Using the Static Light Scattering setup
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1. Introduction

We use static light scattering (SLS) for two different purposes in our lab.  The first is to obtain the size, and sometimes refractive index, of colloidal particles by measuring the intensity of light scattered from a very dilute dispersion as a function of angle. The measured function is usually called the form factor P(K) of the particles, which is determined by interference of scattered light originating from different subvolumes within the same particle.  The second application is the measurement of the static structure factor S(K) of a more concentrated dispersion. In this case interference of light scattered by different particles also determines the angular dependence. This measurement is only possible if multiple light scattering can be neglected, i.e. if the amount of light scattered successively by two or more different particles is small compared to the total scattered light.

In this syllabus we shall explain the experimental procedure that should be followed to perform a good SLS measurement.  If this is done carefully, the result can be highly accurate. For example, due to the occurrence of scattering minima in large (>200 nm radius) spherical particles their size can be determined with an uncertainty of just 1 or 2 nm!  The outline of this syllabus is as follows:

· General description of the setup

· Alignment of the setup

· Sample preparation

· Performing the measurement

· Data analysis

2. General description of the setup

A schematic of the Static Light Scattering (SLS) setup in our lab is shown in figure 1.  It consists of a cylindrical vessel in which the sample is centered.  It is filled with toluene in order to reduce reflections from glass interfaces and diffuse scattering from scratches in the cuvette walls.  The optical vessel has an entrance window and an exit window. The exit window is slanted so that the transmitted beam is deflected down into a beam dump.  The exit window is close to the Brewster angle so that almost no (vertically polarized) light is reflected back.  A goniometer arm carrying the detection optics rotates around the optical vessel in steps of less than a degree, so that scattered light can be measured as a function of angle.  The scattering angle ( is the angle between the incident beam and the detector.  The angular resolution of this setup is limited by the width of the incident beam, which must therefore be well collimated, and by the angular width seen by the detector.

We normally use a 10 mW HeNe laser (632.8 nm) as the light source, but another laser or a mercury lamp with appropriate line filters could be used instead.  The use of coherent light is usually not necessary for an SLS measurement, even though the measured quantities depend on interference. This is because a measurement of P(K) only requires the coherence length to be larger than the size of the particles.  Even for S(K) the coherence length should be larger than the distance over which particle positions are correlated, which is normally only a few particle diameters.  Such coherence is easily achieved with the narrow lines in the mercury spectrum.
The beam is steered through the center of the optical vessel using two mirrors.  It successively passes through an aperture, one of a set of neutral density filters mounted in a filter wheel, a chopper wheel, and a polarizer.  The filter wheel allows one to attenuate the incident light intensity by a factor of 103, so that the dynamic range of the setup is approximately 104.  On the goniometer arm scattered light is collected by the detector assembly: a slit defines the angular resolution and is followed by a lens, which images the slit onto a smaller slit just in front of the photo multiplier tube. A dielectric mirror filters at the HeNe wavelength, and an analyzer defines the detected polarization state.  The signal from the PMT is fed into a lock-in amplifier, which filters and amplifies the signal at the frequency defined by the chopper wheel.  The amplified signal is then fed into a computer, which also controls the stepper motors of the goniometer and the vertical detector position, as well as the filter wheel position.  (All these can also be controlled manually, if desired.)

The detector assembly is shown in figure 2.  It is designed to allow only a narrow pencil of light to enter the detector, thus creating a well defined scattering volume and an adjustable angular resolution.  The assembly consists of three tube segments.  The third segment contains the analyzer and can be rotated.



3. Alignment of the setup

3.1 Quick check of the alignment

Proper alignment of the setup is very important, because small deviations from the true scattering angle may lead to a significant deviation in the particle size determined afterward.  Normally, the setup should have been aligned properly already and further alignment is not necessary.  It is good to check if this is the case:

· Give the laser a few minutes to warm up.  Then see if the beam passes exactly through the iris diaphragm.  If not, then the knobs on the laser holder may be adjusted slightly, because this is the most likely cause of misalignment.

· The beam should strike the entrance window more or less in the center.

· The beam should strike the slanted exit window (usually slightly to the left of the center when looking down on it).

If these conditions are fulfilled you can skip the next section.  If not, the setup needs to be realigned.  The following presents a systematic procedure for doing this.  Please don’t attempt this unless you have some experience with using the SLS (while it was still aligned correctly)!
3.2 Alignment of the SLS setup

Warning:  As usual, alignment of optical instruments requires one to open up the beam path and, at times, to take off one’s laser goggles.  You should be familiar with the safety issues for working with the light source used.  In the SLS we usually have a 10 mW HeNe laser (class 3B), which is only damaging when looking directly into the beam or when staring into diffuse reflections for an extended time.  If the mercury arc lamp is used one should be aware of the hazards of UV radiation.

· Switching on:

· Turn on the setup (laser and master switch) and start the SLV software.

· Rotate the filter wheel to position ‘open’.

· Adjust the knobs on the laser holder to steer the beam through the iris diaphragm.

· Make sure that the beam hits the center of the entrance window by adjusting M2.

· Finding the correct horizontal plane after M2:

(Mirror M1 lifts the beam to the level of the SLS setup, which is rather a long way above the table, and M2 makes it horizontal again.)
· Place a second iris diaphragm in the beam just in front of the goniometer table (about 20 cm in front of the entrance window) and adjust its height.
· Lift the optical vessel out of its socket and place it somewhere safe.  Careful: it is almost irreplaceable.  Due to its conical stem it cannot stand up by itself.  Instead, place it over one of the narrow sinks next to the optical bench.

· Move the second diaphragm to a place far behind the goniometer table and adjust M2 vertically only to steer the beam through it.

· Move the diaphragm back to a place near the polarizer and see if the beam will go through it.  If not, adjust M1 slightly. (You may need to open the first diaphragm if the beam is seriously out of alignment.)

· Move the diaphragm to a place far away and adjust M2.  Repeat iteratively.

· Adjust the first diaphragm to the new beam height.

· Finally, put the optical vessel back in place.

· Finding the correct vertical plane after M2:

· Place a second diaphragm in the beam after the polarizer again.
· Rotate the optical vessel in its socket by at least 30 degrees so that the beam passes through the cylindrical section.  (Close to the entrance and exit windows it may deviate slightly from being perfectly cylindrical.)
· Two dim diffuse spots should be visible where the beam enters the cylinder.  A circular one from the primary beam and a slightly elongated one, which is reflected from the far side of the cylinder. Adjust M2 horizontally only to make the two spot coincide.  The beam now passes through the exact center.
· Rotate the entrance window back into the beam.
· A dim beam will be reflected back from the entrance window onto the second diaphragm.  Rotate the vessel such that it comes almost straight back.  It will come back slightly below the incident beam, which is not a problem.  The horizontal direction, however, is important because a deviation translates directly into an error in the scattering angle, due to refraction at the entrance window.
· Check if the beam leaves through the exit window (slightly left of center.)
· Calibration of the goniometer position

· Remove the optical vessel and put it in a safe place again.
· Remove the end stop assembly, which defines the goniometer home position.
· Switch off the stepper motor controller.  The goniometer can now be rotated manually by turning the axis of the stepper motor.
· Lower the laser power by rotating the 1% filter in the beam and cover the detector entrance with a non-transparent piece of tape.
· Center the translation table which moves the detector assembly horizontally on the goniometer arm.  Use a caliper if necessary.
· Rotate the goniometer to zero degrees such that the beam would go straight into the detector were it not for the tape.  By pressing your thumb to the tape you can make a dimple to locate the aperture.  (The vertical position of the aperture is irrelevant at this point.)
· Position the angle pointer to zero degrees.  It can be read off nicely by looking down one of the screw holes in the arm.  This places your eyes in direct danger of being hit by the laser.  So, block the beam first!
· Now rotate the goniometer to 19.0 degrees.
· Put the goniometer stop black in place.  The blue proximity sensor should be eclipsed exactly halfway by the goniometer.  First insert the left screw (the longer of the two) and tighten it nearly.  Fix the second screw using the first as a lever to position the sensor close to the arm. Then tighten the left screw, too.
· Test the sensor by moving the goniometer away manually, turning on the stepper motor controller, and using the “home” button in the software.  Check if the arm stops at exactly 19.0 degrees.  Adjust the sensor position if necessary.

· Finally, place the optical vessel back such that the reflection from the entrance window comes back straight.

· Centering the sample holder
· Replace the sample holder rod by the rod with red pointed end.

· Lower its tip into the beam.

· Observe the triangular dent in the transmitted beam and center it using the microslide perpendicular to the beam.

· Return the original rod in the holder.

3.3 Testing the alignment

After the procedure described in the previous section the alignment should be perfect and it normally should not be necessary to do any further tests.  This section describes a test that may serve as a benchmark that may occasionally be repeated when in doubt.

This test relies on the scattering of toluene in the optical vessel.  This scattering is very nearly isotropic because the toluene molecules are very much smaller than the wavelength of visible light.  The filter wheel is set in the “OPEN” position to obtain a large enough signal.  The measurement is performed in the usual way as described in section 5.1.

In figure 3a a result is shown of the measured intensity versus angle.  The measured intensity varies with angle in proportion to the size of the scattering volume (see section 6).  If the goniometer has been calibrated correctly the curve should be symmetric around 90(.  There is an additional feature at 68(, which is due to reflection of scattered light from the PT100 temperature sensor in the optical vessel.  In a normally scattering sample it is too weak to be noticeable.  The dip at 128-130( is due to a post supporting the cover of the optical vessel.  If the setup is aligned correctly the scattering volume should be proportional to 
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.  After multiplication by 
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 the curve becomes almost flat, indicating that the optics have been aligned correctly.  The slight upswing at low angles could be due to traces of dust in the toluene.

If the corrected intensity is not a horizontal line then the goniometer rotates in a slightly tilted plane.  This may be corrected by optimizing the vertical position of the detector slit at every angle instead of only at the beginning of a run.  This should keep the detector level with the incident beam.  The result is shown in figure 3b.  In this case it does not lead to further improvement.  In fact, the noise level is increased slightly, probably because the vertical position optimization routine measures only 0.1 s at each height.  It must be concluded from these data that the setup is aligned adequately.  Remaining deviations from flatness are probably due to dust and flare.
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4. Sample preparation

Cuvettes:  Of course, the quality of a measurement is limited by the quality of the sample.  A good quality sample for an SLS measurement is one that scatters only from the particles under study.  This means that the sample cuvette must be clean, both outside and in, and not contain residues of particles used by generations of students before you.  Thus, use a clean cuvette and leave a clean cuvette for people who come after you!  Cleaning a cuvette is done with a solvent that dissolves or disperses your colloids well, and always involves a sonicator bath.  Always fill the cuvettes with ethanol when you are finished.  This prevents attachment to the wall of any particles that may still have been left behind after cleaning.

Dust: Another important consideration in light scattering is the presence of dust in the sample.  Dust may be avoided by using dust-free solvents and by filtering your sample over a membrane filter.  If you use a strongly scattering sample with a large refractive index contrast or with large particles dust is often not such a big problem.  This is because dust particles tend to scatter mainly in the forward direction where your particles also scatter strongly.  However, if your sample contains small colloids (such as nanoparticles, polymer, or protein) dust becomes a serious problem.  This is also the case with refractive-index-matched colloids.  In these cases even a solvent coming from a freshly opened bottle is not sufficiently clean and must be filtered.  Select the correct pore size of the membrane filter to allow your particles to pass easily (several times the particle size), and also pay careful attention to the solvent compatibility tables.  In samples with small colloids centrifugation (of the sample-filled cuvette) also lowers dust levels considerably.  The cuvettes have a constriction to prevent entry of dust.  Samples can be prepared and filtered in the laminar flow cupboard to keep dust levels low.  It is also advisable to briefly sonicate the sample just before the measurement because this removes microscopic air bubbles, which scatter like dust.

When placing your sample in the SLS setup you will quickly spot any dust particles in the sample.  They will show up as bright little flashes when inspecting your sample at small scattering angles.  You can do this with the filter wheel in a position without a neutral density filter.  By closing one eye and moving you head around the vessel you can get a quick idea of the angular dependence of scattering.  A sample containing large monodisperse spheres clearly shows scattering minima at well-defined angles.

Concentration: The SLS is highly sensitive and can detect very low scattered light intensities even in a well-lit room.  This means that the scattering from your sample may be quite weak.  What is more, it should be weak or else contributions from multiple scattering will quickly deteriorate the results.  Choosing the best concentration of particles is a matter of experience.  As a rule of thumb, by normal room light you should only barely be able to see scattering from your sample.  If this is more than a very slight haziness you will quickly have multiple scattering affecting your results.

5. Performing the measurement

5.1 General procedure

Warning: You should be familiar with the safety issues of lasers and, if applicable, of mercury arc lamps.  Never look straight into a beam or stare at bright spots!

· Log in onto the SLS computer.  If you do not have a fysica account, login as SLS_User, password SLS_User.  For each new user the software creates a data directory: c:\users\%username%

· Switch on the HeNe laser using the key.

· Switch on the master switch that turns on all necessary equipment.  It is located on the shelf over the optical bench, near the center.

· Make sure the filter wheel controller is on “remote”.

· Start slsv2.exe under Start → Programs.

· The software starts homing the filter wheel, goniometer, and detector.

· Lift the sample holder off the optical vessel.  Mount your cuvette by pressing it down on the rod and insert it in the vessel.  Handle it gently so the cuvette does not fall off!

· Set the filter wheel to 1% and check if the beam passes through the diaphragm and strikes the entrance window on the cylindrical vessel near center.

· Check if your sample is in the center.  The transmitted beam is fanned out but should hit the exit window more or less near its center.  If not, the cuvette makes an angle with the sample holder rod: rotate the sample holder to center the transmitted beam.

· You may want to check that the incident and detected light are both polarized vertically.  This is indicated by 0 on the polarizer and analyzer, and referred to as VV.

· Set the filter wheel to 0.1%.

· Home the goniometer.

· Drag the pinhole slider to position 230 (roughly); you should have a signal.

· On the lock-in amplifier (on the shelf) turn the two “verzwakking AxB” (attenuation) knobs to get a signal of about 1/3 of full scale.  Don’t touch any of the other settings!

· On the computer press “Optimize pinhole” and wait until ready.  This moves the detector assembly vertically to bring it level with the incident beam.

· Go back to the lock-in and adjust the attenuation to get a signal of 90% of full scale.

· On the computer drag the red pointer to the maximum angle desired (say 140 degrees).

· Click “Quickscan” and select the angular step size (.

· Press “GO” and wait for the run to finish.  The plot window shows the results.

· Each time the measured signal drops below 0.1 you are asked if you want to switch filters.  Click “Yes” unless the angle is 128 degrees; there, a post blocks the detector.

· If the data is too noisy you may increase the measurement time in the “Settings” menu.

· “Save Data” saves the results to an ASCII file.  The program asks for some parameters, but only the wavelength (632.8 nm for HeNe) and solvent refractive index are important.  There are four columns in the data file; see Section 6 for details.

· Click “exit” when done, transfer data files to floppy or across the network.

· Turn off the HeNe laser. (But not if somebody wants to use it after you; too much switching is bad for the laser.)

· Switch off the master switch.

5.2 Subtracting solvent scattering

This is usually not necessary. Only if a sample scatters light very weakly it may become necessary to subtract a solvent curve.  Because the software rescales the intensity values when switching filters and because the factors by which these differ are not exactly 10 it is a bit difficult to compare sample and solvent on the same scale.  Therefore the following procedure is suggested:

· After the sample measurement move the arm to 90º and select a suitable neutral density filter.  Adjust the attenuation on the lock-in amplifier to give 90% of full scale.  Try to use a large attenuation in combination with a bright incident beam.  Read off and write down the signal.

· Then prepare the cuvette with the solvent.  It is advisable to use the same cuvette as the one in which the sample was measured, because there can also be a scattering contribution from the cuvette.  Fill it with solvent and repeat the measurement at 90º immediately after the sample was measured.  Use only the right attenuation button on the lock-in, because the attenuation factors are exact.  The ratio between the two scattering values provides the absolute ratio between sample and solvent.

· Then repeat the measurement in the usual way at the same angles as the sample.  You can now set the attenuation any way you need to.

· Subtract the solvent data from the sample data, using the known signal ratio found at 90º.

5.3 Measuring different polarization states

In some cases one wishes to measure different states of polarization of scattered light.  For example in nonspherical particles depolarized light scattering provides more information.  The SLS setup allows measurement of all linear polarization states.  We will refer to vertical or horizontal polarization of the incident and detected light, respectively, as VV, HH, VH, and HV.

The easiest is to change the detected polarization.  This is done by rotating the tube in which the PMT and analyzer reside (on the goniometer arm).  The tube consists of three segments.  Hold the middle segment steadily in place with one hand and rotate the tube that is farthest downstream with the other hand.  A scratch mark and scale allow you to read off the polarization angle.

More difficult is it to change the state of incident polarization, but it is only rarely needed.  It can be done by rotating the polarizer in front of the sample.  However, it should be realized that the HeNe laser is itself vertically polarized so it, too, must be rotated if one is to have any light left.  Furthermore, the polarizer is a Glan-Taylor prism, which also changes considerably the direction of the beam while it is rotated.  It may then be necessary to realign the beam.

5.4 A test for multiple scattering

In most light scattering measurements it is important that the majority of light scattered from the sample is scattered only once.  This is ensured by diluting the sample sufficiently or by choosing the solvent refractive index close to that of the particles (“index matching”).  There is a qualitative and a quantitative test for multiple scattering.

In the qualitative test the incident beam is observed both inside and outside the sample, where it can still be observed in the toluene.  (It is necessary to remove any neutral density filter from the beam.)  If the beam has a visibly larger diameter in the sample than in the toluene there is multiple scattering.  The “corona” around the primary beam is caused by light scattered up or down out of the beam and then scattered again toward the observer.

A quantitative test for the relative amount of double scattering at to single scattering at 90( was given by Dhont (Physica A 120, 238 (1983)):
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where the superscript indicates the polarization states and the subscript refers to the singly, doubly, or measured scattered intensity.  By keeping this ratio low (say, below 0.02) it can be ensured that mainly singly scattered light is measured.

6. Data analysis

The data file is an ASCII file containing a few lines with sample parameters followed by four columns of data.  An example is shown in figure 3.  The first column is the scattering angle ( in degrees and the second is the measured intensity.  The program has automatically corrected for any filter switches during the measurement by measuring the scattered intensity before and after switching.

The third column contains the scattered intensity corrected for the angle-dependent size of the scattering volume.  The reason for this is illustrated in figure 4.  It shows a top view of the incident beam and the part of space observed by the detector.  Their overlap defines the scattering volume: any scattering particle in this volume will scatter light into the detector.  It can be seen from figure 4 that the scattering volume is inversely proportional to 
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, giving rise to the sine-correction:
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The fourth column contains the so-called scattering vector K and is calculated from:
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It is equal to difference between the wave vectors of the incident and scattered waves upon scattering elastically under an angle (.  It is often a more useful measure of the scattering angle than ( itself.  Note that both the wavelength ( (in vacuum) and the refractive index of the solvent n need to be known to calculate it.  If you didn’t know n at the time when you saved the data you can always calculate this column again from the first in a spreadsheet program.

One usually makes a plot of 
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 with a logarithmic intensity scale, because it often varies over several orders of magnitude.  By comparing the angular dependence with a theoretical model it is possible to measure the size and shape of the scattering particles (for dilute dispersions), or the structure factor (for more concentrated dispersions).  We refer to the relevant literature for theoretical scattering expressions.  Here we only list some results that are often used.

The scattered intensity can be written as
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in which ( is the volume fraction of particles and ( is the angle between the incident polarization and the propagation direction of the scattered light in the direction of the detector.  For a VV measurement 
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.  If an unpolarized source would be used without an analyzer this means that the sine in the equation would be replaced by 
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.  For spherical particles depolarized scattering (HV and VH) vanishes, which is also the case for particles which are small compared to the wavelength and particles which have a refractive index that is not too different from that of the solvent.  We will not quantify these statements here.

From equation (4) it is seen that the structure factor can be obtained by dividing off the form factor using a sample that has been sufficiently diluted so that particle correlations have become negligible (so that 
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The form factor contains information on the size and shape of the particles.  However, because the form factor is not uniquely defined by the particle properties the scattering curves cannot be simply inverted.  A model must be used.  For spherical particles with radius R the Rayleigh-Gans-Debye approximation is used
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This expression is valid if either the particles are not too large or if their refractive index does not differ too much from the solvent.  The appropriate condition is 
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 is ratio of particle and solvent refractive index.  Note that (6) has zeroes for KR values that solve the equation 
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.  These lead to scattering minima which can be used to determine the particle radius with high accuracy.  However, the condition of validity of equation for equation (6) quickly limits its applicability.  Luckily the full analytic solution of the sphere scattering problem was given by Mie (1908).  With modern computers the numerical calculation is an easy matter and many computer programs are available.  We have the program Miescat3 that generates scattering curves that can quickly be compared to the experimental data.  It can also be used on a coated sphere.  The locations of the minima are slightly different from the ones given by (6), and furthermore become dependent on m for larger values of m-1.  The minimum values are no longer exactly zero.  Miescat3 also allows one to average over a particle size distribution to model polydispersity in the sphere size.

In many cases colloidal particles are not so well defined, because the particles have a nonspherical or even irregular shape.  For particles that are much smaller than the wavelength used the Guinier approximation can be used
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Here Rg is called the radius of gyration of the particles given by
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where the integrals range over the particle volume and m may be position dependent as in, for example, a Gaussian polymer coil.  r is the distance of the volume element d3r to the optical center, which is defined by 
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7. Maintenance

· The toluene slowly evaporates from the vessel, taking several months for the level to drop by a few mm.  Refill it using a funnel from the bottle that says “for light scattering” in the chemical cabinet.  Pour slowly and fill it up to slightly above the lower end of the cylindrical hole where the sample is inserted.  Otherwise. the toluene will leak through the microslides.  Look through the cylinder to see if there is no more air left between the ridges in the bottom of vessel cover.  Refill in the evening so that dust can settle overnight.

· Dust will slowly accumulate in the vessel.  At times the toluene needs to be replaced completely with fresh toluene from the storage bottle.  This should be done in a fume hood.

· The toluene in the storage bottle should be filtered over a membrane filter with 0.22 (m pores or smaller.  Check the solvent compatibility tables. Durapore or Fluoropore membranes are suitable.

· Clean optics with lens paper only and using spectrograde methanol.
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Figure 1. Schematic of the Static Light Scattering setup. M1 and M2 are mirrors, D1 is an iris diaphragm, FW a filter wheel with neutral density filters, CW a chopper wheel, P1 a Glan-Taylor polarizer, and BD a beam dump.
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C:\users\imhof\PSC14_a.sls  7/18/2002 11:42:14 AM 


Wavelength=632.8            Refractionindex=1.361       Sol=Ethanol   Pol=VV


PSC14


0019.0 , 000041.3222 , 000013.4532 , 4460779.41209715


0020.0 , 000040.6270 , 000013.8953 , 4693229.03440782


0021.0 , 000037.7402 , 000013.5249 , 4925321.24915695


0022.0 , 000034.6078 , 000012.9643 , 5157038.3816238


0023.0 , 000031.9707 , 000012.4919 , 5388362.7856516


0024.0 , 000029.7490 , 000012.1000 , 5619276.84499138


0025.0 , 000027.6030 , 000011.6655 , 5849762.97464349


0026.0 , 000026.1564 , 000011.4662 , 6079803.62219681


0027.0 , 000024.4693 , 000011.1088 , 6309381.26916539


0028.0 , 000023.0501 , 000010.8214 , 6538478.43232255


0029.0 , 000021.3867 , 000010.3685 , 6767077.66503234


0030.0 , 000019.9213 , 000009.9606 , 6995161.55857814





Figure 3.  Example of a datafile produced by the SLS software.
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Figure 4.  The scattering volume is defined by the overlap of the incident beam and a “beam” seen by the detector.  Its size varies with the scattering angle.  The beam widths are determined by apertures and are fixed.
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Figure 2.  The detector assembly consists of three segments, containing the entrance slit S1, an achromatic lens L, a band pass filter F, a polarizer P, the detector slit S2, and a photo multiplier tube PMT.  The achromat images the primary slit onto the secondary slit.





Figure 3.  Measurement of toluene scattering with 10 mW HeNe laser and averaging time 2 s per angle. (a) Squares are the measured intensity, circles the same data multiplied by sin(. (b) Triangles are a similar measurement but with detector optimization at every angle.
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