAG lasers operated above room temperature. To the best of our knowledge, this is the first
study of the temperature dependence of dn/dT of ceramic YAG up to 600 K. The values
obtained in this study are compared with published data, and we propose a fit for dn/dT that is
valid over 73–600 K.
2. Experiment
Figures 1(a) and 1(b) show a photograph and the dimensions of the undoped ceramic YAG
sample (Konoshima Chemical Co., Ltd.), respectively. YAG flats 10 mm in diameter were
polished and diffusion bonded to each end of the 15.6-mm-long, 5-mm-diameter rod. We
employed a Fizeau interferometer (Fig. 1(c)) to measure the temperature dependence of α and
dn/dT; details of the measurements can be found elsewhere [21]. The YAG sample was
attached to a copper holder, set in a vacuum chamber, and heated at 10 K/min. The
temperature of the copper holder was measured by a thermo-couple. A 632.8 nm He-Ne laser
was used as the probe beam, and two Fizeau interferometers were formed with the reflected
light: one with a vacuum path (signal A) and the other with the YAG path (signal B). To
avoid interference at the outer surface of the ceramic YAG in the vacuum path, each surface
was partially anti-reflection (AR) coated at the probe laser wavelength. The signals were
separated by a half mirror, and the shift in the fringes due to a temperature variation was
recorded with photodetectors. The values of α and dn/dT were evaluated as follows:

α=

1 dL1
L1 dT

(1)

1 d (nL2 )
1 dn
=α +
nL2 dT
n dT

(2)

where L1 = 15.6 mm and L2 = 22.4 mm are the vacuum and YAG path lengths, respectively,
and n = 1.829 is the refractive index of YAG at 632.8 nm.
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Fig. 1. (a) Photograph of the diffusion bonded ceramic YAG sample. (b) Sample configuration
and optical path inside the sample. (c) Experimental setup of the interferometer.
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Figure 2 shows an example of the measured photodiode intensity as a function of
temperature around 435 K as well as sinusoidal fits. The phase shift in signals A and B over a
5-K temperature range (432.5–437.5 K) were evaluated to be d(L1) = 1.89λ and d(nL2) =
8.92λ (λ = 632.8 nm), respectively. These phase shift values were used to calculate α and
dn/dT according to Eqs. (1) and (2). The same experiments were performed for temperatures
of 300 to 600 K, and α and dn/dT were evaluated at 5-K intervals.
Intensity recorded by photodiode (a.u.)

1.5
d(nL2) = 8.92 λ
d(L1) = 1.89 λ
Signal B

1

0.5

Signal A

0
432

ΔT = 5 K

434
436
Temperature (K)

438

Fig. 2. Shift in the interference fringes in the vacuum path (signal A) and YAG path (signal B)
over 432 to 438 K. Open symbols and solid lines represent the experimental values and
sinusoidal fits, respectively.

3. Results and discussion
Figures 3(a) and 3(b) show the measured α and dn/dT values, respectively, of this work (black
circles) and previous work (up to 300 K; red circles and blue squares) [21,22] along with
single-crystal YAG values (green diamonds and triangles) [8,20], (up to 573 K; purple
triangles) [14], and fits of α and dn/dT obtained from experimental data collected at low
temperatures (dashed red lines) [21]. The measurements are repeated, and the measurement
errors are evaluated to be ± 0.28 × 10−6 K−1 for α and ± 0.41 × 10−6 K−1 for dn/dT. The curve
for α is by [21]
 B

 T

α (T ) = A exp  −

(3)

where A = 1.1434 × 10−5 K−1 and B = 174.59 K. As can be seen in Fig. 3(a), the previously
reported fitted curve shows concordance with our results; the average error between our
experimental data and the fit is 1.7%. Thus, the fit can be applied to data for temperatures
above room temperature. The dotted black and gray lines in Fig. 3(a) show the thermal
expansion values of single-crystal YAG obtained from X-ray diffraction measurements
[15,16]. Our experimental results are also in reasonable agreement with these values. The
thermal expansion coefficients of ceramic YAG reported in [17] were smaller than those of
single-crystal YAG because the ceramic YAG sample, sintered by hot pressing, had a low
density (4.35 to 4.38 g/cm3). Recent high-grade ceramic YAG has a higher density (4.55
g/cm3) comparable to that of single-crystal YAG (4.56 g/cm3) [23]. Therefore, we believe that
the thermal expansion of ceramic YAG can be considered as equal to the value of singlecrystal YAG. On the other hand, the thermal expansion of single-crystal [111]-cut YAG
measured by a dilatometer has smaller values [14]. To discuss the expansion data between
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single-crystal and ceramic YAG, we will conduct similar experiments for single-crystal YAG
in the future.
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Fig. 3. Temperature dependence of the (a) thermal expansion coefficient α and (b) thermooptic coefficient dn/dT of undoped YAG. Data is shown for our work on ceramic YAG (black
circles), that reported elsewhere for ceramic YAG (red circles and blue squares) [21,22], and
that reported for single-crystal YAG (green diamonds and triangles) [8,20] (up to 573 K;
purple triangles) [14]. The dashed red lines are fits obtained from low-temperature data [21],
the dotted black and dashed gray lines show single-crystal YAG data obtained from X-ray
diffraction measurements [15,16], and the solid black line is the fit proposed in this work (Eq.
(4)). All the dn/dT data shown were obtained using a 632.8 nm He-Ne laser.

Figure 3(b) shows that our experimental data for dn/dT at room temperature is in
agreement with the polynomial fit reported in [21]. However, the fit is not valid for
temperatures above room temperature. Here, we propose a new fit applicable to a temperature
range of 70–600 K using experimental values at 632.8 nm below room temperature reported
in [21]. This fit, like that in [21], is also based on a third-order polynomial:
dn
(T ) = M 0 + M 1T + M 2T 2 + M 3T 3
(4)
dT
We obtained parameters of M0 = −3.96 × 10−6, M1 = 6.75 × 10−8, M2 = −1.06 × 10−10, and
M3 = 6.39 × 10−14 by fitting this curve to the data. The average error between the experimental
data and the fit is 2.0%, which indicates that Eq. (4) would be efficient and useful for
designing laser systems that operate between 70 and 600 K. Note that this dn/dT fit is based
on measurements performed with 632.8 nm probe wavelength. As the refractive index
depends on wavelength, dn/dT values also change with wavelength. The dn/dT values of
single-crystal YAG at various wavelengths (457.9–1064.2 nm) are given in [24,25] and
decrease with increasing wavelength because of the wavelength-dependent refractive index
dispersion.
For reference, the fitted values of α and dn/dT are listed in Table 1 along with the
fractional change in the optical path length. In comparison to the value at room temperature,
the fractional change in the optical path length increased by 17%, 29%, and 37% at 400, 500,
and 600 K, respectively. Thus, the wave-front distortion including thermal lensing will be
significantly larger for higher temperatures. In addition, the thermal conductivity of YAG is
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predicted to be lower at temperatures above 300 K [7], and this should be addressed in
developing high-power laser systems.
The doping and temperature dependences of the thermal expansion for single-crystal
Yb3+:YAG have been reported, and the thermal expansion increases with increasing
temperature and Yb3+ doping concentration [13,26]. The thermo-optic coefficient will also
change with the dopant and dopant concentration. Thus, for designing high-power laser
systems, the doping concentration dependence of α and dn/dT for both Yb- and Nd-doped
ceramic YAG will be measured.
Table 1. Fitted values of α and dn/dT for undoped ceramic YAG. The fractional change in
the optical path length is also listed.
Temperature (K)

α ( × 10−6 K−1)

dn/dT ( × 10−6 K−1)

300
350
400
450
500
550
600

6.4
6.9
7.4
7.8
8.1
8.3
8.5

8.4
9.4
10.1
10.7
11.2
11.6
12.1

α+

1 dn
( × 10−6 K−1)
n dT
11.0
12.1
12.9
13.6
14.2
14.7
15.1

4. Conclusions
We have measured, for the first time, the values of α and dn/dT of ceramic YAG over a
temperature range of 300–600 K. The thermal expansion coefficient was found to be in
reasonable agreement with the experimental data of single-crystal YAG, and the thermo-optic
coefficient at 300 K was consistent with a previously reported value. We demonstrated that
the previously reported fit for ceramic YAG obtained from α data below room temperature
can be used for temperatures up to 600 K. We have also presented for the first time fitting
parameters for dn/dT that are valid over a wide temperature range (70–600 K) and have an
average error of 2.0%. The fractional change in the optical path length increased by 17% at
400 K, as shown by a comparison with the value at 300 K. Therefore, the temperature
dependence of α and dn/dT should be addressed especially in high-power lasers operating
above room temperature, which have a large temperature distribution in the medium. We
believe that the fits for α and dn/dT described by Eqs. (3) and (4) can be applied to analyze
thermal effects in ceramic YAG and will be useful for designing high-average-power lasers
operating under both cryogenic and high-temperature conditions.
In future work, we intend to measure the Κ, α, and dn/dT values of Yb3+:YAG and
3+
Nd :YAG at high temperatures and investigate the doping and temperature dependences. In
addition, we will prepare a probe laser with a 1-μm wavelength for measuring dn/dT.
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