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Abstract: A theoretical model was developed for time-resolved thermal 
mirror spectroscopy under top-hat cw laser excitation that induced a 
nanoscale surface displacement of a low absorption sample. An additional 
phase shift to the electrical field of a TEM00 probe beam reflected from the 
surface displacement was derived, and Fresnel diffraction theory was used 
to calculate the propagation of the probe beam. With the theory, optical and 
thermal properties of three glasses were measured, and found to be 
consistent with literature values. With a top-hat excitation, an experimental 
apparatus was developed for either a single thermal mirror or a single 
thermal lens measurement. Furthermore, the apparatus was used for 
concurrent measurements of thermal mirror and thermal lens. More physical 
properties could be measured using the concurrent measurements.  
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1. Introduction  

Based on tightly focused laser beams, photothermal (PT) techniques have been widely used as 
highly sensitive tools to determine optical and thermal properties of various materials [1-6]. 
The basic principle of the photothermal techniques is the photo-induced heat generation by 
non-radiative decay process following optical energy absorption of a sample, and the heat can 
cause a number of different effects, which provide various detection mechanisms. The 
information of the temperature rise in the sample as well as its thermophysical parameters can 
be obtained with these detection methods. For instance, when a focused excitation TEM00 
laser beam impinges on a solid sample, a local thermal expansion and then a surface 
displacement are produced. This surface deformation depends on the optical, thermophysical 
properties of the sample and acts as a concave or convex mirror to a second TEM00 laser 
shinning on the deformed surface [6,7]. This phenomenon is called thermal mirror (TM) 
effect. Recently [8,9], we have theoretically and experimentally demonstrated the useful and 
practical applications of the TM effect to measure absolute values of thermophysical 
properties of solids using a Gaussian excitation laser. 

Although the PT techniques have been applied to the research in a variety of areas, the 
high cost of a TEM00 Gaussian laser (usually a high power gas laser) as an excitation light 
source limits potential applications. In order to expand the applicability of photothermal 
techniques, it is desirable to use less expensive non-Gaussian excitation laser to replace the 
Gaussian one. Li and co-workers [7,10] introduced a non-Gaussian laser beam with a top-hat 
intensity profile  (top-hat excitation) into the PT techniques. They developed a theoretical 
model for modulated cw laser thermal lens (TL) optimized for a near field detection. They 
theoretically showed that with the optimum geometry its sensitivity would be twice higher 
than the Gaussian excitation one. In other attempts, Li et al used pulsed surface thermal lens 
and pulsed photothermal deflection techniques to qualitatively determine thermoelastic and 
the thermo-optical responses of ultraviolet dielectric coatings and nonlinear absorption 
coefficient of bulk materials, respectively [7,10]. However, a theoretical model, with which 
physical properties can be quantitatively determined, is necessary for practicable applications 
of PT spectroscopies with the top-hat laser excitation. Recently we reported a theory and 
quantitative measurement of time-resolved mode-mismatched TL spectroscopy induced by a 
cw top-hat excitation [11]. The analytical equation for the TL signal was used to fit the 
experimental data, and thermo-physical properties of the glass samples were quantitatively 
determined. 

Considering the practical significance of the photothermal techniques for material 
characterization with less expensive excitation lasers, in this work, we derive a theory for the 
time-resolved TM of low absorbing samples using a cw top-hat excitation. Fitting to the 
theory, we quantitatively deduce the optical and thermal properties of glass samples, well 
consistent with the literature values. Moreover, using a cw top-hat excitation, we develope a 
time-resolved mode-mismatched experimental apparatus, which can be used for either a single 
TM measurement or a single TL measurement. For optically transparent samples, concurrent 
TM and TL measurements also can be performed using the apparatus. Experimental results 
show that the concurrent measurements can get more information on the physical properties of 
a sample than that obtained by a single TM or TL measurement. 

2. Theory 

The TM geometry used for the theoretical analyses is shown in Fig. 1(a).  The theoretical 
analysis involves the calculations of (1) temperature rise in the sample, (2) the thermoelastic 
deformation on the sample surface due to the temperature rise, (3) the electric field phase shift 
of the probe beam reflected from the deformation, and (4) the intensity of the probe beam at 
the detector plane. 
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2.1. Temperature field produced by the cw top-hat laser beam excitation 

The sample is treated as a radially infinite medium [3-5,8-9,14]. Heat flow along the beam 
axis in the low absorption sample is ignored, and only radial heat flow is considered [8,14]. 
As described in [11], the top-hat source profile follows a Unit-step function ( )xU  as  
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in which eP  is the excitation beam power, eA  the optical absorption coefficient of the sample 

at the excitation beam wavelength, and = 1 /e emφ ηλ λ− < > . eλ  is the excitation beam 

wavelength, emλ< >  the average wavelength of the fluorescence emission, and η is the 
fluorescence quantum efficiency, which competes for a share of absorbed excitation energy. 
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in which J ( )n x  is the n-order Bessel function of the first kind. c , ρ  and k  are the specific 

heat, mass density, and thermal conductivity of the sample, respectively. 2
0= /4c et Dω  is the 

characteristic thermal time constant, and = /D k cρ  is the thermal diffusivity of the sample, 

and 0 = /4e eT P A kφ π .  

 

 
 

(a) 
 

(b) 

Fig. 1. (a). A scheme of the geometric arrangement of the beams in a mode-mismatched dual-
beam TM experiment. ω0e and ω1P are the radii of the excitation and probe beams in the 
sample, respectively. ω0P is the probe beam waist at the distance Z1 from the sample, and Z2 is 
the distance between the sample and the TM detector plane. (b) A schematic diagram of a time-
resolved experimental apparatus for concurrent measurements of the TM and TL with top-hat 
cw laser excitation. Mi, Li, and Pi stand for mirrors, lenses and photodiodes, respectively. We 
used ω1P=920μm, Z1=275mm, ZC=18mm, V=15.2, ω0e=255μm, m=13, and Z2≈5 m. 

2.2. Surface deformation 

In the quasi-static approximation, the surface thermoelastic deformation caused by a laser-
induced non-uniform temperature distribution is given by [10,13,14] 

 ( ) ( ) ( ) ( )21 2 . 2 1 , ,T T r z tν ν α− ∇ + ∇ ∇ = + ∇u u , (3) 

#99350 - $15.00 USD Received 24 Jul 2008; revised 28 Jul 2008; accepted 28 Jul 2008; published 30 Jul 2008

(C) 2008 OSA 4 August 2008 / Vol. 16,  No. 16 / OPTICS EXPRESS  12216



and the boundary conditions at the free surface are 0| 0rz zσ = =   and  0| 0zz zσ = =  [13]. Here u  

is the displacement vector; Tα  is the linear thermal expansion coefficient. ν  is the Poisson's 

ratio, and rzσ  and zzσ  are the normal stress components. 
The solution of Eq. (3) can be expressed, in cylindrical coordinates due to the geometry of 

top-hat excitation laser beam, by introducing the scalar displacement potential ψ  and the 
Love function Ψ  [13]. By using the temperature rise distribution, Eq. (2), and the boundary 
condition over the stress [8,9,14], the z component of the displacement vector at the sample 
surface (z = 0), ( ),0,zu r t , takes the form 

 ( ) ( ) ( )2
0 0

0
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2.3. Probe beam phase shift 

The surface deformed acts as an optical element, causing a phase shift 

( ) ( ), 4 ,0,TM z Pr t u r tπ λΦ =  [8] to the reflected probe beam. λP is the probe beam 

wavelength. Using (4) and (5), the induced TM phase shift is 
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The phase shift TMΦ  describes the distortion of the wavefront of the probe beam caused 
by the temperature-induced surface displacement of the sample. 

2.4. Probe beam intensity at the detector plane 

The complex electric field of the reflected probe beam, which is subject to a phase shift TMΦ , 
is given by 

 ( )
2 2

1 2
1 1

, = exp TM
P P P

r r
U r Z B i

R

π
λ ω

⎡ ⎤⎛ ⎞
− + Φ −⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦
. (8) 

Here, B  is a constant [8]. The propagation of the reflected probe beam to the detector plane 
can be treated as diffraction using Fresnel diffraction theory [5]. Considering only the centre 
of the probe beam spot at the detector plane, its complex amplitude can be written as 

01 2( , ) = exp[ (1 ) ( , )]TMU Z Z t C iV g i g t dg∞+ − + − Φ∫  [5]. C  is a constant [5]. 

The intensity of the probe beam at the detector plane ( )I t  then can be calculated as 
2

1 2( ) | ( , ) |I t U Z Z t= + . Here the absorbed power of the probe beam by the sample is assumed 
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to be negligible compared with that of the excitation beam and has no contribution to the 
generation of the TM effect. The foregoing theoretical model was experimentally validated. 

3. Experimental results 

In this work an experimental apparatus for the measurement of either the TM or TL was 
developed, as shown in Fig. 1(b), which also could be used for the concurrent measurements 
of the TM and TL. A multi-mode diode-pumped solid-state laser (Melles Griot, Model 85 
GLS 309, 532.0 nm) acted as an excitation laser. The top-hat intensity profile on the sample 
was created using a set of lenses (L1 and L2), a pupil, and a lens (L3) in the same way as 
described in Reference [11]. A weak TEM00 Gaussian He-Ne laser at 632.8 nm (Melles Griot, 
Model 05LHP151), focused by lens L4 (f = 20 cm) and almost collinear to the excitation beam 
(α<1.5º), was employed as a probe beam. A low absorption sample was positioned near the 
confocal plane of the probe beam. The exposure of the sample to the top-hat excitation laser 
was controlled by a shutter (ThorLabs, Model SH05), creating a TM on the sample surface 
and a TL in the sample. The reflected part of the probe beam from the TM was intercepted by 
a pinhole-photodiode (P3) assembly, thus sensing the TM signal. The transmitted part of the 
probe beam through the TL was captured by another pinhole-photodiode (P2) assembly to 
detect the TL signal. The signals from P2 and P3 were sent to a digital oscilloscope 
(Tektronics, Model TDS 3052), which was trigged by a photodiode P1, to record the signals. 
The experimental parameters are shown in the caption of Fig. 1, which were measured as 
described in Reference [11]. A computer was used to control the experimental apparatus and 
measurements. 

The concurrent TM and TL measurements were performed with three well-known low 
absorption glass samples to test the theoretical model. These samples were: 0.1wt% CoF2 
doped ZBLAN glass [16], 2wt% Fe2O3 doped Soda lime glass [5], and 2wt% Nd2O3 doped 
low silica calcium aluminosilicate glass (LSCAS-2) [8,15]. 
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Fig. 2. (a). Normalized TM signals I(t)/I(0) for the glass samples. (b) The fitted θTM as a 
function of excitation power for TM experiments. Open dots are experimental data and solid 
lines are best curve fitting. 

 
Figure 2(a) shows examples of normalized transients of the TM signals of the glasses. The 

positive thermal expansion coefficients for all three glasses govern the shape of the TM 
transients. In this case, the produced surface deformations act as convex mirrors, defocusing 
the probe beam reflected from the TM and hence decreasing the signal at the detector. The 
numerical curve fitting of the transients to the theoretical model, corresponding to the solid 
lines in Fig. 2(a), deduced the values of tc that is related to the thermal diffusivity and θTM . 
The thermal diffusivities of these glasses measured using the TM, shown in the Table 1, are 
consistent with previously measured using TL technique [11] and are also in good agreement 
with the literature values [5,15,16]. In the Table 1 are also listed the absorption coefficients Ae 
measured as described elsewhere [5] at the excitation wavelength. The linear dependences of 
the θTM on different excitation power were also obtained with the curve fitting for the glasses, 
as shown in Fig. 2(b). Table 1 shows the values of the slopes dθTM/dPe of the glasses.  

In addition to the D  and θTM , θTL  is also deduced from TL measurements [11]. Referring 

to Eq. (7) for θTM  and to Eq. (4) in Ref. [11] for θ = ( ) /TL e e PP A l ds dT kφ λ− , the phase shifts 
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of both the TM and TL are associated with the thermal conductivity k, optical absorption 
coefficient Ae, and fluorescence quantum efficiency η. Also, θTM is dependent on the thermo-
mechanical properties, namely linear thermal expansion coefficient αT and the Poisson’s ratio 
ν. For a fluorescent sample, the TM can be used to determine the η with no requirement of a 
reference sample, providing the αT and ν are known. Using the listed parameters in the Tables 
1 plus <λem>=1064 nm [15] for the LSCAS-2, we found η = 0.84, consistent with the 
literature value [15] measured with a reference. 

Besides the k, Ae, and η, the thermal lens phase shift θTL [11] is also related to the 
temperature coefficient of the optical path length ds/dT, an important thermo-optical 
parameter of optical materials, such as a solid state laser material, correlated to light 
wavefront distortion induced by a temperature variation [14,16]. For a fluorescent sample, it is 
usually difficult to determine the ds/dT and η simultaneously using the TL. Combining the θTL 
and θTM, one can calculate the ds/dT with / 2 (1 )θ /(θ )T TL TMds dT lα ν= +  without the 

knowledge of the k, Ae, and η. Thus, the combination of the TL and TM with the same top-hat 
excitation and Gaussian probe lasers provides a novel approach to measure the ds/dT. The TL 
results obtained in this work are, as expected, the same as that obtained previously [11]. Using 
the measured TL and TM results, we determined ds/dT for the three samples (Table 1). These 
values are in good agreement with the literature data for these materials [5,15,16]. Moreover, 
for non-fluorescent samples of weak absorption or scattering, sometimes the measurement of 
Ae introduces an experimental error, and this approach can reduce the error in the 
determination of the ds/dT. Alternatively, this approach can be employed to quantify the 
mechanical property if the ds/dT is known. 

Table 1. The results of the TM experimental measurements 

Samples eA  D  TMθ ed dP  ν  Tα  k  ds dT  

 (Measured) (Measured) (Measured) (Literature) (Literature) (Literature) (Measured) 

 (cm-1) (10-3 cm2/s) (103 W-1m-1)  (10-6 K-1) (W/mK) (K-1) 

LSCAS-2 [15] 1.70±0.03 5.9±0.3 -(1.94±0.04) 0.29  7.5 1.50 12.1±0.5 

ZBLAN [16] 0.35±0.01 3.1±0.3 -(2.51±0.05) 0.25  14.0 0.77 -(5.8±0.3) 

Soda-lime [5] 1.00±0.03 5.1±0.3 -(1.62±0.06) 0.21  5.2 1.20 5.2±0.3 

 

4. Conclusion 

A theoretical model for time-resolved TM of low optical absorption samples induced by a top-
hat cw laser excitation was developed. An experimental apparatus for concurrent 
measurements of the TM and TL was developed with a top-hat excitation laser. Three low 
absorption glass samples were tested, and their thermophysical properties were quantitatively 
determined with the theory and apparatus and found to be consistent with the literature values, 
indicating the theory is practicable. Furthermore, η and ds/dT could be determined 
simultaneously without any reference by using the combined results of the TL and TM 
measurements, showing the usefulness of the concurrent measurement. The theoretical model 
and experimental apparatus developed in this work make it promising to use a top-hat laser 
excitation in the TM and TL measurements, thus expanding the applicability of photothermal 
techniques with a less expansive non-Gaussian excitation laser. 
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