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Disclaimer: 
 
This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The view and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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Abstract:  
 
The construction of the sampling system was completed during the past quarter. The sampling 
system has been built on a 3' x 4' x 2" breadboard table. The laser system, all the associated optics, and 
the mounts and hardware needed to couple the UV light into the fiber optic have also been condensed and 
placed on an identical 3' x 4' x 2" breadboard table. This reduces the footprint of each system for ease of 
operation at a field test facility. The two systems are only connected with a fiber optic, to bring the UV 
light to the CRD cavity, and a single coaxial cable used to apply a voltage to the diode seed laser to scan 
the frequency over the desired mercury transition. 
 
SRD software engineers applied a couple of software fixes to correct the problems of the diode seed laser 
drifting or mode hopping. Upon successful completion of the software fixes another long-term test was 
conducted. A nearly 3 day long, 24 hours/day, test was run to test out the new subroutines. Everything 
appeared to work as it should and the mercury concentrations were accurately reported for the entire test, 
with the exception of a small interval of time when the intensity of the UV light dropped low enough that 
the program was no longer triggering properly. After adjusting the power of the laser the program returned 
to proper operation. 
 
With the successful completion of a relatively long test SRD software engineer incorporated the new 
subroutine into an entirely new program. This program operates the CRD instrument automatically as a 
continuous emissions monitor for mercury. In addition the program also reports the concentration of SO2 
determined in the sample flue gas stream. Various functions, operation of, and a description of the new 
program have been included with this report. 
 
This report concludes the technical work associated with Phase II of the Cavity Ring-Down project for the 
continuous detection of trace levels of mercury. The project is presently gearing up for additional testing in 
preparation for a field test to be conducted at the DOE/NETL pilot plant facility in Pittsburgh, 
Pennsylvania. 
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Introduction 
 
The objective of this project is an innovative science-driven technology program to develop a 
prototype instrument that exploits the full potential of Cavity Ring-Down spectroscopy (CRD) as 
a powerful new analytical technique for the detection of ultra-trace levels of mercury. 
 
The core effort focuses on the optimization and evaluation of a laboratory CRD spectrometer for 
gaseous mercury detection. Detection limits, calibration and appropriate analytical procedures 
will be established. The impact of individual interferent gases expected in flue gas emissions from 
advanced power plants will be determined. Upon testing of the individual gases a simulated flue 
gas steam consisting of a mixture of all expected flue gas components will be tested to determine 
combined interferences as well as mercury detection limits. While the primary concern of this 
project is the determination of the total mercury content of flue gas emissions, approaches to 
determine mercury speciation will also be investigated. A sampling interface will be designed, 
built, and integrated into the CRD spectrometer to provide a continuous sample stream from the 
flue gas stack to the cavity of the CRD instrument. 
 
 
A summary of the major tasks involved in the project is described below: 
 
Task 1:  Mercury (Hg) CRD System Development.  Design and construct CRD system for 

optimum mercury detection. 
 
Task 2:  Software Modification. Modify an existing LabView software package to analyze the 

data and control the 50 Hz laser and sampling system. 
 
Task 3: Hg-CRD System Optimization.  Determine the optimum operating conditions of the 

spectrometer, establish the sensitivity of the technique in terms of detection limits, and 
evaluate the effect of typical interferents. Develop and test a mercury speciation system 
to insure detection of total mercury concentration. 

 
Task 4:  Sampling Interface. Design and build the sampling system for delivery of sample gas to 

and from the mercury speciation system.  
 
Task 5:  Integration of Sampling System.  Combine sampling system and spectrometer and 

determine impact, if any, on the instruments performance.   
 
Task 6:  Formalize Hg-CRD Analytical Procedures.  Establish and formalize operating 

parameters and calibration procedures to provide validation of the results to meet the 
requirements necessary to allow comparison of the instrument performance with either 
EPA Reference 29 or the Ontario Hydro methods. 

 
Task 7:  Reporting 
 Prepare publications and presentations, as appropriate, to disseminate results. Formalize 

and document operating and calibration procedures and submit a final report. 
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Executive Summary 
 
The past quarter of work on the Cavity Ring-Down (CRD) detection of mercury saw SRD 
software engineers focusing on software solutions to the problems of drifting and mode hops 
associated with the diode seed laser. It has been noted in previous reports that these two problems 
resulted in the CRD instrument reporting erroneous mercury concentrations. It had been theorized 
that software solutions might solve these problems. Indeed, testing of the software changes was 
very positive. 
 
To fully test the software changes another long-term test was performed. This test occurred over 
almost 3 days with everything in operation 24 hours per day. This was by far the longest test of 
the CRD instrument to date. The test was very successful with the program reporting accurate 
mercury concentrations for almost the entire test. There was a small segment of time where the 
power of the UV light dropped low enough that the CRD system was no longer triggering 
properly. Once the power was increased slightly the instrument resumed accurately reporting 
mercury concentrations. In addition it was found that both problems of the diode laser frequency 
drifting and mode hopping occurred during the test. The new subroutines were able to 
automatically correct these problems and resume continuously reporting accurate mercury 
concentrations. 
 
In addition, during this time SRD engineers completed construction of the sampling system. The 
construction included incorporating all elements of the sampling system onto a 3' x 4' x 2" 
breadboard table. This breadboard table was also attached to the top of a small cart that will hold 
power supplies for the PMT and heating equipment, the computer to run the data acquisition 
program, and any other miscellaneous equipment needed. All of the elements of the laser system 
have also been put onto a 3' x 4' x 2" breadboard table identical to the one used for the sampling 
system. The laser system, all the associated optics, and the mounts and optics to couple the light 
into the fiber optic cable have been included on the breadboard table. The reduced footprint of 
both systems will allow for much easier operation during a field test. The only connections 
between the laser system and the sampling system is the fiber optic cable to carry the UV light 
from the laser to the CRD cavity, and a coaxial cable that runs from the computer to the diode 
laser to apply a voltage to tune the diode seed laser. 
 
Upon a successful test of the subroutines to correct for the diode seed laser drifting and mode 
hops, SRD software engineers created a new program for the CRD instrument. The new program 
is used to operate the CRD instrument as a continuous emissions monitor for mercury. The 
program continuously reports the mercury concentration and also determines the sulfur dioxide 
concentration. The program has a number of different functions and viewable windows, which 
are outlined within this report. 
 
This report concludes the technical work on the CRD instrument for Phase II. The focus of the 
effort will shift to Phase III of project, which will consist of two field tests at the DOE/NETL 
pilot plant facility in Pittsburgh, Pennsylvania. These two tests will be preformed at two separate 
locations along the path of the flue gas stream. Prior to the two field tests a number of tests will 
be conducted with the new data acquisition program to check for any bugs in the code and ensure 
proper operation of the CRD instrument. 



 6

 
Experimental 
 
The experimental technique that will be used for this project is Cavity Ring-Down spectroscopy 
(CRD). CRD is a sensitive absorption technique that was first developed by O’Keefe and Deacon 
in 1988.1 This technique injected a pulse of light into a stable optical cavity formed by two highly 
reflecting mirrors. The light reflects back and forth in the cavity giving extremely long effective 
pathlengths. Using mirrors with a reflectivity of 99.99% and a 1-meter long cavity it is possible to 
achieve an effective pathlength of 10 kilometers, during the first 1/e time of the decay of the ring-
down signal. As the light reflects back and forth in the cavity a small amount of light is 
transmitted through the end mirror of the cavity to a photon detector, such as a photomultiplier 
tube. The light exiting the cavity decays exponentially with time at a rate determined by round 
trip loss mechanisms within the cavity. The measured time constant for the exponential decay of 
light is called the “ring-down time” of the cavity. The dominant loss mechanism for an empty 
cavity is the mirror transmission. However, if a sample species, which absorbs light at a particular 
wavelength, is placed within the cavity the ring-down time will decrease from that of the empty 
cavity at that particular wavelength. The ring-down time is given by 
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where, lc is the cavity length, c is the speed of light, R is the reflectivity of the mirrors, αs is the 
absorption coefficient of the sample species of interest, ls is the pathlength through the sample, 
and αb is the absorption coefficient for various background losses. Background losses, which are 
all include in the last term of the denominator of eq. 1, can include scattering losses due to Mie or 
Rayleigh scattering or absorptions due to other components in the sample gas stream. Once the 
empty cavity losses and any other background losses have been determined, CRD spectroscopy 
provides an absolute measure of the concentration of the absorbing sample of interest within the 
cavity. This self-calibrating feature differentiates CRD from other highly sensitive laser-based 
methods such as laser induced fluorescence (LIF) or resonantly enhanced multiphoton ionization 
(REMPI).2  
 
The laser source that will be used for the project is a pulsed Alexandrite laser. This is a solid-state 
laser that runs at 50 Hz, will produce pulse energies of >0.5 mJ/pulse at 254 nm, and has a 
fundamental laser linewidth of about 10 GHz. A diode seed laser is used with the system to bring 
the fundamental linewidth down to approximately 60 MHz, which results in a laser linewidth of 
about 180 MHz at 254 nm. This laser pulse will be spatially filtered and mode matched to the 
particular ring-down cavity that will be used. Initial results indicate a cavity length of about 65 
cm is optimum for the CRD setup using specially coated plano-concave mirrors with a 6 m radius 
of curvature. The actual absorption cell that will be used for the mercury detection will be placed 
between the highly reflecting mirrors. 
 
The design of the CRD absorption cell will have an inlet for the sample containing mercury and 
exit for a continuous flow. The design is such that a low flow of inert gas can be sent over the 
face of the highly reflecting mirrors to insure no degradation of the mirror surface, due to 
deposited contaminants, and hence a decrease in the ring-down time resulting in a decrease of the 
sensitivity of the CRD instrument. A diagram of the absorption cavity is shown in Fig. 1. From 
the figure it can be seen that the flow of sample flue gas will enter the cavity near the end and be 
exhausted from the center of the cavity to maintain the gas flow away from the mirror surfaces. 
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Figure 1: Diagram of sampling cavity (not done to scale) placed between the two highly 

reflecting mirrors. 
 
 
The data acquisition system will take the output of a photomultiplier tube and send it to a fast 
analog-to-digital 12-bit, 100 MHz card. A LabView program will be written for control of the 
laser system, data acquisition, and signal processing. The program will calculate the decay time 
of the ring-down curve, compare it with that for the empty cavity, and determine the absolute 
concentration of mercury in the absorption cell at any time. 
 
A mercury vapor generation system will be used to generate known amounts of mercury for 
testing as well as a periodic calibration check of the CRD instrument. The vapor generation 
system will consist of a temperature-controlled dynacalibrator with a mercury permeation tube of 
a known permeation rate. Additional verification of the mercury concentration delivered to the 
CRD instrument will be done using an Atomic Fluorescence Spectrometer (AFS). The AFS is 
calibrated using a gold trap with injections of mercury vapor from the headspace of a container 
held at a known constant temperature. 
 
Mercury speciation studies will begin by using a pyrolizer system. The relative efficiency of the 
pyrolizer for dissociating different species of mercury will be evaluated using known quantities of 
substances such as elemental mercury, dimethyl mercury, and mercuric chloride. The pyrolizer 
should allow the detection of the total amount of mercury in a sample stream by dissociating any 
mercury compounds. Further speciation studies will look at the possibility of spectrally 
differentiating compounds containing mercury from elemental mercury. An initial study into the 
spectral separation of mercury and mercury chloride concluded that there may have been a slight 
spectral shift but they were unable to resolve the small frequency shift with their laser system.3 
The diode seeded Alexandrite system utilized for this project has a spectral resolution over 20 
times narrower than the above-mentioned study. This increase in resolution may well allow us to 
spectrally separate elemental mercury from compounds of mercury. 
 
Table I lists the major milestones and their planned completion dates for the project. 
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Table I: Project milestones and completion dates. 
 
 
Results and Discussion 
 
Work during the past quarter has focused on a number of task including: completion of the 
sampling system, reducing the footprint of the Alexandrite laser system, additional long-term 
testing, and working on the software fixes to the problems of diode laser drift and mode hops. All 
of this work was needed to prepare the CRD instrument for anticipated field-testing at the 
DOE/NETL pilot-plant facility in Pittsburgh, Pennsylvania. This facility is a 500 lb./hr. 
combustor that is run continuously for about one week each month. 

Laser and Sampling Systems 
 
Construction of the sampling system includes mounting everything needed, other than the laser 
system, onto a relatively small breadboard table. The breadboard table, including pyrolysis oven, 
CRD cavity, fiber optic coupling system, photomultiplier tube for ring-down detection, and the 
required tubing, valves, etc. is 3' x 4' x 2". The ability to fiber-optically couple the sampling 
system to a remote laser source significantly reduces the required footprint of the apparatus. A 
computer to acquire the CRD data, a pump used to flow gas through the system, power supplies, 
and temperature and pressure monitoring equipment, used to monitor the temperature of all the 
tubing and the temperature and pressure of the CRD cavity, will be located below the breadboard 
table. The flue gas supply and return line will be attached to the breadboard sampling system. 
Additionally, an environmental cover is being constructed to contain and protect all the elements 
of the CRD apparatus. 
 
Shown in Fig. 1 is a photograph of the completed breadboard sampling system. An environmental 
cover will enclose the entire system for the field test. The breadboard has been mounted to a 
small cart, shown in the picture just below the breadboard, which will hold the PMT power 
supply, tubing heating power supplies, computer, etc. 
 
 

 

Milestone Description Baseline Actual 
1. Finalize CRD design 3/31/02 3/31/02 
2. Integration of LabView   

software for data acquisition 3/31/02 4/23/02 

3. Hg-CRD system optimization, 
including approaches to 
speciation  

3/15/04 3/15/04 

4. Sample interface design 6/15/03 6/15/03 
5. Integrate sample system with 

CRD and determine 
combined performance 

3/15/04 3/15/04 

6. Formalize Hg-CRD analytical 
procedures 3/15/04 3/15/04 

7. Reporting 5/15/04  
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Figure 2: Photograph of sample system mounted on a 3' x 4' breadboard table. The 

breadboard has been attached to the cart shown in photograph just below the 
breadboard. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Schematic diagram of the sampling system. The major components located on 
top of the breadboard are listed on the diagram. 
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In addition to completing the sampling system and mounting it on the breadboard shown above, 
the laser system was also mounted on a breadboard to reduce the footprint as well as provide a 
more portable system for the field test. This work included reducing the number of optics needed 
at both the input and output of the fiber optic cable. 
 
The laser system, the associated optics, and the optics and hardware to couple the UV light into 
the fiber optic have all been put on a 3' x 4' x 2" breadboard table identical to that used for the 
sampling system. Shown in Fig. 4 is a photograph of the laser system, required optics, and fiber 
optic cable (blue cable leaving the front of the breadboard table). The 20 m fiber optic cable 
presently is run across the laboratory to the sampling system where the UV light is coupled into 
the CRD cavity. The number of lenses to couple the light from the Alexandrite laser into the fiber 
optic and then out of the fiber and into the cavity have been reduced to two, the minimum 
possible number. There has been a UV attenuator placed in between the output of the Alexandrite 
laser system and the input of the fiber optic to control the amount of power entering the fiber so 
as not to damage the front surface of the fiber when focusing the UV light into the fiber. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Photograph of the Alexandrite laser system with all the associated optics and 

fiber optic cable mounted on a 3' x 4' x 2" breadboard table. The 20 m fiber 
optic cable that runs to the sampling system is the blue cable that can be seen 
on the front right of the breadboard. 
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Figure 5: Schematic diagram of the 3' x 4' x 2" breadboard table containing the laser 
system and optics to couple the UV light into the fiber optic cable. All of the 
components are listed on the figure. 

 

Shown in Fig. 5 above is a schematic drawing of the laser system shown in the photograph in Fig. 
4. All of the components located on the 3' x 4' x 2" breadboard are listed on the figure. Mounting 
the laser system onto the breadboard will provide a more stable layout for the system to operate 
under. There will also be a cover constructed for the laser system to reduce the amount of dirt and 
dust getting into the system as well as stabilizing the environment immediately surrounding the 
laser system, which will also contribute to stable operation of the laser system at a field test. 
 
Both the laser system and the sampling system are now independent, connected only by the fiber 
optic cable and a coaxial cable that is used to scan the frequency of the diode-seed laser. The only 
external requirement for the sampling system, at the field test, is a sampling port from which to 
obtain the flue gas sample and 110 VAC to power the various equipment associated with the 
sampling system. The laser system will require 3-phase, 208 VAC, to operate the laser, as well as 
an external water supply for cooling the laser’s power supply. 
 

Long Term Testing 
 
As noted in a previous quarterly reports, the initial long-term testing looked promising. SRD 
sought to further these tests with a full 24-hour test. The results of the test are shown in Fig. 6. 
There was a continuous flow of approximately 2.5 ppb mercury, from a permeation tube in a 
temperature-controlled oven, in air with the CRD cell held at room temperature and close to 
atmospheric pressure. From the plot it can be seen that the mercury concentration remained 
relatively level, with a few deviations around hours 0.5, 3, 7.5, and 10.5, for the first 14 hours. 
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After about 14 hours there is a rather large decrease over the next 2 hours followed by a sharp 
increase back to the initial level. The plot again remains steady until about 22.5 hours after which 
there are a number of sharp changes in the observed cavity loss level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Results of a 24-hour test monitoring mercury concentration. The mercury 
concentration was held at approximately 2.5 ppb in air while the cell was at 
room temperature and 730 torr. 

 
 
There were two possible reasons for the observed deviations: 1) the mercury concentration is 
actually changing, which is reflected in the plot, or; 2) the frequency of the UV laser changes and 
is no longer sitting on the top of the mercury peak. The former is very unlikely as the mercury 
supply is from a mercury permeation tube that is contained in a constant temperature oven. 
Additionally, some of the changes occur over a time period that is too short to result from a 
change in mercury concentration. The only reasonable explanation is that the frequency of the 
laser, which is injected into the cavity, changes over time and results in the observed deviations. 
 
Indeed, SRD scientists did determine that these deviations were caused by two different sources 
of error associated with the diode seed laser. The slower changes observed in Fig. 6 were due to a 
slow drifting of the diode laser’s frequency output over time. This is most likely caused by slight 
environmental changes to the diode laser itself such as fluctuations in temperature. The second, 
and more drastic change observed in Fig. 6, is one that causes the sharp changed observed. These 
changes are most likely due to mode hops of the diode seed laser. This means that another mode 
within the diode laser starts to have an appreciable amount of gain to the point that the frequency 
of the output jumps from one wavelength to another, resulting in the observed sharp changes. 
This also means that the frequency of the diode seed laser is no longer known, which presents a 
problem when trying to determine accurate mercury concentrations. 
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Again SRD scientist verified these results when adjustments were made to the operation of the 
CRD instrument to obtain the mercury concentration. Instead of trying to sit the diode laser 
frequency on top of the mercury transition, as had been done previously, the diode laser was 
scanned back and forth across a particular mercury peak from which the mercury concentration 
could then be determined. Figure 7 is the result of a long-term test using this technique. The 
points on the plot are the determined maxima, by taking the derivative of the scan across the 
mercury peak. From the plot it can be seen that there were a number of maxima obtained around 
1.5-hours into the test that are at a loss level of about 7000 ppm when it should be around 22000 
ppm. Additionally, after 4-hours of testing a sharp decrease occurs followed by a number of other 
sharp changes, which eventually return to the maximum level. 
 
The low values for the maxima obtained around 1.5-hours into the test occur because of a small 
peak that appears when dithering the frequency of the diode seed laser back and forth. This is still 
the result of the laser frequency drifting over time. The sharp changes that occur after 4-hours 
into the test are most likely the result of a mode hop in the frequency of the diode seed laser.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
\\ 
 

 
 
 
Figure 7: Plot of the maximum points determined from the derivative of the ring-down 

data shown in Fig. 44. The plot displays all the maximum points obtained for 
the entire 5.5-hour test. 
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Software Development 
 
SRD scientists proposed to correct both of these problems with software solutions. Re-centering 
the diode laser scan range after each scan could solve the problem of drifting. That is, a certain 
scan range is chosen for the diode seed laser to scan over. After the program scans across the peak 
it determines the mercury concentration at the peak of the scan. The program then chooses this 
point for the center of the next scan and this process continues while the program is determining 
the mercury concentration. 
 
The problem of mode hops is slightly more complicated. As the system no longer ‘knows’ the 
wavelength output of the Alexandrite laser the program will report erroneous mercury 
concentrations. A subroutine has been added to the program that looks for bad measurement 
points. This can be defined as a certain percentage change from the previous x-number of points 
(where x is also software settable). This change can either be an average of the previous x-points 
or a least-squares fit to the previous points for concentrations that are going up or down. Once the 
program detects this change it will reacquire the desired mercury peak and then continue scanning 
across that peak and reporting the mercury concentration. 
 
When these changes were implemented another long-term test was attempted. The results of this 
test are shown in Fig. 8. This test was run for almost 3 consecutive days, 24 hours a day. The 
concentration of mercury was held at 60ºC and the pressure of the cell was maintained at 200 torr. 
The results were extremely good. There were only two areas that showed deviations from the 
correct concentration. That was 6 points between 30 and 40 hours into the test and also around 60 
hours into the test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Plot of an almost three day test. The mercury was held at a concentration of 
about 1.6 ppb, the temperature of the cell was maintained at ~60ºC, and the 
pressure in the cell was 200 torr. The 202Hg isotopomer was used to monitor 
the concentration. 
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The points located around 60 hours were easy to explain. The power of the UV laser beam had 
dropped below the threshold value to trigger the software, which resulted in the slight gap and 
erroneous points. Once the power of the laser was increased the reported concentration returned 
to where it should. Of more interest were the points located between 30 and 40 hours into the test. 
 
Figure 9A) is a blowup of the section between 30 and 40 hours. Figure 9B) is a plot of the voltage 
determined for the monitored mercury peak center. From the plot of the peak center voltage it can 
be seen that there is a one-to-one correspondence between sharp changes in the peak voltage 
value and the erroneous mercury concentration point, as shown for the first two point by the red 
circles and arrows. This figure actually illustrates both problems of drifting and mode hops. From 
the plot of the peak voltage it can be seen that the peaks voltage drifted down in value a 
significant way before there was a sharp increase in the voltage. This sharp change is when the 
mode hop occurred. At this point the program determined the mercury concentration point was 
erroneous, reacquired the correct mercury peak and resumed scanning back and forth across the 
peak. The voltage then drifted to higher values for about an hour and then mode hopped again. 
This was repeated three times. The exact cause of this behavior is unknown at this time. However, 
it should be noted that the program independently detected the mode hop and reacquired the 
correct mercury peak and reported the correct mercury concentration. While the points are 
reported during this test it is for diagnostics purposes only. For actual results these erroneous 
points would not have been reported as the program was reacquiring the correct mercury 
transition to monitor the concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: A) Expanded plot of the 30 to 40 hour section of the plot shown in Fig. 8. B) 
Plot of the voltage value, supplied to the diode seed laser, where the program 
determines the center of the mercury transition to be.  
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Computer Program for CEM Operation 
 
The subroutines written to correct the problems of drifting and mode hops worked very well. This 
was shown with the results obtained for the 3 day test, which have been displayed in Fig. 8. The 
next task was to incorporate all the changes into a new program that could be used for mercury 
monitoring, autonomously and on a continuous basis, during a field test. The previous version of 
the program was used primarily to scan across the mercury transition and perform diagnostics for 
the various tests done by SRD optical scientists. This was the version of the program has been 
used to produce all of the data previously obtained and reported. Shown in Fig. 10 is a simplified 
flow chart of the new program developed by SRD software engineers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Simplified flow diagram of the new program used to operate the CRD 
instrument as a continuous emissions monitor. The program is setup to 
obtain and report mercury concentration, on a continuous basis, as well as 
report the concentration of sulfur dioxide. 

 
 

The new program is set up with a number of different windows that can be viewed to observe the 
mercury concentrations or to adjust parameters to affect the operational parameters used by the 
program. Shown in Fig. 11 is a view of the front panel of the program. Near the top left corner of 
the panel a number of tabs can be seen. These tabs are labeled: Front; Main; X-Peak; Other 
Controls/Indicators; and O-scope. These tabs can be used to navigate between the various 
windows to access a variety of different functions available to the program user. The Front panel 
shown in Fig. 11 contains a single plot that displays the continuously obtained mercury 
concentration. In addition on the right side of the plot the most recently obtained mercury 
concentration and SO2 concentration are reported. Near the bottom left of the plot is a display 
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>x% <x%

YNEND 
Time & date 
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which gives the temperature and pressure readings inside the CRD cavity. Along the far right side 
of the window are a number of parameters whose display remains regardless of which tab is being 
viewed at the time. These are the main buttons that turn the program on and off, start and stop the 
program, and obtain the baseline absorption losses of the CRD instrument. Also the sweep 
parameters, those used for scanning back and forth across the desired mercury peak as well as the 
file saving parameters are displayed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: The Front display panel of the program used to operate the CRD instrument 

as a CEM. The tabs shown at the top left corner are the different displays 
viewable while the program is running and where a variety of parameters can 
be adjusted. Along the right side of the window is a display of various 
parameters that remain regardless of which tab is being viewed. 

 
 
When the program is initiated the first value that needs to be determined is the baseline mirror 
reflectivity. This value is very important to determine as it determines the baseline losses of the 
CRD instrument, which are then used in determining both Hg and SO2 concentrations. This is 
done with a source of clean air in the CRD cavity. Once this value has been determined the 
program is ready to begin obtaining mercury concentrations. 
 
The first step in this process is to tell the program which mercury peak it should be using to 
monitor the mercury concentration. Since there are 5 different isotopic, and combined isotopic 
and hyperfine split, transitions any one of them can be used to monitor the mercury concentration. 
The chosen peak is a variable that can be set, and changed, within the program. The program 
finds the desired peak by scanning across the mercury transition until the desired peak has been 
found. An example of this can be seen in Fig. 12. This is a view of the X-Peak window. The box 
displayed in the upper left corner has a number of parameters including the desired peak to find. 
The box just to the right of this box also has a number of parameters that can be set, which are 
used to determine if there is a bad concentration value (i.e. when a mode hop occurs). The switch 
on the right side of this box is used to decide whether to check the mean value of the x-number 
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(also adjustable) of previous mercury concentration readings for when the mercury concentration 
is relatively constant, or use a least squares fit (Minimum Square Error) for fluctuating mercury 
concentrations. The plot on the display in Fig. 12 is the scan used to find the second mercury 
peak. The small white boxes on the plot display the points which the program determines as a 
peak value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12: The display shown for the X-Peak tab. There are a number of adjustable 
parameters viewable in the two boxes in the upper left corner of the display 
(see text). In this example the second mercury peak has been chosen as the 
monitoring peak for reporting the mercury concentrations. 

 
 
At the same time that the program is determining the position of the desired mercury peak, a 
number of the background points are used to calculate the new background losses of the CRD 
instrument. The new background losses are compared with the baseline losses determined 
initially with just air. If there is a difference in the values the program assumes that the difference 
has been caused by the presence of SO2. Cavity losses due to SO2 have been found previously by 
SRD scientists to be essentially constant over the entire range scanned for both the background 
and mercury transition. The program uses this difference, and the SO2 absorption cross-section 
determined by SRD personnel, to calculate the SO2 concentration present in the CRD cavity. This 
SO2 concentration is then reported on the Front page of the program. 
 
After the process of finding the desired mercury peak and determining the SO2 concentration the 
program then switches to its main operation of continuously determining the mercury 
concentration. The majority of functions for this part of the program are displayed on the Main 
page of the program. An example display of this page can be seen in Fig. 13. The function of this 
part of the program is to scan across the desired mercury peak, using a number of adjustable 
parameters, and determine the mercury concentration. Some of these adjustable parameters 
include: the frequency range to scan across, the number of points, and the step-size to use. Once 
the program scans across the peak it does a couple of things. First the program determines the 
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peak value of the total cavity losses and uses this to calculate the mercury concentration. Second 
it determines the position of the peak center and re-centers the scan range, to correct for any 
frequency drift. The program also determines whether the concentration determined is within the 
specified error range compared with the previous x-number of points. If it is within the specified 
limit the program rescans the mercury peak and completes the process again. If the concentration 
value determined is outside the preset range the program jumps back to the start and reacquires 
the correct mercury peak, as shown in the flow diagram in Fig. 10. The amount of time taken for 
this process to occur is less than 10 seconds. It can be a shorter time interval depending on the 
number of laser shots averaged, the frequency range scanned, and the number of points to 
acquire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: An example of the display observed on the Main page of the program. There 
are a number of plots displaying a variety of data used to determine the 
mercury concentration (see text). 

 
 
From the display shown of the Main page in Fig. 13 it can be seen that there are a number of plots 
shown in the window. The larger plot shown in the bottom right corner of the page is the display 
of the scan across the mercury peak. All of the previous scans are shown with white traces while 
the present scan is shown with a red trace. This plot will display the cavity loss data versus either 
time or voltage, using the switch just to the left of the plot. The voltage display corresponds to the 
voltage applied to the diode laser, which is related to its output frequency. The plots along the left 
side of the window all have to do with the actual ring-down signal and exponential fit. The 
middle plot is a display of each individual laser shot. The plot shown in the top left corner is a 
display of the averaged ring-down, using the number of shots chosen by the user. The plot in the 
bottom left corner is a fit of the ring-down data, which gives the ring-down time, the total cavity 
losses (in ppm), and the error of the fit. 
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Shown in Fig. 14 is the window titled Other Controls/Indicators. This window contains a switch 
to fit the ring-down data as an exponential curve or take the natural logarithm of the data and fit it 
to a line. There is also an input for the cavity length of the ring-down cavity used. The two plots 
shown on the page are not presently used. However, data from a second channel on the A/D card 
can be inputted into the top plot and the bottom graph will plot the determined intensity as a 
function of voltage applied to the diode seed laser. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: An example of the Other Controls/Indicators page. This page, while not 
presently used, can be used for data input into a second channel on the A/D 
converter. 

 
The final page of the program that may be accessed from the tabs on top of the window is the O-
scope page. An example display of this page can be seen in Fig. 15. There are 3 boxes viewable 
with a number of adjustable parameters. The large box on the left side of the display contains all 
the settings for the 100 MHz A/D card. Some of the parameters that can be adjusted in this box 
are: the number of channels used (1 or 2), the actual sample rate used, the number of point 
acquired, the number of laser shots averaged, the trigger source and trigger level, and the voltage 
scale used for the actual ring-down data acquired.  
 
The smaller box in the middle of this page contains the settings that the program uses when it 
scans the diode laser to find the desired mercury peak. These parameters include: the voltage step 
size applied to the diode laser, the total number of steps allowed, and the starting voltage for the 
scan.  
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The final box, on the top right side of the display, contains the settings that the program uses 
when it scans back and forth across the mercury peak to determine the concentration. The 
parameters that can be adjusted in this box include the voltage step size applied to the diode laser 
and the number of steps to scan across the peak. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: The display observed for the O-scope page. This page contains all of the 
settings for the fast A/D card used to obtain the ring-down data. Also there 
are parameters that can be adjusted for the step size and number of step taken 
for both the function that first finds the desired mercury peak and for the 
function that scans back and forth across the desired mercury peak to obtain 
the mercury concentrations. 

 
 
The program follows the flow chart diagram, shown in Fig. 10, as described above. It will 
continue to scan back and forth across the mercury peak and report mercury concentrations until 
it detects a mode hop, or some erroneous concentration value, at which point it will reacquire the 
mercury peak and then return to reporting mercury concentrations. The only other condition that 
will cause the program to exit out of the mercury concentration-reporting loop is the automatic 
data save function. While the program is running it continually updates a data file. At an interval 
that can be set by the user the program will close out the data file, time and date stamp it, and 
then create a new file with the same name and a sequential number from the first file used. Also 
at this point the program will go back to the start of the program and reacquire the desired 
mercury peak, redetermine the SO2 concentration, and then return to the function that continually 
scans across the mercury peak and reports the mercury concentration. This process will continue 
until the program is manually terminated. 
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Conclusion 
 
A number of tasks were performed during the past quarter to prepare the CRD instrument for the 
field test, which is planned to occur at the DOE/NETL facility in Pittsburgh, Pennsylvania. The 
first of these tasks was to complete construction of the sampling system to be used to extract a 
flue gas sample from the stack, bring it to the CRD cavity for analysis, and return the sample gas 
to the flue stack. This will be done with a continuous flowing sample stream. The sampling 
apparatus has been constructed on a 3' x 4' x 2" breadboard table, which has been mounted to a 
cart. 
 
In addition to the work on the sampling system the laser system has been moved to a 3' x 4' x 2" 
breadboard table identical to the sampling systems table. This table now houses the entire laser 
system, associated optics and non-linear crystals, as well as the optics and components to couple 
the UV light into an optical fiber. The optical fiber is connected to the sampling system where the 
UV light is coupled into the cavity. 
 
The problems of drifting output frequency and mode hops of the diode seed laser have been 
solved by means of some software adjustments. After implementing the software changes a long-
term test, close to 3 consecutive days (24 hours/day), was conducted. The results were extremely 
good and the program was able to handle both drifting and mode hop problems automatically, as 
it was found that both had occurred during the test. 
 
A new data acquisition program has been written, incorporating the changes noted above, by 
SRD software engineers that allow the CRD instrument to perform as a continuous emissions 
monitor for mercury and also report SO2 concentrations. Once initiated the program is able to run 
autonomously and continuously report accurate mercury concentrations until it is manually shut 
off. 
 
Future work on the project will focus on additional long-term tests as well as testing the various 
functions of the new program for accuracy and any bugs. This work will be focused toward the 
goal of successfully completing field tests at the DOE/NETL pilot plant facility. 
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Table II: Chronological listing of significant events. 

Date Description 
10/01 Acquired and setup Alexandrite PAL ring laser system 
10/01 Acquired high reflectivity mirrors needed for CRD cavity 
10/01 Installed fast digitizing card for data acquisition  

12/18/01 Setup CRD cavity 
12/27/01 Produced 253.7 nm light from laser system needed for mercury detection 
12/31/01 Coupled light into cavity and detected ring-down signal 
1/21/02 Calculated needed mode matching optics for the cavity and inserted into optical setup 
2/8/02 Checked ‘long’ term stability of CRD cavity and laser system alignment 
3/5/02 Determined empty cavity parameters 

3/21/02 Integrated data acquisition program for CRD data 
3/29/02 Prepared system for mercury delivery 
4/12/02 Incorporated mercury permeation tube gas delivery system to CRD instrument 
4/23/02 Integration of software control for scanning of the laser system 
5/17/02 Detection of weak oxygen lines with the cell filled to atmospheric pressure with air 
6/6/02 Integration of an Atomic Fluorescence system to verify mercury delivery and concentrations 

6/18/02 Optimization of optics and laser parameters using 400 torr of Oxygen 
7/9/02 Installed Iodine cell for absolute calibration of the Alexandrite laser system 

8/15/02 Calibrated Atomic Fluorescence system and confirmed delivery of mercury to CRD cavity 
8/21/02 Calibrated Alexandrite laser system in the spectral region of the mercury transition 
9/12/02 Detected mercury in the CRD cavity 
9/27/02 Early detection limits in the low parts per trillion (pptr) range 
10/17/02 Tested various cavity lengths and switched from a 64.5 cm to 38 cm cavity 
10/30/02 Able to detect sub-ppb levels of Hg in presence of high concentration of SO2 
11/7/02 Tested CO, CO2, NO, NO2, and did not observe any background interferences 
11/13/02 Not able to observe any change in baseline level with high concentration of water vapor 
12/11/02 Installed pyrolysis oven for atomization of sample gas stream 
12/18/02 Integrated dynacalibrator into CRD system for delivery of mercury chloride 
12/20/02 Observed mercury signal due to mercury chloride 
1/13/03 Theoretically modeled mercury and oxygen absorption lines 
1/23/03 Constructed simulated flue gas delivery system 
2/5/03 Optimized laser power injected into cavity for best signal-to-noise 

2/14/03 Based on the model added a thermocouple inside the CRD cavity 
2/21/03 CRD detection of HgCl2 and Hg in the presence of multiple flue gas components 
2/28/03 Completed initial pyrolysis tests of HgCl2, Hg, and simulated flue gas 
3/11/03 Determined SO2 absorption cross-section 
3/20/03 Tested dynamic range of the CRD instrument 
3/28/03 Checked long term laser frequency drift to determine stability 
4/29/03 Complete evaluation of commercially available sampling system and components 
5/16/03 SRD engineers design sampling system for CRD instrument 
5/30/03 Develop the derivative method for automatically determining the position of a Hg peak 
6/17/03 Test the derivative method on actual data 
7/24/03 Acquisition of hardware needed and construction of sampling system begins 
8/12/03 UV laser light successfully coupled into the optical fiber 
8/21/03 UV light successfully injected into cavity and ring-down signal obtained 
9/16/03 Extended time studies to monitor mercury concentration begins 
10/28/03 Testing for possible interferences caused by CO2 and HCl 
11/05/03 Long-term testing 
12/08/03 Test of dithering the frequency of the diode seed laser 
1/16/04 Completed subroutines to correct for diode laser drift and mode hops 
2/10/04 Completed construction of sampling system on breadboard table 
2/18/04 Reduced footprint of laser system onto small breadboard table 
3/28/04 Successful completion of 3 day long-term test 
3/30/04 Completed new data acquisition program to operate CRD instrument as a true CEM 
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