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Light Scattering Intensity Measurements
Purpose.  This document describes how intensity light scattering measurements are made.  Most of the information is general--i.e., not specific to any particular apparatus.  However, this document is written primarily with the Troyke instrument in mind.  The principles here are embodied in programs OMALS and GEOBACK for that instrument, and also in SSLS for the Aminco/Phoenix instruments.  It is assumed that no light is lost due to absorption in the sample--i.e., the sample is transparent.  Also ignored:  variations in laser intensity, use of filters to reduce incident beam intensity, etc.  

Introduction.  Scattered Light, Stray Light, Background Light and Dark Signal make up the measured signal observed by a detector (doesn't matter what kind--photomultiplier tube, pin diode or an element of a diode array).  In order to proceed, we define these terms.  

Definitions (all definitions apply at a given scattering angle, detector channel, pixel, etc.)

Symbols:
C = signal observed (usually as photocounts, but other units could be 



used).  



T = measuring, or acquisition, time.  C is proportional to T, except that in 


some devices, signal saturation occurs.  




R = C/T --i.e., the rate or signal per unit time.  



g = geometry factor.  In some systems (especially systems using a rotating

arm and cylindrical cells, such as our Aminco or Phoenix instruments using a single, rotating detector) g describes the volume detected at a given scattering angle.  In this case, g is usually known on theoretical/optical grounds.  For the instruments named, operating with vertically polarized incident light, g should vary as (sin  )-1.  That is, the minimum intensity for a Rayleigh scatterer is detected at  = 90o.  The intensity at  = 30o or  = 150o is two times larger, etc.  In other systems (the Troyke device, the Dawn instrument operating in either batch or flow cell mode, or the Phoenix device operating with multiple photomultiplier tubes) detector response variations and light losses due to reflection, obscuration by dirt and smudges, and lens aberration may also be important.  In these cases, it is generally incumbent on the user to figure out the geometry factor for each angle/detector/pixel/channel.  The geometry will also depend on which type of cell is inserted.  In the Troyke device, for example, geometry factors will change if a square cell is used instead of a cylindrical one.  Of course, the angle/pixel ratio changes then, too.  



I = scattered light intensity per unit time, adjusted for geometry effects.  



This is the signal of interest, or intrinsic scattering power of the 



system at a particular angle.



B = background scattered light per unit time--usually, light scattered by the 


solvent.  But in an gelling (or aggregating) system, it could be the 



pre-aggregate value of the scattered light. In micellar systems, it is 



the scattering from a solution just below the critical micelle 




concentration.   Like I, B is also an intrinsic variable.  



S = stray light, or parasitic scattering, per unit time.  This unwanted signal

comes from reflections, scratches on the cell, unwanted transverse laser modes, dust in the atmosphere, etc.  These problems are usually worse at low angles or very high angles.   For polymer solutions, the scattered signal is very much weaker than the incident beam and reflected stray light, so these factors are very important.  For strongly scattering samples, it is sometimes possible to live with a little parasitic scattering, or subtract it out.  



D = dark signal, per unit time.  Most detectors produce a significant signal

even when no light is applied.  In some cases--e.g., a chilled charged coupled device (CCD) detector or a magnetically focused photomultiplier tube (PMT)--the dark signal may be very small compared to the others and virtually ignored.  However, software should be written to take dark signal into consideration.  We usually assume the dark signal does not vary with time for a given detector; however, the equations below are somewhat more general.  

Subscripts:  
s = specimen or "sample"



b =  "blank" (e.g., solvent in most cases)



g = geometry standard, usually a Rayleigh scatterer (i.e., small molecule 

such as solvent or specially selected system such as low-molecular weight polystyrene in the Dawn or microemulsion in the Troyke).   

Operation.  Standard operation of any instrument depends on the geometry and stray light considerations.  The easiest case is when the instrument geometry factor is known (and obeyed) by the instrument.  For example, the SSLSC.BAS program automatically executes a simple check of the geometry factor, assuming the solvent acts is a Rayleigh scatterer.  The solvent measurements are repeated until deviations from the expectation are small.  (In our Aminco and Phoenix machines using rotating arm detectors, the deviations are very small and represent stray light.  It is then hoped that the residual stray light remains constant as each new cell is inserted).  The other instruments require one to determine scattering volume and/or stray light.  The procedure usually involves inserting pure solvent as blank.  However, even this depends a little on the design of the cell.  The Dawn operating in its flow mode uses a fixed cell; stray light arising from the cell/air and cell/solvent interfaces can easily be subtracted because it doesn't change with sample, to a very good first approximation.  The Dawn operating normally as a batch mode device with cylindrical cells must meet the same requirement as the Phoenix or Aminco rotating arm machines--namely that stray light be very low or constant, regardless of which cell is inserted or exactly how it is inserted.  That is, the stray light from the sample of interest must be the same as the stray light from the blank.  This is usually achievable at medium angles.  Actually, one could make dilutions "in the cell" on the Dawn (Lord knows, the cells are big enough!) and then avoid the variation in stray light intensity as new cells are inserted.  This is also true of the Troyke device--you could insert a sample followed by a blank in a separate cell.  Or you could insert the sample, measure it, carefully empty the cell without bumping it, and fill with the blank (usually, solvent).  

The other differences between the machines are mostly in how angle is changed.  These variations are immaterial to the present discussion.  Just remember, each equation below applies to any given scattering angle (detector, pixel, channel, etc.).  

Equations.  The equations below describe the measured signal when various scatterers are inserted into a device.  

Scatterer of interest:   Cs = (g(Is + Bs)+Ss+Ds)Ts

Explanation:  the recorded signal Cs is proportional to the run time Ms.  The intrinsic scattering power of the solution is Is + Bs.  These terms are altered by the geometry response of the instrument.  There is additionally some stray light and the ever-present dark count.  

Blank for the scatterer of interest:  Cbs = (g(0 + Bs)+Sbs+Dbs)Tbs

Explanation:  by hypothesis, the scatterer is removed, so a zero appears, but background, typically arising from solvent, is the same.  The stray light can, in principle, be different.  This will especially be true at low angles if a cell is changed to effect the blank measurement.  At higher angles, cell changes are often used to do the blank measurement (e.g., standard Zimm plot operation of Aminco or Phoenix machines).  In these well-designed instruments, cell changes produce almost no change in stray light at any angle > 20o.  The dark current could be different, but usually Dbs = Ds.  Programs SSLSC.BAS and ZIMM.PAS assume Dbs = Ds.

Divide through by acquisition times and subtract the two equations:





Rs - Rbs = gIs + (Ss - Sbs) + (Ds - Dbs)

Explanation:   the two terms in parentheses represent errors to be minimized.  At very low angles or for weak scatterers, the stray light term sets the limits of the experiment if the instrument is obeying the expected g factor.  Because the instrument may vary slightly from the known g response, we could write:  




Rs - Rbs = gIs + (Ss - Sbs) + (Ds - Dbs) + s
The term represents random errors and less than perfect adherence to the g factor (e.g., maybe the vertical tweaking is a little off for a particular intensity reading on the Aminco or Phoenix device).  Anyway, if g is known, then the measurement is complete to within the limitations of stray light, geometric instability and random noise.  

Determining the geometry factor.  We could follow the same equations, using subscript g for geometry standard:



Rg - Rbg = gIg + (Sg - Sbg) + (Dg - Dbg) + g

Great care should be made to ensure that the two difference terms on the right really do vanish, because the geometry factor will likely be used again and again and any errors could propagate far.  Then, since Ig is a constant of angle for a valid Rayleigh standard, g can be computed.  If absolute intensities are not required (e.g., simple Guinier plots from the Troyke) a normalized g could be used (i.e., divide the function gIg through by its maximum value).  To get the corrected sample intensity relative to geometry standard, just divide the two equations:   


Is,rel    Rs - Rbs     =
gIs + (Ss - Sbs) + (Ds - Dbs) + s


 Rg - Rbg  
gIg + (Sg - Sbg) + (Dg - Dbg) + g


where        Is,rel  s/Ig.
The validity of the desired approximate form depends upon suppression of the stray light, dark and error terms in both sample and geometry determinations.  If Ig is set to unity for all angles of the Rayleigh standard, then we have, finally, the desired measurement of Is.  
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