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Abstract
We demonstrate a new method for elemental mercury sensing by wavelength modulation spectroscopy (WMS) using a 
tunable ultraviolet laser generated through a process of second-harmonic generation (SHG). The WMS is implemented by 
fast modulating the injection current of the Fabry–Perot-type green diode laser equipped with a Littrow grating to increase 
the laser-mode power density. The technique of correlation spectroscopy is exploited to deal with the signal variations due 
to mode hops and guarantee the measurement accuracy. According to the performance evaluation, the SHG-WMS system 
exhibits a better sensitivity (0.15 µg/m3 for 1-m pathlength with an integration time of 10 s) and a comparably high linearity 
(R2 = 0.9995 within the range of 60 µg/m2) compared with the direct absorption scheme. The employment of WMS signifi-
cantly simplifies the data processing for extraction of small mercury absorption signals from the large and complex SHG 
light background, and, thus, give robust measurement results. High-harmonic (4f and 6f) detections are also carried out, 
showing a great potential for suppression of large residual amplitude modulation background. The proposed SHG-WMS 
system shows great promise for rapid and sensitive mercury sensing in industrial fields.

1  Introduction

Mercury is one of the most concerned pollutants due to 
its toxicity, especially to the nervous system and kid-
neys. Nearly, a third of annual mercury emissions to the 
atmosphere originate from anthropogenic sources [1]. The 
Minamata Convention on Mercury, a multilateral environ-
mental treaty to protect human health from anthropogenic 
emissions, entered into force in 2017. In this treaty, coal-
fired power plants and industrial boilers are listed as two 

major point sources of mercury emission [2]. To reduce the 
mercury emission from coal combustion, many mercury 
control technologies have correspondingly been developed 
[3]. It, therefore, calls for effective mercury monitoring tech-
niques for the evaluation of mercury removal efficiency as 
well as the execution of corresponding regulations.

In coal-combustion exhaust, mercury exists in three 
forms: gaseous elemental mercury, gaseous oxidized mer-
cury, and particle-bound mercury [4]. Detection of gaseous 
elemental mercury is of most importance as it is exceed-
ingly difficult to remove due to its low reactivity and solu-
bility [3]. In addition, the latter two forms of mercury can 
be converted to gaseous elemental mercury by a wet chem-
istry or thermal conversion unit. Currently, most of the 
elemental mercury analysis techniques are based on opti-
cal principles [5], mainly the spectrometry, using differ-
ent light sources exploiting the strong 61S0–63P1 transition 
of mercury at 253.7 nm. The commonly used techniques 
include mercury-lamp-based cold vapor atomic absorption 
spectroscopy (CVAAS) [6], cold vapor atomic absorption 
spectroscopy (CVAFS) [7, 8], Zeeman-modulated atomic 
absorption spectroscopy (ZAAS) [9], and cavity-enhanced 
absorption spectroscopy (CEAS) [10]; xenon-lamp-based 
differential optical absorption spectroscopy (DOAS) [6]; 
laser-based cavity ring-down spectroscopy (CRDS) [11, 12], 
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light detection and ranging (LIDAR) [13, 14], and laser-
induced fluorescence (LIF) [15]. The CVAAS and CVAFS 
are the two most widely used techniques in current com-
mercial mercury continuous emission monitoring systems 
(CEMs) with high sensitivities at ng/m3 level (e.g., 10 ng/
m3 with 180-s response time for the commercial CVAAS-
based Mercury Instruments SM-4, and 2 ng/m3 with 300-s 
averaging time for the CVAFS-based Thermo Scientific 80i). 
However, these two techniques require sample preconcen-
tration through gold amalgamation to remove interference 
species, which significantly degrades the responsibility of 
the system. Using the low-cost mercury-lamp-based CEAS, 
a high sensitivity of 66 ng/m3 has been achieved by greatly 
lengthening the absorption pathlength [10]. The ZAAS and 
DOAS have advantages of simplicity and high speed; their 
relatively low sensitivities at sub-μg/m3 level (e.g. 0.1 μg/
m3 with 30-s response time for the commercial ZAAS-based 
Lumex Instruments RA-915J, and 0.5 μg/m3 for the DOAS-
based Opsis 400Hg) can be improved using a long absorp-
tion pathlength. The CRDS, LIDAR, and LIF can achieve 
a high sensitivity down to sub-ng/m3 level (e.g., 0.35 ng/
m3 for the CRDS with 300-s averaging time in [11], ~ 1 ng/
m3 for the LIDAR with 1.5-s integration time in [14], and 
0.015 ng/m3 for the LIF with 10-s acquisition time in [15]).

An alternative method for mercury detection is diode 
laser-based absorption spectroscopy. Diode lasers (DLs) 
have much longer life time (typically > 10,000 h) than mer-
cury lamps (typically 2000 h), and they are much simpler 
and cheaper than the pulsed lasers. What is more important 
is their excellent tunability offering advantages of high speed 
and high specificity [16, 17]. For mercury detection, an ideal 
DL should have a single-mode emission around 253.7 nm 
with > 80-GHz tuning range. However, deep ultraviolet (UV) 
DLs are still not available and cannot be expected in the near 
future (considering the commercially available DLs at pre-
sent are only down to 370 nm). Currently, the only approach 
to obtain a 253.7-nm UV laser is by frequency up-conversion 
through a nonlinear process such as sum frequency genera-
tion (SFG) [18–20], frequency-doubling (second-harmonic 
generation, SHG) [21, 22], and frequency quadrupling (two-
stage SHG) [23, 24]. The frequency quadrupling approach 
can generate high-power UV laser radiation at mW level, but 
its configuration is relatively complex and the wavelength 
tuning range at even a moderate speed ( > 10 Hz) is nar-
row ( < 10 GHz). The SFG method was, for the first time, 
demonstrated by Alnis et al. in 2000 using a red DL with a 
newly available blue DL, but the achieved 35-GHz mode-
hop-free tuning range was not adequate to acquire the whole 
mercury absorption feature [18]. In addition to direction 
absorption spectroscopy (DAS), they also demonstrated the 
possibility to employ wavelength modulation spectroscopy 
(WMS), but the measurement sensitivity was not improved 
due to the low power of UV laser at nW level. In 2007, 

Anderson et al. developed an SFG-based mercury sensor 
with a continuous tuning range up to 100 GHz, achieving a 
sensitivity of 0.1 ppb (~ 0.9 μg/m3) for 10-s integration time, 
and successfully applied it to an actual coal-fired combus-
tor [20]. They also tried implementing the WMS technique, 
which still brought no sensitivity improvement due to the 
low nW-level laser power. In 2015, the SHG approach was, 
for the first time, demonstrated by Almog et al. using a newly 
available 507-nm Fabry–Perot (FP)-type DL equipped with 
an external cavity configuration [21]. Although the gener-
ated UV laser could only be continuously tuned by a few 
GHz which limits its practical utility for mercury detection, 
the SHG presents evident advantages of simplicity and high 
robustness over other DL-based methods.

Recently, we have demonstrated an SHG-based method 
for mercury detection using a 507-nm FP-type multimode 
DL [22]. By introducing the technique multimode diode 
laser correlation spectroscopy (MDL-COSPEC) [25, 26], 
the frequent mode hops of the FP-DL were taken advan-
tage of to provide an off-resonance baseline. In fact, the 
MDL-COSPEC technique was also successfully used in our 
earlier SFG-based mercury sensing systems [27]. Another 
technique termed multimode absorption spectroscopy 
(MUMAS) can also use MDL for gas detection [28], but 
its high requirement on the stability of the laser hampers its 
application to mercury detection using the newly available 
green FP-DLs.

In this paper, we report on an extension to our previ-
ous SHG-based mercury sensing works using wavelength 
modulation spectroscopy (WMS) [17, 29]. The FP-DL is 
equipped with a Littrow-type external cavity to concentrate 
the power into a few laser modes, while the WMS is imple-
mented by fast injection-current modulation rather than the 
conventional external-cavity modulation. The laser outputs 
of intensity and spectrum are carefully characterized to 
optimize the system performance. To deal with the signal 
fluctuations due to mode hops and to guarantee the measure-
ment accuracy, the MDL-COSPEC technique is employed. 
After optimization, the sensitivity and linearity performance 
of the SHG-WMS system are evaluated. Finally, potential 
schemes for further improving the measurement sensitivity 
are discussed.

2 � Basic principle

2.1 � Absorption spectrum of mercury

There exist seven stable isotopes of mercury (196Hg, 198Hg, 
199Hg, 200Hg, 201Hg, 202Hg, and 204Hg) [30]; as a result, the 
strong 61S0–63P1 transition of mercury at 253.7 nm presents 
a hyperfine structure due to isotope shifts and, for odd iso-
topes, nuclear spin splitting (the 63P1 energy levels of 199Hg 
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and 201Hg split into two and three levels, respectively) [31]. 
Thus, the absorption spectrum of mercury at 253.7 nm actu-
ally contains ten transition components and each of their 
absorption cross sections can be expressed as [20]: 

where A21 is the Einstein spontaneous emission coefficient, 
� is the transition wavelength, c is the speed of light; g1 
and g2 are the degeneracies of ground and excited states, 
respectively; �(�) is the absorption line shape modeled 
by Voigt profile involving both the Doppler and Lorentz-
ian broadenings [20, 24]; NA is the natural abundance of 
the isotope. According to the transition formation provided 
in [20, 30–32], the absorption cross section of mercury is 
modeled and shown in Fig. 1. Clearly, the laser wavelength 
requires a tuning range > 0.2 nm ( ~ 110 GHz) to fully cover 
the absorption feature. This relatively high requirement is 
met in this work by using an FP-MDL and taking advantage 
of its frequent mode-hop behavior that can provide an off-
resonance baseline and help to eliminate interferences from 
other gas species.

2.2 � MDL‑COSPEC with WMS

When using an MDL in the low-absorbance condition, the 
total effective absorption is simply an average of the absorp-
tions by all individual modes weighted by the mode power. 
Correspondingly, the effective absorption cross section is 
written as follows [26]:

where n denotes the nth mode of the MDL, and R denotes 
the intensity partition coefficient of the laser mode and obeys 

(1)�(�) =
A21�

2

8�c
⋅

g2

g1
�(�)NA,

(2)� =
∑

n

Rn�n,

∑
n Rn = 1 . Because of mode partition variations and even 

mode hops induced by mode competitions, the R and, thus, 
the � always change irregularly with time. This problem can 
be perfectly resolved by the MDL-COSPEC technique [25, 
26], in which a reference cell filled with a well-calibrated tar-
get gas is introduced to identify the target absorption signals 
in the sample path and retrieve the concentration of interest. 
In most cases, as detailed in Sect. 3.2, there often exist two 
major laser modes and only one of them is absorbed at each 
time; consequently, the maximum � exploited in this work is 
around 1 × 10−14 cm2/atom. Since the sample and reference 
laser beams originate from the same MDL source, the � for 
them are identical and the absorption signals generated by 
the target gases in the two optical paths will always correlate 
in line shape. In contrast, disturbing signals coming from 
interfering gases or light intensity fluctuations, which are 
independent of the presence of the target gas, have totally 
different correlations and can, thus, be readily discriminated. 
The instrument function is mainly the Lorentzian profile of a 
laser longitudinal-mode spectrum. For a laser with external-
cavity feedback, its typical linewidth is < 1 MHz, which is 
more than two orders of magnitude narrower than that of the 
mercury absorption profile ( ~ 25 GHz), and, therefore, has 
negligible effect on the �.

In the limits of low absorbance and weak modulation, the 
second-harmonic component of the WMS signal is given by 
the following [17]:

where �C is the center angular frequency of the laser, �� is 
the modulation amplitude, I0 is the initial laser intensity, N 
is the number density of the target gas, and L is the optical 
path length through the gas. By comparing the correlated 
sample and reference WMS-2f signals, the concentration of 
the sample gas can be retrieved according to the following:

where the indices S and R denote the sample and the ref-
erence, respectively. In practical implementations, I0 is 
obtained by a third-order polynomial baseline fitting to 
the detector DC signal, while the ratio between the inten-
sity-normalized sample and reference WMS-2f signals is 
retrieved through a linear-regression procedure. Note that 
the concentration retrieval algorithm based on Eq. (4) is on 
the basis that the � for the sample and the reference channels 
are identical. However, in practical applications, there may 
be differences in the isotopic composition of the sample and 
the reference mercury vapors, which could be up to ~ 0.5% 
[33]. The isotopic composition difference would lead to � 
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Fig. 1   Absorption cross section of mercury at atmospheric pressure
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discrepancy between the two channels and, thus, degrade the 
measurement accuracy correspondingly.

3 � Laser output optimizations

3.1 � Optimization of laser emission mode 
by an external cavity

The free-running emission of the employed FP-type green 
DL contains more than 30 longitudinal modes centering 
around 505 nm, as shown in Fig. 2. In this work, an external 
cavity equipped with a 2400 l/mm grating of Littrow type 
is used to shift the center wavelength of the laser radiation 
to the required 507.3 nm and concentrate most of the laser 
power to one mode, as shown in Fig. 2. When operating 
with this external cavity, the working temperature of the 
DL is correspondingly raised to 45 oC to make the center of 
the laser gain curve closer to 507.3 nm and, thus, achieve a 
required stable laser emission.

3.2 � Enhancement of laser output stabilization 
by PZT dithering

To achieve a faster wavelength modulation and, thus, a better 
sensitivity, the WMS in this study is performed by modulat-
ing the laser injection current rather than the external cav-
ity. As the laser wavelength changes with injection current, 
the coupling between the laser and the cavity varies, which 
leads to frequent mode hops and laser intensity oscillations, 
as shown in Figs. 3a and 4a. To stabilize the laser output, 
the length of the external cavity is dithered by vibrating the 
grating at 9 Hz through PZTs. With PZT dithering, the sin-
gle dominant laser mode with frequent mode hops turns to 

double dominant laser modes but with much better output 
stability in both laser wavelength and intensity, as shown in 
Figs. 3b and 4b. The wavelength interval between the two 
dominant laser modes is around 0.06 nm ( ~ 70 GHz), which 
is much larger than the linewidth of the mercury absorption 
profile (as shown in Fig. 1). Therefore, only one laser mode 
is absorbed at each time.

4 � Experimental setup

Figure 5 shows a schematic diagram of the SHG-WMS 
experimental setup based on the one employed in our previ-
ous mercury sensing works [22]. The changes of the setup 
mainly lie in the WMS configuration and the solar-blind 
detection unit used in this work, which are here described 
in detail, while the other parts of the experimental setup are 
briefly outlined. The WMS is implemented by superimpos-
ing a 20-kHz sinusoidal modulation on the 20-Hz ramping 

Fig. 2   Measured emission spectra of a a free-running green DL oper-
ating at 100  mA and 25  °C and b an external-cavity equipped DL 
operating at 100 mA and 45 °C

Fig. 3   Measured local emission spectra of the external-cavity 
equipped DL operating at different currents a with a constant cavity 
length and b with the cavity length dithered. The visible peaks indi-
cate the major laser modes
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current of the green DL (Toptica, LD-0505, 80 mW). The 
sine wave and ramp signals are generated using a multi-
function data acquisition (DAQ) card (National Instruments, 
USB-6356) which is also used for acquisition of the final 
detected signals. The recorded signals were demodulated 
by LabVIEW-based lock-in software at 2f of the modula-
tion frequency (40 kHz) with a time constant of 0.1 ms. The 
UV tunable laser around 253.65 nm is generated through an 
SHG process using a Beta-Barium-Borate (BBO) nonlinear 
optical crystal. The UV laser power is measured to be ~ 5 nW 
according to the radiant sensitivity of the photomultiplier 

(PMT, Hamamatsu, H11461). To perform MDL-COSPEC, 
the laser beam is split into two paths passing through the 
sample and the reference mercury cells, respectively. In 
contrast to the previous work, the generated UV laser is not 
separated from the fundamental green laser; rather, the fun-
damental visible laser is used as the guiding light, which 
greatly reduces the system complexity and simplifies the 
optical-path adjustment. The fundamental laser is efficiently 
suppressed using UV mirrors, bandpass interference filters, 
and solar-blind PMTs.

5 � Measurement results and analysis

5.1 � Optimization of wavelength modulation depth

According to the principle of WMS [17, 29], there exists an 
optimum modulation depth for each WMS harmonic com-
ponent to achieve the highest signal amplitude. Although the 
optimum modulation conditions for common absorption line 
shapes have been well studied [29], they are hardly adaptable 
here to the measured absorption signals having irregular line 
shapes. Therefore, in this work, the optimum modulation 
amplitude of DL injection current for WMS-2f signals is 
determined by experiments. Saturated mercury vapor bath-
ing in air at room temperature and near atmospheric pres-
sure inside a cell of 2.253-mm length is measured. Figure 6 
shows the acquired WMS-2f peak amplitude as a function 
of modulation current amplitude, from which the optimum 
modulation amplitude is determined to be 20 mA. As can 
also be seen in Fig. 6, the WMS-2f signal amplitude changes 
slowly in the vicinity of the maximum value. Therefore, 
although the absorption line shape may slightly change dur-
ing the measurement due to laser-mode competitions, the 
optimum modulation parameter would still be applicable for 

Fig. 4   Measured laser intensity output as the laser current varies a 
with a constant cavity length and b with the cavity length dithered

Fig. 5   Diagram of the SHG-WMS system for mercury detection

Fig. 6   Plot of the measured WMS-2f peak amplitude as a function of 
the current modulation amplitude



	 X. Lou et al.

1 3

62  Page 6 of 10

achieving a high signal amplitude. Note that since the line 
shape change in the sample and the reference channel is 
identical, laser-mode competitions have negligible effect on 
the measurement results.

5.2 � WMS‑2f signal measurement

To perform WMS-2f signal measurement, both the sample 
and the reference gas cells are filled with saturated mer-
cury vapor bathing in air at room temperature and near 
atmospheric pressure. During the measurement, the room 
temperature is measured to be 24.7 ± 0.3 oC with the corre-
sponding mercury saturation concentration of 20.6 ± 0.5 mg/
m3. The mass concentration of the saturated mercury vapor 
is calculated using the mercury vapor pressure correlation 
given by Huber et al. [34]. We note that, by the commonly 
used Dumarey equation [35], the calculated mercury con-
centration would be slightly lower ( ~ 5%). By comparison, 
according to recent studies, the mercury vapor pressure cor-
relation published by Huber et al. is more accurate to pre-
dict the mass concentration of saturated mercury vapor in 
air [24, 36]. However, this discrepancy has negligible effect 
on the measurement, because the sample and the reference 
cell are at the same room temperature and have an identi-
cal mercury mass concentration. The lengths of the used 
sample and reference cells filled with saturated mercury 
vapor are 1.056 mm and 3.261 mm, yielding pathlength-
integrated mercury concentrations of 21.8 ± 0.5 µg/m2 and 
67.2 ± 1.6 µg/m2, respectively. Since the typical mercury 
concentration in the ambient air is as low as 2 ng/m3 [37], it 
has negligible effect on the measurement.

Figure 7a shows an example of the acquired raw WMS-
2f signal pair with an integration time of 10 s (200 scans 
averaged). The corresponding DAS signal can be referred to 
[27]. It can be clearly seen that the original WMS-2f signals 
are seriously disturbed by large backgrounds mainly com-
ing from residual amplitude modulation and etalon fringes. 
The SHG output intensity generally presents a complex non-
linear behavior because of its quadratic dependence on the 
fundamental light intensity as well as dependence on the 
phase-matching condition changing with wavelength scan. 
Consequently, in an SHG-WMS system, there always exist 
relatively large RAM background signals [38, 39]. To reduce 
the background interference, in this study, the background 
signals are separately acquired using gas cells filled with 
only air (i.e., mercury absorption free) and then subtracted 
from the original signals. Figure 7b presents the WMS-2f 
signal pair after background correction, showing that the 
large background signals are effectively removed. Compared 
with DAS, the WMS significantly reduces the difficulty in 
the extraction of small mercury absorption signals from the 
large and complex SHG light background, delivering robust 
measurement results. For retrieval of the sample mercury 

concentration, the magnitude ratio between the WMS-2f 
signals is calculated by fitting the sample signal to the refer-
ence signal employing a multiple-linear-regression fitting 
approach, which is detailed in [26].

5.3 � Performance evaluation

For quantitative mercury sensing, measurement sensitivity 
and linearity are two of the most important capabilities and 
are here evaluated. The sensitivity of the proposed SHG-
WMS mercury sensing system is evaluated by performing 
Allan–Werle variance analysis [40]. The sample and the ref-
erence mercury cells are those used in Sect. 5.2. The concen-
tration of the sample cell is retrieved according to Eq. (4). 
Figure 8a shows the plots of successively acquired 1-s data 
(averaged over 1 s) in 1 h. The corresponding Allan–Werle 
deviation (square root of the Allan–Werle variance) plots are 
shown in Fig. 8b, indicating a sensitivity of 0.15 µg/m3 for 
1-m pathlength with an integration time of 10 s. Although 
only part of the whole laser power is utilized in WMS-2f 
measurement, an improved sensitivity is still achieved, 
which is 25% better than the one obtained in our previous 
work using the DAS scheme [22].

To evaluate the measurement linearity, 11 different path-
length-integrated concentrations of mercury obtained using 
mercury-saturated cells with various lengths are measured. 

Fig. 7   Example of the measured WMS-2f signal pairs with 200 
scans averaged. a Raw signals; b signals with background correc-
tion. The path length-integrated mercury concentrations of the sam-
ple and the reference cells are determined to be 21.8 ± 0.5 µg/m2 and 
67.2 ± 1.6 µg/m2, respectively



Detection of elemental mercury using a frequency-doubled diode laser with wavelength modulation…

1 3

Page 7 of 10  62

Figure 9 shows scatter plot of the measured results against 
calculated values. Each measured concentration is an aver-
age of 20 repeatedly measured values with each taking 10 s. 
Linear regression is carried out on data under 60 µg/m2. The 
coefficient of determination of the linear fit R2 = 0.9995, and 
the standard deviation of the fit residuals is only 0.51 µg/m2, 
which indicate that, within the range of 60 µg/m2, the system 
has a highly linear response. The linear response range and 
the linearity level of the proposed SHG-WMS system are 

comparable with those obtained by the SHG-DAS scheme 
[22]. For detection of high-concentration mercury, a pre-
determined calibration curve can be used to guarantee the 
measurement accuracy.

6 � Discussion on sensitivity improvement

6.1 � Performance limit of sensitivity

To evaluate the advantage of WMS and analyze the factors 
limiting the system sensitivity, the relative intensity noise 
(RIN) of the laser source is measured. The RIN is defined 
in a 1-Hz bandwidth as follows [41]:

where S�P(f ) is the intensity noise power spectral density and 
P0 is the average optical power. The RIN measurement is 
performed by measuring the noise spectrum of the recorded 
PMT signal with the laser operating at a constant current 
of 100 mA. The PMT signal is acquired at a sample rate of 
1 MS/s over 5 s. Figure 10 shows the measured RIN with 
a resolution of 20 Hz for laser with and without external-
cavity dithering, as well as the noise floor when the laser 
is turned off. As can be clearly seen, without laser cavity 
dithering, the noise level almost becomes flat beyond 500 Hz 
(the roll off around 50 kHz is mainly due to the detector 
bandwidth limitation). This flat noise level corresponds to 
the shot-noise-limit. In general, shot noise is transformed 
to photocurrent variance described by 2qIaveB , where q is 
the electronic charge, Iave is the average photocurrent corre-
sponding to the average optical power, and B is the detection 

(5)RIN(f ) =
S�P(f )

P2
0

,

Fig. 8   a Plots of successively measured 1-s data of mercury concen-
tration in 1 h and b the corresponding Allan–Werle deviation plots

Fig. 9   Scatter plot of the measured mercury concentration against the 
calculated values. The inset shows the residual of linear fit

Fig. 10   Measured RIN for laser with and without external cavity dith-
ering and the thermal noise floor (when the laser is turned off)



	 X. Lou et al.

1 3

62  Page 8 of 10

bandwidth. Then, according to Eq. (5), the shot-noise-lim-
ited RIN, which is independent on frequency, can be given 
by the following:

According to the recorded signal voltage of 0.3 V, load 
resistance of 10 kΩ, and PMT current gain of 2.3 × 106, Iave 
is estimated to be 1.3 × 10−11 A. Then, the 1-Hz-bandwidth 
RINsh is calculated to be − 76 dB/Hz, which is basically 
consistent with the flat noise level of − 81 dB/Hz, as shown 
in Fig. 10. The 5-dB difference is mainly attributed to the 
uncertainty of the PMT current gain.

At the shot-noise-limit condition, implementation of 
WMS with high modulation frequency would not bring any 
benefit to the measurement sensitivity. On the other hand, 
when the cavity is dithered (the necessity of cavity dithering 
is detailed in Sect. 3), much low-frequency flicker noise is 
generated which is more than 20 dB (10 times) higher than 
the shot noise beyond 10 kHz. In such situation, considering 
that the signal amplitude of WMS-2f is about 0.3 times that 
of direct absorption [42], an improvement in signal-to-noise 
ratio (SNR) by a factor of 3 can be expected. However, the 
detection bandwidth of the WMS system is about ten times 
higher than that of previous DAS system (8 Hz vs. 0.75 Hz), 
which cancels out the increase in SNR. Consequently, only 
a slight improvement in the sensitivity is achieved by the 
current SHG-WMS scheme. Thus, to obtain a larger sensitiv-
ity improvement, a straightforward way is reducing the shot 
noise level using a laser with high power.

6.2 � Performance improvement by higher harmonic 
WMS

As mentioned above, the amplitude of RAM background 
in an SHG-WMS system is particularly high. Although the 
large background noise can be efficiently suppressed through 
subtraction, it is not adaptable to in-site mercury monitoring 
where a reference zero gas is not available, In Refs.[38, 39], 
Kluczynski et al. comprehensively investigated the back-
ground signals in an SHG-WMS system, and found that the 
RAM background signals for 4f- and 6f-detections were con-
siderably lower than those for 2f detection. This implies that 
a better sensitivity can be achieved by detecting higher har-
monic WMS components even without background correc-
tion. Figure 11 shows 2f, 4f, and 6f WMS signals of mercury 
with the same modulation current of 20 mA. The 2f signal 
has a much larger background than those of 4f and 6f signals, 
which is consistent with the conclusion in Refs. [38, 39].

To examine the capability of higher-harmonic WMS for 
sensitivity improvement, we measure the background sig-
nal amplitudes and thus obtain the signal-to-background 
ratios (SBRs) for 2f, 4f, and 6f harmonic components as a 
function of the modulation amplitude, which are shown in 

(6)RINsh = 10 log10 2qB∕Iave.

Fig. 12. The background signal amplitude is measured as 
the average of the absolute values of the mercury-absorp-
tion-free WMS signals within a ramp scan. The amplitude 
of the WMS signal is measured as its peak-to-peak value. 
Despite the considerable background reduction for 4f and 
6f harmonic components, the maximum SBRs achieved are 
slightly larger than that obtained by 2f detection. This unex-
pected result can be attributed to the severe etalon effects 
in the SHG-WMS system [38, 39]. Thus, to take advantage 

Fig. 11   2f, 4f, and 6f WMS signals of mercury with a modulation 
amplitude of 20 mA

Fig. 12   Plots of a background amplitude and b signal-to-background 
ratio for 2f, 4f, and 6f WMS signals versus the modulation amplitude



Detection of elemental mercury using a frequency-doubled diode laser with wavelength modulation…

1 3

Page 9 of 10  62

of the low-level RAM background of the higher harmonic 
WMS, relatively large interference fringes should be effec-
tively suppressed in advance by special techniques such as 
Brewster-plate spoilers [43, 44].

7 � Conclusion

We have, for the first time, demonstrated an SHG-WMS-
based mercury sensing method. Compared with our previous 
SHG-DAS work [22], the main achievements in the current 
SHG-WMS work can be concluded in three aspects:

(1) After careful characterization of the laser outputs of 
intensity and spectrum, the SHG-WMS mercury sensing 
system is established and optimized, achieving a better sen-
sitivity while maintaining a comparably high linearity. By 
scrutinizing the relative intensity noise (RIN) of the laser 
source, the sensitivity limitation of the current SHG-WMS 
system is determined to be the shot noise, which can be 
efficiently dealt with using a high-power laser. (2) Com-
pared with DAS, the WMS significantly simplify the extrac-
tion of small mercury absorption signals from the large and 
complex SHG light background, making the measurement 
robust and efficient. (3) For practical in-site mercury moni-
toring applications, high-harmonic (4f and 6f) detections are 
performed, showing a great potential for suppression of the 
large RAM background always existing in an SHG-WMS 
system.

In the near future, when high-power DFB-type green 
diode lasers are commercially available, the SHG-WMS-
based method would be highly competitive in mercury sens-
ing applications. In addition, other sensitive techniques can 
be exploited to further improve the measurement SNR, e.g., 
increasing the absorption pathlength using multipass cells 
[45]. Therefore, although the improvement of sensitivity 
in this work is slight (only 25% compared to the previous 
SHG-DAS system), the results of this work would be valu-
able and constructive for the design of a high-performance 
SHG-WMS-based mercury sensing system for the future.
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