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a b s t r a c t

Laser absorption spectroscopy by photoacoustic (PA) detection technique is increasingly
used in trace gas analysis. Our research group focuses on related instrument and applica-
tion development. In this paper the design and test results of a newly developed field pro-
grammable gate array based data acquisition and control system (DACS), are introduced. It
became necessary to develop this new system since the limits of the old one had been
reached; furthermore, it was challenging to implement new advanced measuring proto-
cols. The system was designed to be scalable in order to be able to implement further ideas
or measurement protocols without significant hardware or software modifications. In the
current configuration, approximately 60% of the resources of the system are used. A com-
plete PA measuring system was built around the new DACS to determine the analytical
properties: the normalized noise equivalent absorption is 7.5 � 10�10 cm�1 W Hz�1/2,
while the estimated dynamic range for measuring optical absorption is 7.5 orders of
magnitude.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Motivation

In recent years the number of reported photoacoustic
(PA) instruments to prove their applicability in various

areas has been steadily increasing [1–4]. Amongst these
instruments are those which were developed by our
research group for various applications, including in the
natural gas industry [5–7], airborne hygrometry [8–9],
source apportionment of urban light-absorbing aerosols
[10–11], measurements of gas permeability [12], and clin-
ical research [13]. The main components of our instru-
ments are basically always the same: a data acquisition
and control system (DACS), one or more longitudinal dif-
ferential detection cells [14], (a) modulated light source(s)
which is/are either telecommunication-type diode lasers
[15] or frequency converted Nd:YAG lasers [10] and gas
handling units in various configurations.

The DACS has a fundamental role in a PA system. It
drives the laser: tunes and stabilizes its wavelength and
modulates its emitted light. It amplifies the microphone
signal(s) and calculates the PA signal (which is usually
defined as the amplitude of the microphone signal at the
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laser modulation frequency). It also calculates either the
optical absorption coefficient or the concentration of
light-absorbing components from the PA signal based on
pre-programmed calibration factors. In most cases, the
DACS has various additional functions such as controlling
the gas handling system and communicating with other
instruments. Our recently developed systems [5–13] were
based on a highly integrated target DACS. This system
turned out to be one of the bottlenecks during the applica-
tion developments due to its limited capabilities; there-
fore, a fundamental redesign of our DACS became essential.

It was decided that the new DACS would be based on a
general purpose industry standard, commercial off-
the-shelf development platform, which has to be supple-
mented with additional units only for those functions,
which cannot be performed by the platform itself. The
new system, its development, and the most important test
results are presented in this paper. This paper is organized
as follows: First, the salient points about PA spectroscopy
are introduced in Section 1.2, focusing on the hardware
and software necessities. The materials and methods sec-
tion (Section 2.) contains the descriptions of the new DACS
(hardware and software), the PA system into which it was
implemented, and experiments aimed at verifying the per-
formance of the new DACS. In the Results and Discussion
section (Section 3.), the most important test results, such
as dynamic range and detection limits, are introduced
and discussed. In Appendix A, the supplementary home-
made peripherals are introduced.

1.2. Basics of PA spectroscopy

1.2.1. The PA effect
The PA effect is the conversion of electromagnetic radi-

ation to acoustic waves through modulated absorption,
non-radiative molecular relaxation, local heating, thermal
expansion, and sound wave generation [16–18]. If a gas
sample is illuminated by a train of light pulses or by inten-
sity or wavelength-modulated light, which are at least par-
tially absorbed by the sample, the absorbed light energy
generates acoustic waves. In most of the PA experimental
arrangements, the gas sample being analyzed is introduced
into an acoustic resonator [14], which amplifies the acous-
tic signal (AS) that has been generated, which in turn is
measured by a sensitive microphone or by a quartz tuning
fork [19]. The amplitude of the signal generated is usually
determined by lock-in technique. The amplitude thus
determined is usually called as PA signal and will be
referred to as such in the followings. In most cases, the
PA signal is proportional to the power of the applied light
beam, the molar absorption coefficient, and the partial
pressure of the absorbing molecules. One multiplicative
parameter describes the measurement cell, and another
defines the sensitivity of the microphones [20].

PA ¼ MCPac ð1Þ

where M is the sensitivity of the microphone, C is the so-
called cell constant, P is the power of the light beam, a is
the molar absorption coefficient, and c is the concentration
of the absorbing molecules.

1.2.2. Tunable diode laser (TDL)-based PA spectroscopy
In selective and compact PA instruments nowadays,

mostly TDL-s are used as light sources especially the nar-
row linewidth fiber coupled distributed feedback (DFB)
[15] types. DFB diode lasers can be wavelength-tuned by
their temperature and by the applied current. Above the
operational threshold current, the wavelength and the
power of the lasers as the function of temperature and cur-
rent can be given as:

kðI; TÞ ¼ k0 þ aT þ bI ð2Þ

PlaserðIÞ ¼ P0 þ fI ð3Þ

where k0 is a virtual wavelength for 0 K temperature and
0 mA current, a is the temperature tuning coefficient (typ-
ical value: 100 pm/K), T is the temperature in K, b is the
current tuning coefficient (typical value: 5 pm/mA), I is
the applied laser diode current; P0 is the negative virtual
power at 0 mA current, and f is the slope of the power–
current curve above the threshold limit (typical value:
0.10–0.30 mW/mA).

The temperature of these lasers is used to stabilize their
wavelength, while current is used to fine-tune it [21].
These lasers have an integrated Peltier element and a neg-
ative temperature coefficient (NTC) thermistor, which can
be used for temperature stabilization through propor-
tional-integral (PI) or proportional-integral-derivative
(PID) control methods. The desired stability of the temper-
ature is 0.01 K or better. For highly accurate and precise
temperature and therefore central wavelength stabiliza-
tion, the temperature of the laser housing also has to be
stabilized. For this purpose, an externally placed Peltier
element, and an NTC thermistor should be used with PI
or PID control.

DFB lasers can be modulated with the modulation of the
driving current; such a modulation results in the modula-
tion of both the wavelength and the power. Both of them
can generate AS, and their mechanisms have previously
been discussed in detail [22–24].

1.2.3. PA cell
The PA cell [14] has three major functions: it isolates

the gas sample being analyzed, it amplifies the AS that
has been generated, and it detects it with the integrated
microphones. To do this effectively, the modulation fre-
quency of the laser has to be the same as one of the reso-
nance frequencies of the PA cell itself. During the
measurements, a single longitudinal mode differential type
was used. The pathlength in such a PA cell is around 10 cm,
so the light attenuation is hardly ever more than 10%;
therefore, the rest of the light beam can be introduced into
a second and maybe third or fourth measuring cell thus
making it possible to analyze the same gas multiple times
to increase the precision of the measurement by averaging,
or to analyze different gas streams simultaneously (Fig. 1).

The resonance frequency of the PA cell depends on its
geometry and on the sound velocity within the gas inside.
Besides the composition, the sound velocity also depends
on the temperature of the gas; therefore, the temperature
of the cell has to be stabilized and the sampling line also
has to be tempered. These types of PA cells require 0.5 K
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