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Note:  

This User Manual does not provide details of the MBS+  operational software. This software has been developed to be intuitive and 
easy to use, but any queries should be directed to Dr Warren Stanley, CAIR, University of Hertfordshire and we shall do our best to 
answer them.
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  Multiparameter Bioaerosol Sensor MBS+  

 

1. Introduction 

1.1 Overview of MBS+   

The MBS+ is a prototype particle fluorescence spectrometer designed for the detection and 

classification of airborne biological particles. It combines measurements of the light scattering size of 

the particle with assessment of the  intrinsic fluorescence emitted by a particle under UV illumination at 

280 nm and measurement of the spatial light scattering patter produced by the particle under 

illumination from a high-power pulsed laser (at 637 nm). The fluorescence data can be used to 

determine the presence of biological fluorophores such as tryptophan within the particle, while the 

spatial scattering data can be used to assess particle shape and potentially surface structure. 

The ‘+’ symbol in MBS+ is in reference to the fact that the core MBS+ instrument is housed in a 

commercial wheeled Pelicase™ for weather protection (see Figure 1 below) and incorporates a 

compact PC for instrument control and data logging. The core instrument assembly itself is contained 

within an em-screening steel box measuring 30 x 38 x 19 cm (WxDwH) and weighing 5.5 kg. This 

assembly is shown, without the box lid, in Fig. 1 below.  

 

Fig.1:  MBS+ Pelicase System and internal core instrument. 

1.2 Pelicase™ features and interfaces 

Though not officially IP rated, the housing of the MBS+  instrument in the Pelicase is intended to allow 

the operation of the instrument in relatively harsh environments where weather conditions (rain, snow, 

condensation, etc) and sub-zero to approximately +40C ambient temperatures may be found. 

The Pelicase has a built-in thermally controlled air-cooling system to allow the instrument to be 

operated with the Pelicase lid closed, the aerosol being sampled through a retractable inlet on the lid, 

as in Fig 2. The Pelicase  also has openings cooling air inlet and vent, together with connections for 

ethernet communications to the inboard PC and for an external 24v d.c. 5A power supply, as in Fig. 2. 
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Fig. 2a: MBS+ Pelicase system with aerosol inlet in locked closed position.2b: Aerosol inlet 

in locked raised position. (c and d) MBS+ internal parts and external connections  
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1.3 MBS+   Principles of Operation 

The principal internal components of the MBS+ system are shown schematically in Figure 3. In 

operation, the internal sampling pump continuously draws ambient aerosol-laden air through the 

instrument at a rate of approximately 1.5 litres/min. Part of this flow is filtered  and used both as a 

‘bleed’ flow (to maintain cleanliness of the inner MBS+  optical chamber) and as a ‘sheath’ flow which 

surrounds and constrains the remaining ‘sample’ flow.  Particles carried in the remaining 300 ml/min 

sample flow are forced to pass in single-file through the sensing volume (defined by the intersection 

between the laser beam and the sample airflow column) of the instrument. 

A particle carried in the sample airflow is initially detected by a low-power laser beam (12 mW at 

635nm) at position 1 in Fig. 4. The light scattered from the laser pulse is collected by the lens assembly 

shown at the upper-right of Fig. 3 and a small proportion of the light is directed by a pellicle beam-

splitter to the photodiode trigger detector. The voltage output pulse of this detector is proportional to the 

intensity of light falling on it and is used to size the particle. The trigger signal also initiates the firing of 

a second, high-power, pulsed laser (250 mW at 637 nm) that irradiates the particle when it arrives at 

position 2 (Fig.4), scattering sufficient light to allow the particle spatial light-scattering pattern to be 

captured by the arrangement of the two CMOS linear arrays. 

Approximately 10 µs after particle detection, the particle will have moved approximately 400 µm to just 

below the second laser beam (position 3 in Fig. 4) and at this moment the UV xenon source illuminates 
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 Fig. 3: Schematic view of MBS+ system principal components. 
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the particle for approximately 1 µs with an intense UV pulse at 280 nm wavelength (typically 350 µJ/cm
2
 

fluence). The resulting fluorescent light from the particle is collected by two spherical mirrors and 

directed through to the spectrometer optics. The resulting fluorescence spectrum, covering 

wavelengths from approximately 310 nm to 630 nm, is recorded by the 8-channel photomultiplier tube 

and the information digitised and recorded by the electronics control unit. The particle then passes out 

of the chamber and the system is re-armed. The total measurement process takes ~30µs, excluding 

subsequent data processing.  

 

 

 

 

 

 

 

The system is capable of detecting, sizing and counting particles at rates of more than 1,000 per 

second, but the xenon recharge time (~5ms) means that the maximum limit of acquisition of 

fluorescence data is ~100 particles/s. This is equivalent to measuring essentially all particles for particle 

concentrations up to ~ 2 x 10
4
 /litre. Whilst the xenon source is recharging, the particle size data from 

the photodiode, the scatter data from the CMOS array detectors and the fluorescence data from the 8-

channel photomultiplier may be processed to determine specific characteristics of the particle 

scattering and fluorescence that may be applied in user-defined particle classification or discrimination 

(see Section 4).  

 

 

 

 

Fig.4:  Spatial arrangement of sample flow, laser beams and UV 

fluorescence excitation pulse in MBS+ system. 
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1.4 MBS+   User Control and Data Display 

The MBS+ has an integrated compact computer system for instrument control and data logging. The 

computer runs a dedicate software programme that performs the following functions: 

 On boot-up, downloads the required firmware code to the FPGA (Field Programmable Gate 

Array) on the MBS+ internal electronics processing and control card.  

 Allows an extensive range of instrument control features from simple functions (pump on/off; 

acquisition start/stop; etc) to more complex settings that determine runtime parameter and 

functions such as data saving to user-defined filenames. 

 Controls data processing, according to preset functions and thresholds (see Section 4). 

 Controls screen display.  

 

All of these control and display functions can be implemented on a remote laptop computer (using 

Windows™ Remote Desktop facility) via the ethernet connection on the MBS+ case. The configuration of 

the screen display is entirely selectable by the user from a variety of drop-down menus. An example 

screendump is given in Figure 5 below. (Whilst the display in Fig 5 is useful for diagnostic and set-up 

purposes, we recommend that when unattended, the graphing display is turned off to allow the MBS+ 

computer to devote maximum processing power to particle data acquisition etc.  

 

 
 

 

Fig.5: An example of a MBS+ data display configuration. Top-left: Rolling plots of particle size and total aerosol 

concentration; Right: user control interface; bottom-left: Particle fluorescence spectrum (blue) and mean of last 25 

spectra (red); bottom-centre: CMOS array output for particle whose spectrum is shown in the bottom-left 

quadrant; bottom-right:  
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2. MBS+ mechanics, optics, electronics, and software 

2.1 MBS+ core instrument physical configuration 

The simplified physical configuration of the MBS+ core instrument is shown below in Fig. 6.  

Fig. 6: Simplified view of principal MBS+ core instrument component parts. 
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Figure 7 below shows a sectional view of the electro-optical layout and components used in the MBS+ core 

instrument system.   

 

 
Fig. 7:  Sectional view of MBS+ electro-optical layout  

showing principal components. 

 

2.2 Laser and CMOS Array Optics 

 

The optical path linking the laser and dual CMOS arrays is designed to collect the forward scattered 

light produced by a particle transiting the laser beam. The light is collected by two plano-convex lenses 

as shown in Figure 8, with an optically adsorbent laser beam dump preventing the residual high-power 

laser beam from saturating the CMOS detectors. These lenses collect the scattered light throughout 

scattering angles from 5° and 18° to the laser beam and throughout 360° of azimuth.  

Part of this light (8%) reflects from the pellicle beam-splitter onto the photodiode, the signal from which 

both alerts the system to the presence of a particle in the sensing zone and provides a means of 

particle sizing. The remainder passes through two cylindrical lenses that render the distribution of 

scattered light from circular into an elliptical form as shown in Fig. 8. This maximises the coverage of 

the scattered light pattern by the two 512 pixel CMOS arrays. 
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Critically, the optics are also designed to ensure that the scattered light pattern falling onto the CMOS 

arrays is virtually insensitive to the exact trajectory of the particle through the 1mm diameter disc-

shaped sensing volume. (Were the optics not to achieve this, two identical particles passing at different 

lateral positions through the sensing volume would result in different outputs from the CMOS array 

detectors as a result of optical parallax).  

Fig.8: Zemax™ optical section of MBS+ laser to CMOS array optical path.(NB: laser beamdump is not shown). 

Inset photo shows the elliptical scattering pattern resulting from the cylindrical lenses at the right of the assembly. 

 

2.3 Fluorescence Capture Optics and Grating Spectrometer 

When the particle is irradiated with the pulse of UV radiation from the xenon source, it emits fluorescent 

light almost isotropically
1
. The MBS+ spectrometer optics (Figure  9)  are therefore designed to capture 

as much of this optical flux as possible and direct it onto the diffraction grating, with the resulting 

spectrally dispersed light falling onto the 8-channel photmultiplier tube (Hamamatsu Photonics).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Sectional view of MBS+ fluorescence spectrometer and corresponding Zemax™ diagram. 

 

                                                      

1 The may be a very slight enhancement in the rear-ward hemisphere, depending on particle optical properties. 
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2.4 Airflow arrangement 

 

The MBS+  airflow arrangement is shown schematically in Figure 10 below. 

 

 

Fig.10:  Air handling arrangement within MBS+. 
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The Oversize Particle Trap (OPT) contains an Airflow deflector (see Fig. 10) that should only be used 

on occasions when the MBS+ is operated with the lockable Pelicase  Aerosol Inlet Cover (see Fig. 2b) 

completely removed.   In the absence of the Pelicase  Aerosol Inlet Cover, the Airflow Deflector serves 

to remove very large particles within the airflow and therefore prevent possible blockage of the delivery 

nozzle (which has a 1.2 mm exit diameter).  The Airflow Deflector may be removed by unscrewing the 

three retaining screws holding the OPT MBS+ core instrument  lid, as in Fig. 11 below, removing the 

deflector, and replacing the lid. 

 

Fig: 11:  Oversize Particle Trap – removal of Airflow Deflector if required. 

 

The OPT itself is connected to the main MBS+  inlet assembly by a short length of flexible silicone 

tubing (see Fig.10). This is to prevent damage to the MBS+ chamber should the OPT receive a severe 

mechanical shock.  

Once the aerosol has entered the Inlet assembly, the majority of the flow (approx. 80%) is directed 

through a HEPA filter and then returned as both a sheath flow (to surround the sample flow with 

particle-free air) and a small bleed flow of clean air into the chamber. The sheath flow has the effect of 

constraining the sample flow as the two flows pass through the tapered delivery nozzle, as illustrated in 

Fig. 12 below. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig: 12: Smoke visualisation of scattering volume and its surrounding clean sheath flow.  

 

As stated earlier, in MBS+,  the set total aerosol flow rate is approximately 1.5 litres/min, and the 

sample flowrate ~300 ml/min. The sensing volume is approximately 1 mm diameter and 80 µm deep. 

The flow velocity at this point is typically ~12 m/s. 
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The full aerosol flow (sample + sheath + bleed) is drawn out of the chamber by a sampling pump 

(Sidekick 3 lpm diaphragm pump, SKC Inc., PA 15330 USA) via a HEPA filter. The filtered outflow of 

the pump is vented into the inside of the MBS+ core instrument case to assist cooling and ventilation.   

 

2.5 MBS+  Electronics and Software  

The MBS+ prototype incorporates dedicated electronic modules that: 

 Controls instrument timing (eg: xenon firing, pulsed laser firing) to generate spectral and 

scatter data from each particle carried through the sensing zone. 

 Allows the capture of fluorescence spectral and light scatter data from each particle. 

 Conditions and pre-process these data (eg: amplification, removal of constant background 

offsets, digitisation of signals).  

 Buffers digital data and effects data transfer via USB link to external Laptop computer.  

 

In addition, dedicated MBS+ prototype software running on the internal computer executes the 

following: 

 Boot-up regime, including download of FPGA firmware code to the MBS+ electronics system at 

boot-up. 

 Instrument control (start/stops etc.)  

 User setting of instrument parameters to suit specific operating conditions. 

 Managing the data display and implementing user display requirements. 

 Preliminary Analysis of data. 

 Alert modes – user defined. 

  

For reasons of practicality, the full details of the MBS+ electronics and software are not given here. 

Further details may be obtained from CAIR, University of Hertfordshire. 

 

 

 

 

 

 

 

 



University of Hertfordshire CAIR                                Nov 2013 

   

   

 

 Page 15 of 32  

 

3. MBS+ Data Processing 

3.1 Data Formats 

3.1.1 Particle Size Data 

The voltage output pulse of the trigger detector when a particle passes through the low-power laser 

beam is proportional to the intensity of light falling on it and this in turn is related to particle size.  

Because other factors such as the refractive index of the particle, its shape and orientation to the beam 

also affect the magnitude of the scattered light pulse, the assessment of particle size is in most cases 

an approximation. It is customary in optical particle sizing instruments to report a ‘spherical equivalent’ 

size, i.e: the size of a sphere that would scatter a similar amount of light to the unknown particle being 

measured. Often, instruments are calibrated using spherical particles of known size and refractive 

index, such as monodisperse polystyrene latex spheres (PSL), and this is the same for MBS+. 

Figure 13 shows the theoretical relationship between the magnitude of the scattered pulse from the 

particle and the size of a spherical particle producing that pulse. The plot is derived using Mie Theory 

and takes into account the particle refractive index (assumed to be that of PSL, 1.58), the wavelength 

of the illumination, and the solid angle subtended by the collection lenses at the scattering particle. 

 

                   Fig.13: Particle size response for MBS+ instrument. 
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The black line in Fig. 13 shows the theoretical response of the scattered light flux collected by the 

receiving optics as a function of particle size. The detector pulse will be directly proportional to this light 

flux. The fluctuations in the curve are the so-called ‘Mie oscillations’ and are a largely unavoidable 

phenomenon resulting from scattering resonances when the size of the particle starts to approach the 

magnitude of the wavelength of the illuminating radiation. (Mie resonances generally can be reduced by 

using polychromatic radiation or by collecting scattered light over a significant proportion of the 4π 

steradian solid angle about the particle; neither are practical in MBS+ because of the other optical 

measurements being determined from the particle).  

The Mie oscillations result in a small particle sizing uncertainty but it must be recognised that the 

reported size is, in any event, only an estimate of the actual particle size based on a ‘spherical 

equivalent’ calibration function.  

The dotted red line in Fig. 13 is a third-order polynomial best-fit function to the Mie scattering curve and 

is used to convert the magnitude of the recorded voltage peak from the trigger detector to a reported 

particle size. The equation of the polynomial is given on the plot.  

3.1.2 Particle Shape Data 

As illustrated in Figure 3, the data in the read-out of the two CMOS arrays is a sectional profile of 

through the 2D-profile of the particle’s spatial light scattering pattern. The full 2D scattering pattern 

contains far more information about the particle structure and would therefore be potentially more 

powerful in its ability to allow particle classification or identification. However, the rate of acquisition of 

the 2D patterns is, at best, 30 per second and the voluminous quantity of data (approximately 1 MB) in 

each pattern would place huge demands on any real-time processing engine. In contrast, the data from 

the two linear CMOS arrays represents only 2kB, yet still contains valuable structural information that 

may be used in particle classification. 

3.1.3 Fluorescence Spectrum Data 

The intrinsic fluorescence spectrum from the particle when it is illuminated by the 280 nm UV radiation 

from the xenon flashlamp is recorded in the form of an 8-channel spectrum, as was illustrated in Figure 

3.  For convenience, the wavelengths covered by each channel are repeated here in Table 1.  

Note that the MBS+  spectrometer is based on a simple diffraction grating design and as such does not 

employ sophisticated (and expensive) multiple mirrors to remove the influence of 2
nd

 order spectrum. 

The consequence of this is that data from the 8
th
 channel (620-655nm) will be affected by the 2

nd
 order 

spectrum of light diffracted to Channel 1 (300-335nm). This effect may to a first order be corrected for 

by subtracting a fixed proportion of the signal in channel 1. Alternatively, spectral data from the 

spectrometer may be effectively limited to channels 1-7, ie: 300 – 615 nm approximately. 

Note also that whilst Channel 1 covers a range of approximately 290-330nm, it is unavoidably narrowed 

to ~305-330nm by the ‘300nm’ long-pass filter that precedes the diffraction grating. The output of this 

channel is therefore lower than would otherwise be the case. 

 Note also that no correction is made in MBS+ for the channel photocathode gain variation with 

wavelength since that effect is systematic and would affect all spectra equally.  
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Channel No. Centre λ 

Channel 1 315nm 

Channel 2 364nm 

Channel 3 414nm 

Channel 4 461nm 

Channel 5 508nm 

Channel 6 552nm 

Channel 7 595nm 

Channel 8 640nm 

 

Table 1:  Spectral range of the MBS+ spectrometer channels. 

 

3.1.4 Ancillary Data 

In addition of the primary data set comprising particle size, shape, and fluorescence data, the MBS+ 

also acquires some ancillary data that can assist overall analysis and interpretation of an ambient 

aerosol. The first of these is the particle arrival time, recorded in milliseconds from the commencement 

of sampling. This allows accurate and continuous assessment and monitoring of aerosol concentration 

which, in itself, can be an indicator of an anomalous aerosol event. The second is particle time-of-flight 

through the cw low-power trigger laser beam, measured in units of 20ns. This allows discrimination of 

artefacts such as noise spikes (too short to be valid particle) and particle coincidence events (too long 

to be valid particle). The latter case corresponds to a second particle arriving in the laser beam before 

the first has left, resulting in an elongated time-of-flight measurement. Size and fluorescence data from 

such multiple particle events are not interpretable and need to be removed from the dataset. Finally, a 

missed particle count is recorded, being the total of particles that passed through the measurement 

space during the ‘dead-time’ when the xenon flashlamp is recharging (approx. 5ms duration after 

firing). 

The data acquired for each particle is therefore summarised in Table 2 below. 

Parameter Measurement Format 

Total 

data 

(bytes) 

Particle size  
Scatter pulse peak 

amplitude 
12-bit A/D conversion 2 

Particle shape Dual CMOS array outputs 
512 x 12-bit conversion 

for each array  
2048 

Particle fluorescence 
8-channel Photomultiplier  

peak values  
8 x 12-bit A/D conversion 16 

Particle time-of-flight Width of scatter pulse Count of 20ns periods 2 

Particle arrival time 
From commencement of 

sampling 
Count of ms from start. 4 

Missed particle count 
From commencement of 

sampling 
Count 2 

 

Table 2: MBS+ data formats. 
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3.2 Data Processing Overview 

The processing and analysis procedures of the data acquired for each particle is be broadly classified 

into three levels, referred to as primary, secondary, and tertiary. Primary and Secondary processing 

procedures are ‘built-in’ to the MBS+ software and are executed in real-time. Tertiary processing 

procedures are those carried out by the user in post-experiment processing, and are mentioned only 

briefly here.  

 

Primary  Data pre-processing applied to size, shape, and/or fluorescence data to aid 

later analysis, remove artefacts or background offsets, reject saturated 

values, etc. 
 

Secondary Data processing applied is individual particle data (any of size, shape, and 

fluorescence data may be involved). 
 

Tertiary Data processing applied to collections of particles, (eg: trends in aerosol 

number concentration, cluster analysis, etc). 
 

The manner in which the modules are combined and executed is not fixed but may be amended and 

optimised in the light of specific requirements arising from particular operational environments. 

3.2.1 Data processing modules -  summary 

The MBS+ data processing modules are shown in Table 3 below. Details of each module are given in 

the following sections. 

Module level Module 

number 

Module Title Operates on: 

Scatter 

pulse 

Array 

data 

Fluor. 

Spect. 

Primary 1a Pulse height threshold    

pre-processing 1b Time-of-flight rejection    

 1c Array background subtraction    

 1d Array data filtering    

 1e Spectrum background subtraction    

 1f Saturated data rejection    

      

Secondary 2a Array peak-to-mean ratio    

single particle 2b Array mirror    

 2c Kurtosis    

 2d Fluorescence ratio    

 2e Fluorescence pattern matching    

      

Tertiary 3a Concentration trend analysis    

aerosol 3b Principal component analysis     

 3c Alert  threshold    

  

Table 3:  MBS+ data processing modules. 
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3.3 Primary data processing modules (pre-processing of all data) 

 

1a    Scatter Pulse height threshold 

The facility exists to set in software a minimum threshold for the magnitude of the particle scatter pulse 

– equivalent to setting a minimum particle size for particles to be measured and analysed. The software 

setting is transferred to the firmware on start-up and acts on the incoming data in real-time. The facility 

is useful in situations such as where an environment has a very high background population of small 

(say, sub-3µm) particles against which it would be difficult to detect a low concentration of potentially 

larger threat particles. Raising the threshold (0 to 256 bit settings) prevents the MBS+ from devoting 

processing time on the smaller particles.  

 

1b    Time-of-flight rejection 

The facility exists to set in software a minimum time-of-flight (ToF) of the particle through the cw trigger 

laser beam. The ToF (ie: the width of the scatter pulse) for all particles should be essentially the same 

and dependant only on the beam depth and the particle velocity. ToFs shorter than this value could be 

the result of electrical glitches or optical noise and therefore need to be rejected. A ‘glitch trap’ value is 

therefore defined that acts on the incoming data in real-time, rejecting all pulses shorter than the glitch-

trap value (typically ~0.3µs). Similarly, if the ToF is too long (typically >6µs), the cause may be multiple 

particle coincidences in the beam and, again, such events must be rejected. 

 

1c    Array background subtraction 

The two CMOS linear detector arrays exhibit two forms of background signal offset. The first is a 

uniform offset inherent to the device and present in all 512 pixels of each array. Typically, this offset is 

the first ~600 bits in a total span of 4096 bits (see Fig. 14 below). The second is a smaller offset that 

may be caused by residual background light falling onto the arrays in the absence of a scattering 

particle. The MBS+ software records these offsets and stores the values in a register. Henceforth, each 

time array data are captured, the offsets are subtracted, leaving only the contribution from a scattering 

particle. 

 

 

Fig.14:  CMOS data array background offsets Left: Original offset (approx. 600 bits in each of 512 

pixels); Right: After offset subtraction (residual noise of 0-2 bits in each pixel). 
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1d    Array data filtering  

Electronic noise within the arrays can cause fluctuations in individual pixel outputs of several bits. 

These ‘intensity’ fluctuations are far narrower than would normally be found within typical particle light 

scattering patterns, but they could interfere with later array processing functions. Hence, a rolling 

average filter of 5 pixels width is applied to each 512-pixel array to remove these noise artefacts. 

 

1e    Spectrum background subtraction 

When the xenon discharge tube fires in the absence of a particle, the 8-channel PMT should ideally 

record zero ‘fluorescence’ values in each channel. However, low-level background scattering and 

fluorescence within the MBS+ chamber as well as fluorescence from possible nanometric particles and 

gas molecules within the sensing volume itself can result in small but variable values of ‘fluorescence’ 

being recorded in each channel. To minimise the effects of these artefacts, the MBS+ software records 

and stores the average background signal in each channel and then subtracts the values from each 

subsequent 8-channel particle fluorescence spectrum. However, since the background is not totally 

constant, the subtraction is imperfect and this ultimately defines the lowest detectable levels of particle 

fluorescence that may be measured. 

 

In addition, since the optical filter used in the xenon 

source to restrict the output to ~280nm is not 

perfect, some low-level radiation at other 

wavelengths (~10
-4

 relative to the 280nm intensity) 

will also be emitted. This will be scattered 

elastically by the particle and collected by the 

fluorescence spectrometer as if it was fluorescent 

light. For example, Figure 15 shows a  ‘spectrum’ 

recorded from a sodium chloride particle, which 

should be  completely non-fluorescent. No 

correction is currently made for this effect, but 

since it is directly proportional to the magnitude of 

the elastic scattering from the particle, first-order 

correction could be implemented from a  

knowledge of the particle size as recorded by the 

elastic scatter from the 635nm trigger laser.  

 

1f    Saturated data rejection 

If any ‘saturated’ data values within the scatter pulse amplitude measurement (2048 bits), the array 

pixels (4096 pixels) or the fluorescence channels (2048 bits) are detected in the data from an individual 

particle, the software has facility to reject that particle dataset completely. However, the decision to do 

this is not clear-cut, and a more flexible approach (eg: allowing a small predefined number of saturation 

values in any dataset) is possible within the software set-up parameters. 

 

 

 

 

Fig.15:  Spectrometer response to a large NaCl 
particle showing background ‘fluorescence’ signals 

that must be accounted for. 
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3.4 Secondary data processing modules (applied to single-particle data) 

2a    Array peak-to-mean ratio 

A rapid and relatively simple method of differentiating various particle morphologies, especially those of 

an elongated nature such as fibres or rod-shaped, is the peak-to-mean ratio. In this function, the peak 

pixel value in each of the two arrays is determined and this value is divided by the mean pixel value, 

found by summing across all pixels and dividing by 512. 

Figure 16 gives an illustration of this process. It shows the array scattering data from three particles of 

different morphologies – a fibre particle, an ellipsoidal particle, and an irregular cubic particle (such as  

a cluster of biological cells). Superimposed on each array plot is a 2-dimensional image of the type of 

scattering pattern that would have given rise to the array data in each case. The peak-to-mean ratios 

for the three particle morphologies are approximately 14:1, 6:1 and 2.5:1 respectively, showing the level 

of discrimination achievable.  

Taken alone, the peak-to-mean parameter is limited and can be ambiguous. However, taken with other 

parameters (see below), it can aid particle characterisation and classification. It can also allow 

discrimination of some potential interferents, such as organic fibres or hydrocarbon fuel droplets, that 

may exhibit similar fluorescence properties to biological particles. 

 

 

Fig.16:  Examples of CMOS array data from different particle morphologies and 2-D scattering pattern images 

from similar types of particle. Left: fibre particle; middle: ellipsoidal particle; right: irregular cubic particle. The 

peak-to-mean ratios (average of both arrays) are approximately 14:1, 6:1, and 2.5:1 respectively. 

 

2b    Array mirror 

Another rapid method developed to help classify particles by looking for symmetry in the array 

scattering data is the Array Mirror process.  In this, the data from each array is divided at its mid-point 

(close to pixel 256), with the upper half being mirrored (ie: vertically flipped), and aligned with the lower 

half, as in Figure 17. Adjacent pixels within two halves of the array are then subtracted and the 

                 
   

Peak 

Mean 
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modulus of the differences summed. Spherical particles, such as droplets, give a result approaching 

zero
2
, whilst spheroidal particles (such as the middle particle in Fig.7) give larger summed values. 

 

                   Fig.17:  Array mirror process to 

discriminate between droplets and other particles. 

 

A variant of the Array Mirror process may also be 

implemented. In this version the whole of the left-

hand array is inverted (flipped vertically) and then 

compared pixel by pixel to the right-hand array. 

The comparison may be a simple ‘sum of 

differences squared’ as above, or a more 

sophisticated statistical correlation technique 

(subject to processing power available) to gauge 

the level of symmetry. This is a useful method to 

assess symmetry within the light scatter data that arises from non-spherical particles such as rod-

shaped (eg: bacilli) or crystalline particles.  

For example, Figure 18 shows the scattering from a clearly non-spherical particle and yet some 

symmetry does exist between the two array data outputs.  

 

Fig.18: Array mirror process involving comparison between complete array datasets. 

 

2c    Kurtosis 

Kurtosis is normally used as a measure of the ‘peakedness’ of a probability distribution, but it may be 

equally well applied to the scattering data obtained by the MBS+ dual-arrays. It results in a single figure 

of merit that describes the array distribution and, since we know that, to a first order, ‘peakedness’ is 

inversely proportional to the magnitude of particle surface structure (roughness), it may be used to 

further discriminate between particle types.  

 

For a line profile of pixel intensities generated by the linear arrays, each pixel, xi will have an intensity, 

Fi. The profile can thus be described by the function F(x). The Kurtosis is given by 

                                                      

2 Signal noise and optical aberrations mean that the result of the subtraction is normally non-zero even for a perfect sphere.  

 

                      

    

     

 

 

 

                         

 

   
0 

 

http://en.wikipedia.org/wiki/Probability_distribution
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where  is the mean value of the profile distribution,  is the total number of pixels and MAD is the 

Mean Absolute Deviation of the distribution from the mean, .  

 Kurtosis is more computationally expensive than simple peak-to-mean ratio determination or mirroring 

but it could provide a useful measure for scattering patterns that exhibit multiple non-periodic peaks, 

such as those associated with near-spherical clusters of small particles (eg: biological cells). Further 

evaluation of Kurtosis as an analytic tool has yet to be carried out and this requires more experimental 

trials data (see Section 6: Summary and Recommendations). 

 

2d    Fluorescence Ratio 

A commonly used ‘marker’ for biological particles is the fluorescence in the 300-400 nm range from the 

bio-fluorophore, tryptophan. This molecule is excited most efficiently by radiation at 280nm, ie: the 

MBS+ xenon output, and therefore is a primary target in this instrument.  

 

A rapid measure to determine the likelihood of tryptophan being present is to take the ratio of 

fluorescence magnitude between the lower and upper channels of the 8-channel PMT output, i.e: 

 

       Ratio =      ( ch1 + ch2 + ch3)    

          (ch4 + ch5 + ch6 + ch7) 
 

The numerator covers fluorescence in the range 300 - 385nm, whilst the denominator covers 390 - 

615nm. The ratio has the advantage of being a ‘material’ property, i.e: independent of particle size. For 

illustration, Figure 19 (left) shows the fluorescence spectrum recorded from a particle in an aerosol of 

e.coli (unwashed). The ratio as found from the equation above is 1.55 to 1. The spectrum in Figure 19 

(right) is that of a paper mulberry pollen grain, where the ratio is only 0.66 to 1. 

 

Fig.19: Fluorescence spectra recorded by MBS+ from particles within aerosols of e.coli (unwashed) and paper 

mulberry pollen, respectively. 
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A rapid first assessment of the likelihood of tryptophan being present in a particle may therefore be to 

see if the Fluorescence ratio is greater than unity. If so, further analysis of the spectrum by pattern 

matching  could be invoked. 

 

2e Fluorescence pattern matching 

This type of analysis has significant classification potential but has yet to be fully implemented in MBS+ 

since it requires substantial quantities of experimental ‘training’ aerosol data from different background 

environments and well as from a wide variety of known aerosols. When fully implemented, the 

‘unknown’ spectra recorded are normalised to their peak values (to remove particle size effects) and 

then compared using a pattern matching approach to the ‘known’ particle spectra.  

There are several possible techniques for this type of pattern matching, including those based on 

artificial neural networks and linear discriminant functions, and though the development and ‘training’ 

time required for such methods to be implemented is high, the rewards in terms of particle classification 

efficiency can also be high. 

 

3.5 Tertiary data processing modules (applied to all aerosol data) 

 

There is wide scope for the development and implementation of data processing modules that exploit 

the full aerosol dataset, both physical and temporal, from MBS. These procedures would need to be 

carried out in post-experiment processing as the computational load could not be met by the internal 

MBS+ PC. Examples include: 

 

3a Concentration trend analysis 

Since MBS+ records the arrival time of every particle it measures, it is possible to evaluate on a 

continual basis the concentration of the aerosol being measured. More importantly, it is possible to 

monitor the concentration of the ‘biological’ component of the aerosol as a dynamic fraction of the total 

aerosol concentration. 

 

3b Principal component analysis 

The secondary data processing routines each provide a parameter with which to attempt some 

discrimination between particle types.  Principal component analysis allows the reduction of multi-

parameter datasets to fewer but more relevant artificial parameters.  This process can be described as 

the projection onto a plane of a three-dimensional cloud of data points.  The position and orientation of 

the plane is chosen to maximise the variance along each axis. Further analysis (such as cluster 

analysis) can then be performed in a parameter space defined by these principal components.   
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4. Experimental data display 

4.1 MBS+ real-time data format 

During an aerosol measurement experiment, the MBS+ internal PC is able to display real-time 

diagnostic data as in Figure 20. The data relate to particle size, concentration (or count-rate/second), 

intrinsic fluorescence spectrum, dual CMOS array light scattering intensity, and a host of statistical 

measures derived from these parameters (discussed further in the following sections).  

Fig. 20: Example of MBS+ display screen during an aerosol monitoring experiment 

4.1.1 Instrument Control Panel 

This panel provides basic instrument control functions: 

Force Trigger 

In this mode, the Xenon UV source is triggered periodically at approximately 1 second 

intervals. This allows background data to be recorded for the fluorescence channels in the 

 

Particle size 

rolling history 

plot  

Total aerosol concentration (pink) 
Measured aerosol concentration (blue) 

rolling history plot 
 

Instrument control panel 

 

Particle 
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absence of a particle. The background is due to second-order effects such as filter 

fluorescence, filter breakthrough, and molecular fluorescence in the scattering volume. 

Acquisition 

The normal mode of instrument operation in which particle size, shape, and fluorescence 

data are recorded (assuming Pump is ON). 

 

Trigger Threshold 

This setting refers to the magnitude of a peak on the photodiode Trigger Detector signal 

(used to determine particle size) that must be reached for a particle measurement sequence 

to be initiated.  This level is normally set to ‘3’, just above the noise floor of the instrument. If 

the threshold is set lower than 3 the instrument will be ‘false triggered’ by electronic noise 

spikes. The effect of setting a threshold higher than 3 is to exclude smaller particles and only 

record data on particles large enough to generate a scatter signal (on the trigger photodiode) 

that exceeds the new threshold. 

  

PMT Gain 

This controls the HT voltage on the 8-channel PMT used for recording the particle 

fluorescence spectrum. Its default level is 256 (highest sensitivity). Should particles be 

measured that are consistently producing saturation of one or more fluorescent channels, the 

PMT gain may be reduced, although if this it done, a new set of ‘Background’ fluorescence 

signals will need to be recorded using the Forced trigger mode of operation.  

 

4.1.2 Particle Size Plot 

Each point in this time-base graph represents a measured particle whose size is determined from the 

light scatter data and calibrated according to the function given in Section 3.1.1. 

4.1.3 Aerosol Concentration Plot 

This rolling history plot shows the particle throughput through the sensing volume expressed in either 

counts/second or aerosol concentration. The pink plot shows the total throughput whilst the blue plot 

shows the fraction of this throughput that is measured by the MBS. For throughput rates of ~ 100 

particles/s or less, virtually all particles are measured and the blue and pink plots are coincident. As the 

throughput increases, the xenon flashlamp recharge time (5ms) means that some particles that pass 

through the sensing volume during this period will not be measured (although they will be counted), and 

therefore the blue plot will be marginally lower than the pink. 

4.1.4 Spectrum Plot 

The spectrum plot shows both the spectrum of the most recently measured particle (blue bars) and the 

red bars indicate the mean of the spectra of the previous 25  particles (user-definable). To render 

observation more practical, the spectrum plot updates only at ~ 5 plots/s even when the actual 

measured particle rate exceeds this level. Of course, the data from all measured particles is still 

recorded. 
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4.1.5 Dual Array Intensity Plot 

This graph shows the outputs of the dual CMOS arrays that record the light scatter pattern from the 

particle whose fluorescence spectrum is shown in the adjacent spectrum plot.  

4.1.6 Statistics Panel 

For diagnostic purposes, this panel shows the relevant statistical values derived from the CMOS 

arrays, fluorescence spectrum, and particle size data. 

 

Sum 
The areas under each of the CMOS array 
scatter plots. 

Peak The peak value in each array plot. 

Mean The mean value in each array plot. 

Peak/mean The ratio of the above two parameters. 

Variance 
A measure of the distribution around 
each mean/ 

Skew 
A statistical measure of symmetry around 
each mean 

Kurtosis 
A measure of the ‘peakedness’ of each 
scatter plot 

PeakCount 
Number of peaks in each array that cross 
a predefined qualifying measure of peak 
measurement 

PeakWidth 
Estimate of the mean width of the peaks 
as measured at the mid-point between 
mean and peak. 

Mirror% 
A measure of scattering symmetry as 
described in section 4.4 (2b) 

AsymLR (R 
non-inv)% 

Variant of the array mirror process in 
which the whole LHS  array is compared 
with the whole RHS array (see 4.4 (2b) 

AsymLR (R 
inv)% 

Variant of the array mirror process in 
which the whole LHS  array is compared 
with the inverted  whole RHS array (see 
4.4 (2b) 

FlrRatio 
The ratio of fluorescence (Ch1 to 
Ch3)/(Ch4 to Ch7) 

Size Measured particle size in micrometres.  
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4.2 Data Examples 

Figure 21 below shows examples of the spectral data recorded from a variety of individual airborne particles 

together with the corresponding CMOS array scattering data and key statistics derived from these. 

Spectrum Array Data  Key statistics Notes 

BG spores (unwashed)    

  

Mirror % (left) 23.0 

Mirror % (right) 31.6 

Asym(LR)% 33.5 

Size (µm) 2.4  

The asymmetry within 
each pattern and between 
patterns gives ride to 
relatively large valus of 
Mirror% and Asym(LR)% 

E.coli (unwashed) 
   

  

Mirror % (left)    14.0 

Mirror%(right) 18.7 

Asym(LR)% 15.5 

Size (µm) 1.2  

Better symmetry within 
each array and between 
arrays give lower Mirror% 
and Asym(LR)% figures, 
although the symmetry in 
either case is not perfect, 
indicating the particle is 
not spherical. 

White diesel droplet 
 

 
 

  

Mirror%(left) 8.3 

Mirror%(right) 7.7 

Asym(LR)% 8.5 

Size(µm)  3.4  

Values of Mirror% and 
Asymm(LR)% below ~10 
suggest a particle that is 
spherical (ie: 
homogeneous droplet). 

Cotton fibre 

 
  

  

Mirror%(left) 67.9 

Mirror%(right) 35.2 

Asym(LR)% 54.5 

Size(µm) 14.3  

High values of Mirro% and 
Asymm(LR)% indicate 
highly asymmetric object. 
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Spectrum Array Data  Key statistics Notes 

Silica dust grain 
 

 
 

  

Mirror%(left) 26.2 

Mirror%(right) 28.5 

Asym(LR)% 24.5 

Size (µm)            5.9  

Moderate values of 
parameters suggest a 
particle of broadly irregular 
cubic shape, with surface 
structure. 

Gypsum  fibre 
 

 
 

  

Mirror%(left) 87.9 

Mirror%(right) 40.6 

Asym(LR)% 47.2 

Size(µm) 6.7  

High values of Mirro% and 
Asymm(LR)% indicate 
highly asymmetric object. 

2% Tonic droplet 
 

 
 

  

Mirror%(left) 8.1 

Mirror%(right) 7.6 

Asym(LR)% 6.8 

Size(µm) 4.6  

Again, sub-10 values of 
parameters indicate a 
near perfect scattering 
sphere (ie: droplet)  

 

Fig: 21. Examples of different particle spectra with associated scattering data 

 

The above examples serve to illustrate the wide variety of scattering pattern data that is recorded in 

association with the particle fluorescence spectra. Where fluorescence spectra are similar from 

different particle types, the scattering data often provide a means of discrimination. Again, this 

discrimination is strengthened by the fact that the properties of intrinsic fluorescence and spatial light 

scattering are ‘orthogonal’ (ie: independent of each other).  

4.3 Particle Discrimination 

The primary objectives of the MBS+ prototype sensor was to detect airborne biological particles and to 

discriminate between non-biological and biological particles, where possible achieving some form of 

classification of the latter into broad species classes. 

Figures 22 and 23 give simple illustrations of the type of discrimination that can be achieved with MBS+ 

between biological and non-biological aerosol, and beyond that, between various types of biological 

aerosol. These plots exploit just a few of the many particle data parameters recorded by MBS. Far 
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greater classification and/or discrimination is potentially available to the end-user when the CMOS array 

particle light scattering data and particle size data is also taken into account. 

Fig. 22 uses the following parameters:  

 Asym(LR)%: a measure of particle shape and surface structure derived from the MBS+ dual-

array light scattering data). 

 Xe2/Xe3:  the ratio of particle intrinsic fluorescence as recorded by Channels 2 and 3 of the 

spectrometer. (Broadly, this is looking for the presence of tryptophan in the particle). 

 Sum(Xe4-7)/sum(Xe1-3): a simple ratio of the energy in the fluorescence spectrum at below 

and above 400nm approx. 

 

 

 

 

Fig: 22: Example of discrimination between biological particles (in this case, E.coli and Paper mulberry pollen) 

and diesel droplets, a potential non-biological interferent. 
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Fig: 23: Data as in Fig.22 but with two further varieties of aerosol – BG spores and MS2 (a virus simulant).  
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