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Atmospheric mercury monitoring typically relies on large Ilaboratory
instruments that are difficult to deploy on mobile sensing platforms. This
work explores the control-oriented design of a compact cold vapor atomic
fluorescence (CVAFS) detection system intended for airborne environmental
monitoring. The system integrates a UV-C excitation source, optical
fluorescence detection using a photomultiplier tube (PMT), and a gold
amalgamation trap used to preconcentrate mercury from sampled air.
Reliable detection at trace concentrations requires coordinated control of
several coupled subsystems, including thermal cycling of the gold trap and
stabilization of the optical detection chain.

A dynamic model of the gold amalgamation trap is developed to describe
adsorption and thermal desorption behavior as a function of trap temperature
and heater input. The trap is modeled as a lumped thermal system, enabling
the design of a closed-loop temperature control strategy that produces
repeatable mercury release pulses for fluorescence detection. In parallel, the
PMT signal chain is analyzed as a measurement system influenced by photon
shot noise, dark current, and electronic amplification noise. Signal
conditioning and filtering strategies are evaluated to improve signal-to-noise
ratio for low-level fluorescence signals.

This control-oriented framework links sampling, thermal desorption, and
optical detection into a coordinated sensing architecture. The approach
provides a pathway toward miniaturized mercury detection systems capable
of stable and repeatable measurements, supporting future deployment on
small aerial platforms for spatial mapping of atmospheric mercury
concentrations.
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This work applies a control-oriented subsystem modeling approach to the
miniaturization of a cold vapor atomic fluorescence (CVAFS) mercury detection
system.

Approach:
e Developed a lumped thermal model of the gold amalgamation trap
e Characterized PMT signal chain noise sources
e Designed subsystem identification experiments for parameter validation
e Constructed architecture linking sampling, desorption timing, and fluorescence
detection
e Used archived MERX instrument datasets to guide model assumptions

Objective:
Reduce uncertainty in subsystem dynamics that determine detection repeatability
and timing stability
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Trap heating modeled as:

C = effective thermal capacitance

P = heater input power
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Subsystem identification experiments designed to validate model
assumptions.

PMT dark noise test:
Measures baseline drift and noise floor

Shielding comparison test:
Evaluates EMI sensitivity and grounding strategy

Controlled light response test:
Measures detector linearity and saturation behavior

Optical baffle scan experiment:
Maps illumination pathways inside fluorescence region

Gold trap heating experiment:

Measures thermal rise time and desorption timing window

These experiments reduce uncertainty in system level timing
performance.
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hA = convective heat loss term

Tamb = ambient temperature

Development of an Airborne Sampling System for Mapping Gaseous

Mercury
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Fluorescence Baffle Chamber

Gold trap temperature governs adsorption efficiency and release timing of mercury during measurement cycles.

Ce = P — hA(T — Toms)

Model supports prediction of:

- heater power requirements

» thermal rise time

= desorption pulse timing

= repeatability of fluorescence excitation events
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Measurement cycle integrates sampling, thermal release, and
optical detection.

Cycle structure:
air sampling

- mercury capture in gold trap

- controlled thermal desorption pulse
- UV-C fluorescence excitation

= PMT signal acquisition

Control coordination ensures:
®* repeatable measurement timing
® stable excitation conditions
® consistent fluorescence detection response

Supports deployment on compact airborne sensing platforms.
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Measurement quality depends on repeatable mercury release timing.
Control objective:
Produce stable and repeatable thermal desorption pulses from the gold trap.

Desired behavior:
e rapid heating to release temperature
e predictable desorption window
® minimal temperature overshoot

cycle to cycle repeatability

Control variables:
® heater input power
e sampling duration
® desorption timing window

Outcome:
Synchronized mercury release with fluorescence excitation improves measurement
consistency.

ignal Chain Modeling

Fluorescence detection sensitivity depends strongly on the stability of the
photomultiplier tube (PMT) measurement system, which is influenced by
several fundamental noise sources including photon shot noise, PMT dark
current, amplifier noise, and electromagnetic interference. The signal chain is
modeled as a sequential measurement pathway in which the fluorescence
signal is converted to current by the PMT, amplified using a transimpedance
stage, conditioned through filtering, and then digitized for analysis. The
objective of this modeling effort is to improve the signal to noise ratio of the
detection chain to enable reliable measurement of atmospheric mercury
concentrations at the ng/m? level.

!e’er ences

Core mercury detection instrumentation
Ambrose, J. L. (2017). Improved methods for signal processing in measurements of mercury by
Tekran® 2537A and 2537B instruments. Atmospheric Measurement Techniques, 10, 5063-5073.
Andron, T. D., Corns, W. T., Zivkovié, 1., Ali, S. W., Nair, S. V., & Horvat, M. (2024). A traceable and
continuous flow calibration method for gaseous elemental mercury at low ambient concentrations.
Atmospheric Measurement Techniques, 17, 1217-1236.

He, Y., & Mason, R. P. (2021). Improving a continuous mercury analyzer with circulated carrier gas:
Economic and operational advancements.

Gold trap adsorption / memory behavior

Brown, R. J. C., Kumar, Y., Brown, A. S., & Kim, K.-H. (2011). Memory effects on adsorption tubes
for mercury vapour measurement in ambient air. Environmental Science & Technology, 45(11),
7812-7818.

Rahman, M. M., Brown, R. J. C., Kim, K.-H., Yoon, H.-O., & Phan, N.-T. (2013). Evaluation of the
memory effect on gold-coated silica adsorption tubes used for the analysis of gaseous mercury.

Packed-bed thermal modeling support for trap dynamics
Jareteg, A., Maggiolo, D., Sasic, S., & Strém, H. (2020). Finite-volume method for industrial-scale
temperature-swing adsorption simulations. Computers & Chemical Engineering.

McEliroy, D. L., Weaver, F. J., Shapiro, M., Longest, A. W., & Yarborough, D. W. The thermal
conductivity of beds of spheres. Oak Ridge National Laboratory.

Lanfrey, P.-Y., Kuzeljevic, Z. V., & Dudukovic, M. P. (2010). Tortuosity model for fixed beds
randomly packed with identical particles. Chemical Engineering Science.

Instrument architecture reference anchor
Tekran Instruments Corporation. Model 2537 X mercury analyzer one-pager.




