
Photoacoustics 22 (2021) 100257

Available online 2 March 2021
2213-5979/© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Laser induced thermoelastic contributions from windows to signal 
background in a photoacoustic cell 

Lixian Liu a,1, Huiting Huan a,1, Xueshi Zhang a, Le Zhang a, Xiaopeng Shao a,*, 
Andreas Mandelis b, Lei Dong a 

a School of Physics and Optoelectronic Engineering, Xidian University, Xi’an, 710071, China 
b Center for Advanced Diffusion-Wave and Photoacoustic Technologies (CADIPT), Department of Mechanical and Industrial Engineering, University of Toronto, Toronto, 
ON, M5S 3G8, Canada   

A R T I C L E  I N F O   

Keywords: 
Photoacoustic cell 
Thermoelasticity 
Signal background 
Green function 

A B S T R A C T   

The existence of a signal baseline due to a variety of reasons in a photoacoustic (PA) gas measurement system is a 
common phenomenon. One major component is the absorption of optical windows in an enclosed PA cell. This 
work explores the relation between the background signal and the thermoelastic effect inside the windows by 
modelling the pressure and elastic wave field by means of a Green-function based method. The influence of laser 
incidence location, angle and radius is discussed based on a rigorous three-dimensional solid-to-fluid coupling 
model. The effects were theoretically demonstrated culminating in the determination of best (minimum back-
ground signal) performance using a collimated and expanded incident laser beam. The results were also validated 
through experiments.   

1. Introduction 

The photoacoustic cell is the key component in photoacoustic spec-
troscopy (PAS) systems used in trace gas detection. The performance of a 
PA cell in terms of its resonant frequency and Q-factor is of significant 
importance in enhancing the resolution in trace gas concentration 
measurements [1]. So far, many state-of-the-art researches demon-
strated that the detection limit of PA spectroscopy can reach up to sub 
parts-per-trillion (ppt) level [2,3]. The growing number of reports in the 
field of trace gas detection by PAS makes the sensitivity of this technique 
promising for more in-field applications. 

The huge progress made in gas detection PAS in recent years can 
generally be attributed to the improvement of the signal-to-noise (SNR) 
ratio of PA signals. One approach has been to develop more sensitive, 
sophisticated and miniaturized sensors inside the PA cell for the purpose 
of signal enhancement. Tomberg et al. used a cantilever - an extremely 
sensitive displacement sensing unit and a group of external reflectors to 
construct a PA cell and detect acetylene concentration. Sensitivity of a 
few tens of ppt level was attained [3,4]. Zheng et al. adopted quartz 
tuning forks to enhance PAS detection with Q-factors in the tens of 
thousands [5]. Xiong et al. developed a special optical grating that 

matched the resonant frequency of the detector crystal so as to amplify 
PA signals [2]. Other approaches adopted by many researchers are more 
straightforward. High power sources were adopted to increase the 
gas-absorbed energy. Karhu et al. introduced an amplified optical fre-
quency comb and an optical parametric oscillator to test methane. The 
detectability floor was less than 100 ppb with about 0.1 W optical power 
[6]. A 1.4-W and 3.5-W laser source were respectively used by Yin et al. 
to measure hydrogen sulfide and nitrogen dioxide with ppb to sub-ppb 
detectability [7,8]. 

Instead of enhancing PA signals, some researchers have made efforts 
to sufficiently suppress background absorptions due to the optical 
windows, which also significantly improves the SNR in a PA cell. 
Brewster windows were used in many works [9,10] to minimize the 
laser energy loss at windows. González et al. reported an optical dif-
ferential configuration to cancel coherent absorption from optical 
windows. The detection limit was thus improved by about 25 times 
[11]. Similarly, Saarela et al. used microphones to monitor the signal 
difference due to window absorption and made appropriate compen-
sation for it [12]. Lassen et al. also implemented compensation by 
exciting a PA cell in its second-harmonic radial mode with microphone 
signals 180 degrees out-of-phase [13]. Liu et al. introduced an auxiliary 
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PA cell identical to the primary cell to perform differential measure-
ments. The detection limit achieved was at ppm levels with merely a 
few tens of microwatts incoherent source [14,15]. In other reports, 
optical windows were even discarded and replaced with buffers [16, 
17], which facilitates the so-called “open path detection” modality [18]. 
Such designs completely avoid window absorption, but the loss of 
optoacoustic energy confinement due to the open design significantly 
degrades the SNR. 

In view of the foregoing design considerations, the following 
question arises: If the optical windows have to be retained in a PA cell, 
is it possible to minimize their optical absorption by adjusting the 
parameters of the incident beam? Before addressing this question, it is 
important to analyze how windows absorb laser power and contribute 
to the coherence noise background. Very recently, Cotterell et al. 
established a finite element model to study separately the absorption 
behavior of the windows and the target gas [19]. The theoretical 
Q-factor and the SNR was derived with respect to a PA cell based on the 
simulation result. However, their model cannot solve two problems: 
First, the spatial distribution of laser intensity which may affect the 
background baseline was not considered. Second, given that the glass 
window is a typical elastic solid, it is inaccurate to consider it as 
thermoviscous medium which should be a fluid property, thereby 
altogether neglecting its shear modulus. In this work, a detailed dis-
cussion on the effects of window absorption and the associated back-
ground noise is systematically presented by analyzing the pressure 
wave modes within the framework of thermoelastic theory. Optical 
beam parameters such as size, power distribution and incident loca-
tion/angle are taken into account in the theoretical analysis. The in-
fluence of the glass-window-induced thermoelastic effect is considered 
along with the existence of solid-to-fluid interfaces in a cylindrical PA 
cell. Finally, experiments were conducted to validate the theoretical 
results. 

2. Theoretical modelling 

The photoacoustic effect was discovered by Bell in 1880 and its 
application to solids was first modeled by Rosencwaig and Gersho in 
1976 in a gas-microphone system. The signal, simplified in one 
dimension, was interpreted by means of coupling between heat con-
duction and pressure-wave generation inside a hermetically sealed PA 
cell [20]. The performance and acoustic wave modes of PA cells has 
also been analyzed based on the Beer-Lambert law and theoretical 
acoustics [21–23]. However, the reported models of the window ab-
sorption have not been systematic and have neglected the influence of 

the laser beam parameters. In this article, we consider the PA 
signal induced only by the absorption of optical windows and explore 
the correlation between the incident laser beam parameters and 
the background signal. The effects of symmetric (axially concentric) 
and asymmetric (displaced from center) beam were also investigated. 

We consider cylindrical PA cell filled with ideal zero-absorption 
gases such as nitrogen or other inert gases, as shown in Fig. 1. The 
incident laser beam passes through the cell and gives rise to the pho-
toacoustic effect due to absorption by the two glass windows. For a 
modulated Gaussian laser beam going through an optical window, the 
spatial power distribution is 

g(r, t) =
Q0

πc2R2
0

exp

[

−

(
|r − rs|

2

c2R2
0

)

− βz + iωt

]

, 0 ≤ z ≤ D (1)  

where Q0 is the original output power in W, β is the optical absorption 
coefficient of the glass window in m− 1, R0 is the radius of the cylin-
drical cell and the two identical windows; c is an adjustable factor 
indicating the radius of divergence of the incident laser beam between 
the extreme cases of a point source (c → 0) and full window surface 
illumination (c → 1); rs denotes the beam incidence location in the z =
0 plane and, therefore, |r − rs|

2
= r2 + r2

s − 2rrscos(φ − φs) denotes the 
Euclidean distance (displacement) between the observation and source 
locations. In practice, the optical windows for the PA cell are chosen 
such that they have very low absorption in the operating wavelength 
range, so that β is small enough to assume uniform power density 
distribution along its path through the windows. The laser induced 
temperature field T satisfies the heat conduction equation in cylindrical 
coordinates: 

1
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where κ and α represent the thermal conductivity and thermal diffusivity 
of the window, respectively. The temperature field should satisfy a zero 
flux condition on all surfaces of the enclosed window because heat ex-
change between glass and gases can be neglected at high modulation 
frequencies: 
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⃒
⃒

r=R0

=
∂T
∂z

⃒
⃒
⃒
⃒

z=0
=

∂T
∂z

⃒
⃒
⃒
⃒

z=D
= 0 (3a) 

Cylindrical symmetry requires that a periodic condition in the 
azimuthal direction should be satisfied: 

T(r,φ, z) = T(r,φ + 2π, z) (3b) 

Eq. (2) with the boundary conditions of Eq. (3) can be conveniently 
solved using the Green function approach and Gauss’s Theorem. Deri-
vation details can be found elsewhere [24] which yield the following 
expression for the temperature field inside the glass window: 
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cos
(nπz

D

)
× INTmn(r)

(4)  

Here, GT is the Green function for the temperature field (Eqs. (5.150) 
and (5.159) in Ref. [24]); δn0 is the Kronecker delta, equal to unity only 
if n = 0. It is used to incorporate the dc (zero frequency) components in 
the cosine functions of Eq. (4); INTmn(r) denotes integration over the r-ϕ 
plane: 

Fig. 1. Physical model for cylindrical PA cell with optical windows.  
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The other symbols in Eqs. (4) and (5) are defined as 

q2
n =

iω
α +

(nπ
D

)2
(6a)  

ΔImn = Im− 1(qnR0) + Im+1(qnR0) (6b)  

ΔKmn = − Km− 1(qnR0) − Km+1(qnR0) (6c)  

where Im and Km are modified Bessel functions of the first and second 
kind, respectively. The laser induced temperature field inside the glass 
window can be derived by combining Eqs. (4)–(6) and performing nu-
merical integration. The temperature field further evolves into ther-
moelastic stress which can be denoted as [25] 

τii = − 3Buαl∇iT, i = r,φ, z (7)  

where Bu is the bulk modulus of the glass window, αl is the linear thermal 
expansion coefficient, ∇i denotes the gradient of T along the i-axis (I = r, 
ϕ or z), and the negative sign indicates that the stress is along the di-
rection of the decreasing temperature field. The optical window glass is 
made by crystallized calcium fluoride and exhibits anisotropic elasticity 
with respect to different crystal symmetry and treatment temperatures 
[26]. However, the very weak absorption in the near-infrared region 
always results in infinitesimal strain in the glass which can still be 
treated as elastically isotropic [27]. In the elastic regime, the generalized 
Hooke’s law depicts the stress-strain relation simply as proportional: 

τij = λεkkδij + 2μεij (8)  

with λ and μ denote Lamé constants. Applying the balance of force and 
decomposing the displacement field into non-divergent and non- 
rotational components φ and ψ, i.e. displacement field potentials, the 
elastic wave propagation can be represented as [28] 

∇i
[
∇2ϕ + k2

Lϕ − 3BuαlT(r,φ, z)
]
+∇i ×

(
∇2ψ + k2

T ψ
)
= 0 (9)  

where φ and ψ are scalar and vector displacement potentials, respec-
tively. kL and kT are longitudinal and transverse wave numbers in glass. 
Eq. (9) will evolve into four coupled equations satisfying predefined 
homogenous displacement and stress boundary conditions: 

ur(R0,φ, z) = uφ(R0,φ, z) = uz(R0,φ, z) = 0 (10a)  

τ(r,φ, 0) = τ(r,φ,D) = 0 (10b) 

Eq. (10a) denotes fixed radial conditions and Eq. (10b) indicates a 
stress-free condition for two horizontal surfaces. The normal displace-
ment component uz can be expressed by 

uz = [(∇ϕ +∇× ψ)⋅n] |z=D or0 (11)  

where n denotes the normal unit vector along the z-direction. 
The boundary value problem of Eqs. (9)–(11) usually does not have 

analytical solutions and only numerical methods can be applied. Driven 
by the normal displacement of the glass at the window-gas interfaces, 
the background pressure field of interest can be determined by solving 
the Helmholtz wave equation in the PA cell 

1
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1
r2

∂2p
∂φ2 +
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(12) 

Since we assumed no gas absorption in the chamber, no source term 
appears in Eq. (12). k0 is the angular wave number in the gas. In the 
radial direction, the pressure field must be finite at the origin and total 
reflection is considered on the lateral wall: 

|p(0,φ, z)| < +∞ (13a)  

∂p
∂r

⃒
⃒
⃒
⃒

r=R0

= 0 (13b) 

For the upper and lower horizontal surfaces, continuous velocity 
boundary conditions are imposed [29]: 

∂p
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⃒
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∂p
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⃒
⃒
⃒
⃒

z=L
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where uz1 and uz2 denote the surface normal displacement at the two 
interfaces and can be determined by numerical calculation of Eqs. (9)– 
(11). The boundary value problem of Eqs. (12) and (13) can be solved 
using the Green function approach for the wave equation. Noting that 
Eq. (12) is analogous to Eq. (2), the Green function can be readily ob-
tained by modifying the expression derived in Ref. [24]: 
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where 
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ΔJmn = Jm− 1(snR0) − Jm+1(snR0) (15b)  

ΔYmn = Ym− 1(snR0) − Ym+1(snR0) (15c)  

Here, Jm and Ym are Bessel functions of the first and second kind of order 
m. δn0 is defined in Eq. (4). Combining Eqs. (12) and (14) and applying 
Green’s Theorem, the pressure wave field induced by window thermo-
elastic displacements can be determined 

p(r,φ, z,ω) = − ρ0ω2
∫ R0

0

∫ 2π

0

[
Gp(z

′

= L)uz2(r,φ) + Gp(z
′

= 0)uz1(r,φ)
]
dφ

′

dr
′ (16) 

Eq. (16) can be calculated by performing a numerical double integra-
tion. The foregoing analysis connects the laser induced heating effect on 
glass in Eq. (4) with the surface displacement field in Eq. (11). The back-
ground pressure is calculated subject to the continuity boundary conditions 
denoted in Eqs. (13). In this manner, the model can account separately for 
background pressure due to thermoelastic effects in the cell windows 
distinct form the photoacoustic contribution to the cell gas pressure. 

3. Beam profile simulations and discussion 

3.1. Thermoelastic effects in cell windows 

The thermoelastic behavior of glass windows was fist investigated by 
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changing the optical parameters of the incident laser. An 8-mm-diameter, 3- 
mm-thick cylindrical glass window which has 0.2 m− 1 absorption coeffi-
cient at the incident wavelength was modeled. The rest of the physical 
properties of window are shown in Table 1. Fig. 2 shows the results calcu-
lated using Eqs. (4), (9) and (11). The expanded beam has much smaller 
power density but more extended diffusion wave field. The existence of a 
temperature gradient further develops into thermoelastic vibration (oscil-
lation) inside the window as depicted in Fig. 2(b). It is seen that the ther-
moelastic magnitude distribution coincides with the temperature field 
profile. The influence of beam size is obvious as the maximum displacement 
decreases with expanded beams, as shown in Fig. 2(c). Meanwhile if the 
incident beam is shifted away from the center, i.e. |rs| increases from zero, 

the displacement decreases almost exponentially as shown in the inset, only 
this change is not as effective as the change of beam size. 

The explanation of this result is straightforward. The optical win-
dow, as an elastic circular plate, vibrates with fixed radial edge. The 
coaxial laser beam incidence has azimuthal symmetry and thus effi-
ciently converts optical energy into nonradiative (photothermal) heat-
ing and subsequent thermoelastic expansion and oscillation. However, 
since the modulation frequency of the laser becomes much lower than 
the eigenfrequencies of the elastic modes in glass (corresponding to the 
eigenvalues of Eq. (9), e.g. 8.58 kHz, 15.19 kHz etc.), the thermoelastic 
effect is localized and decays rapidly as the observation point moves 
away from the illuminated area. 

Table 1 
Typical properties of the window glass used in calculation.  

Material α, mm2/s κ, W/(m K) αl, K− 1 Bu, GPa μ, GPa ρ (density), kg/m3 

CaF2 3.58 9.71 1.89 × 10-5 82.7 33.8 3180  

Fig. 2. Numerically calculated 3-D model: (a) Temperature field; (b) normal displacement field of glass-gas interface (the deformation magnitude does not reflect the 
real value); and (c) the maximum displacement amplitude as a function of beam displacement and beam size. The inset is a magnified curve of 0.8 mm beam size 
(modulation frequency f =715.3 Hz). 

Fig. 3. Background signal dependence of beam displacement |rs| in the PA cell under symmetric illumination: (a) fundamental mode (f =715.3 Hz); (b) second-order 
longitudinal mode (f =1430.6 Hz). 
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3.2. Background pressure field with symmetric illumination 

An analysis of how the thermoelastic oscillation in the cell windows 
couples into the PA cell was carried out considering the coupling con-
ditions in Eqs. (13a–d). If the incident laser beam is collimated along the 
axis of the cylindrical PA cell, the oscillation features with respect to the 
two optical windows are identical. Such cases are named “symmetric 
illumination”. As shown in Fig. 3, the window-generated background 
pressure is lowest at the boundary where the incident laser beam ex-
hibits the largest displacement, impinging close to the boundary. The 
second-longitudinal mode was also analyzed because it is frequently 
used in practical PA gas detection applications [1]. There exists an 
obvious maximum for the second-order longitudinal mode with respect 
to small beam size. 

The beam size effect is shown in Fig. 4 for both fundamental and 
second-order modes. The maximum pressure amplitude decreases 

monotonically for the fundamental mode when the beam expands. This 
feature suggests that the thermoelastic response amplitude is mainly 
responsible for the background signal. However, there also exists a non- 
monotonic broad maximum in the second-order mode behavior of the 
beam around radius <3 mm, which implies the background pressure 
does not depend solely on the vibration amplitude of each window, but 
is also affected by the longitudinal acoustic mode symmetry in the PA 
cell. 

A qualitative physical explanation is as follows: the background 
acoustic signal is affected by two factors: The first is the amplitude of the 
thermoelastic response (the fraction of non-radiative energy being 
coupled into the cell) at the solid-gas interface. This effect is closely 
related to the location of incidence and the beam size as shown in Fig. 2. 
It constitutes the main background in the fundamental thermoelastic 
excitation mode, as higher optical power density and smaller displace-
ment produce higher signal (Fig. 3(a)). The other factor is the thermo-
elastic oscillation symmetry on the two optical windows. This effect 
becomes obvious for the second-order longitudinal mode, the pressure 
field of which is in-phase on both sides of the cell. If the incident laser 
beam results in the same oscillation pattern on both windows, the 
oscillation of the windows produces in-phase translational motion of the 
gas in the cell which does not contribute to the background. This ex-
plains the fact that the background signal remains steady for small 
displacements even if the window oscillation is strong, as shown in 
Figs. 3(b) and 4 . 

3.3. Background pressure field with asymmetric illumination 

The foregoing analysis suggests that the background signal can be 
minimized if the beam is expanded and impinges on the window at 
large displacement from the center axis of symmetry. In practice, it is 
quite difficult to maintain two identical incident coordinate locations 
with respect to beam entrance and exit windows. The word “asym-
metric” denotes the fact that the thermoelastic oscillations of two 
windows differ. The asymmetric illumination model considers two 
displaced beam spots on the two windows independently, a configu-
ration which corresponds to the case of oblique incidence. As shown in 

Fig. 4. Background signal dependence on beam radius under symmetric illu-
mination (displacement rs = 0). 

Fig. 5. Background signal dependence on beam displacement in the case of oblique incidence (rs1 and rs2 represent the displacement of the incident and exit beam, 
respectively): (a) fundamental mode (f =715.3 Hz); (b) second-order longitudinal mode (f =1430.6 Hz); beam radius: 0.8 mm. 
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Fig. 5, the maximum pressure for the fundamental mode depends on 
the beam incidence locations of both windows. If the incident beam is 
close to the boundary, minimal background signal can be obtained 
only if it exits close to the boundary too (i.e. at a large incidence 
angle). Normally, both incident and exiting beams should be located 
near the axis of the cylinder. The performance of the second-order 
longitudinal mode, shown in Fig. 5(b), is similar to that in Fig. 3(b) 
with an obvious maximum around rs2 = ±5 mm. The background 
signal is minimized if both entrance and exit locations are near the 
boundary. 

In practical PA spectroscopic applications, beam divergence is a 
common phenomenon in diode lasers, a fact that further alters the 
thermoelastic behavior of the entrance and exit optical windows. The 
effect of beam expansion was also analyzed with the foregoing model 
by adjusting the parameter c with respect to the two windows. As 
shown in Fig. 6 for the fundamental mode, when one of the beam radii 
is small enough (e.g. smaller than half the radius of the window), the 
background pressure increases when the other beam radius increases 
(black-solid squares and red-hollow circles). Otherwise, if the beam 
radius on one side is larger than half the window radius, there exists a 
minimum point which corresponds to the case of the aforementioned 
non-divergent (equal radii) illumination. This result suggests the 
importance of maintaining identical spot sizes through precise 

collimation on both windows for the purpose of suppressing the 
background in the fundamental mode. For the second-order mode, the 
background dependence on beam radii is plotted in Fig. 6(b). Given 
that the divergent beam produces asymmetric thermoelastic oscilla-
tions in both windows, the window oscillation amplitude dominates 
the pressure field again. The minimal background signal is obtained 
when the beam is expanded to its greatest extent (close to the window 
size). 

In the more general case, the divergent beam enters parallel to the 
cylinder axis and becomes displaced from the center inside the cell. 
The background pressure as a function of displacement at several 
divergence angles is plotted in Fig. 7. The largely displaced divergent 
beam has an obvious influence on the background fundamental mode 
pressure: the maximum pressure steeply increases with increased 
displacement. For the second-order mode, the divergent beam 
only left-shifts the rs value, thereby giving rise to a maximal pressure 
point, as shown in Fig. 7(b) with an rs dependence similar to that in 
Fig. 3(b). 

4. Experimental validation 

The theoretical calculations and discussion with respect to the photo- 
thermoelastic effect in optical windows were further validated with 

Fig. 6. The background signal oscillation as a result of beam expansion (centered illumination): (a) fundamental mode (f =715.3 Hz); (b) second-order longitudinal 
mode (f =1430.6 Hz). 

Fig. 7. The background pressure dependence on the displacement of an axially incident and co-axially divergent beam: (a) fundamental mode (f =715.3 Hz); (b) 
second-order longitudinal mode (f =1430.6 Hz). 
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experiments. The PA experimental setup is shown in Fig. 8. A cylindrical 
aluminum-alloy PA cell of 8-mm diameter and 240-mm length with 
polished internal surfaces was used. The cell was filled with nitrogen 
gas, a good optical non-absorber in the near infrared regime, to study the 
effect of window absorption under ambient pressure. The optical win-
dows were made of 3-mm-thick calcium fluoride glass which has good 
transparency to the incident 1.65 μm laser beam. Nevertheless, about 
5% optical energy was reflected, while 0.12 % energy was absorbed by 
the two glass windows and subsequently contributed to the appearance 
of a background signal. The cell was operating at its second-order lon-
gitudinal mode (about 1410 Hz) so that the maximum pressure occurred 
at the half-wavelength where a capacitor microphone MP-201, BSWA 
Tech®, China, Diameter: 1/2 in. Sensitivity: 50 mV/Pa, Range: 6.3 Hz to 
20 kHz) was installed to measure the PA signal. 

The incident laser beam axis was adjusted parallel to the cylinder 
axis. The measured radii of the incident and exiting beam were 0.3 mm 
and 2.8 mm, respectively. The divergence of the laser beam was known 
from the laser specifications. Two alignment cards with crosshairs at the 
center were also placed in front of the windows to make sure the 
concentric beam spot was unchanged during the vertical and horizontal 
scans. The theory was modified by adjusting the beam-size parameters (c 
and rs in Eq. (1)) accordingly. Fig. 9shows the experimental and theo-
retical normalized results of the background pressure distribution ob-
tained by scanning the incidence location of the beam horizontally and 
vertically. In agreement with the theoretical prediction trends, a larger 
background signal was captured when the laser deviated from the cen-
ter, nevertheless, there still existed a discrepancy between theoretical 
prediction and the experimental data in Fig. 9. This is because the theory 
only considers ideal thermoelastic and coupling conditions at the 

windows and ignores signal baseline. The last two points in the vertical 
scan shows accidentally high amplitude, which should be the result of 
beam misalignment and the scattering. The actual background signal 
obtained by the lock-in may also be affected by external noise and the 
microphone itself. 

Fig. 8. The gas detection PA experimental setup (left) and the cross-section of the PA cell (right), the microphone was installed at the center, near the inter-
nal boundary. 

Fig. 9. Experimental validation of window absorption with displaced incident 
laser beam. Incident beam-size: 0.3 mm, exiting beam-size: 2.8 mm; The 
experimental results are normalized to the corresponding theory. 

Fig. 10. Effect of incident beam size on PA cell window at the center of cy-
lindrical symmetry. Beam radii: 0.3 mm and 2.8 mm for the incident and exiting 
beam, respectively; The experimental results are normalized to the corre-
sponding theory. 

Table 2 
Summary of the background signal property in a cylindrical PA cell.  

Photoacoustic 
modes 

Property Influence of 
optical 
parameters on 
background 

Recommendations 

Fundamental 
longitudinal 
mode 

a) Asymmetric 
mode 
b) Maximum 
pressure near 
either side of the 
cell 

a) Sensitive to 
beam size 
b) Sensitive to 
divergence of 
beam 
c) Sensitive to 
displacement if 
the incident beam 
is divergent 

a) Expanded incident 
beam 
b) Equalized beam 
size on both windows 
c) Avoidance of off- 
axis illumination 

Second-order 
longitudinal 
mode 

a) Symmetric 
mode 
b) Maximum 
pressure at half 
length of the cell 
c) Larger 
pressure 
amplitude than 
the fundamental 
mode 

a) Sensitive to 
beam size 
b) Sensitive to 
beam divergence 
c) Insensitive to 
moderate 
displacements in 
all cases 

a) Expanded incident 
beam 
b) Avoidance of large 
displacements away 
from center axis  
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In the next experiment, the incident laser beam was displaced away 
from the front window with its size diameter increased due to diver-
gence, as depicted in the insets of Fig. 10. The contribution from subtle 
change of beam size in the background signal was considered. 
As shown in Fig. 10, a subtle increasing pattern of PA signal was ob-
tained as the beam expanded, which is consistent with the theoretical 
trends. 

The following conclusions for minimizing the background signal due 
to glass window absorption can be garnered from Table 2: The funda-
mental PA cell mode has lower amplitude background signal, but it is 
also less sensitive to the actual PA signal from absorbing gases and the 
detector should only be fixed at one end of the cell, a configuration 
seldom used in practice. For both the fundamental and 2nd order lon-
gitudinal modes inside the cell, an expanded incident beam can help 
decrease the window thermoelastic oscillation amplitude and thus 
suppress the background signal. Although the pressure field decreases 
rapidly when the laser beam is located near the wall, this situation is 
precarious and should be avoided since the scattered or stray light can 
be absorbed by the window surface and produce a large background 
signal. 

5. Conclusions 

In this study, a large portion of the background signal in PA spec-
troscopy applications has been shown to be due to the absorption of the 
optical windows of the PA cell. The coupling between the thermoelastic 
effect in the windows and the pressure wave inside the PA cell was 
established theoretically and experimentally. Significant conclusions 
obtained from the study were: 1) The thermoelastic effect due to laser 
absorption in optical windows contributes to the background/spurious 
signal in a PA gas cell which is dependent of incident laser parameters in 
terms of beam size and incident displacement; 2) An expanded beam size 
being kept identical on both windows can help minimize the background 
signal due to laser beam absorption and non-radiative thermal genera-
tion leading to thermoelastic oscillations. In practice, this means strict 
collimation of the incident beam. 3) Large displacement from PA cell 
axis should be avoided. 
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