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Abstract

The purpose of this experiment was to use dynamic light scattering to estimate the radii of polystyrene beads
suspended in deionized water. The data was collected using an iPhone 4s and a laser pointer and analyzed using
Python to calculate the autocorrelation of the scattering intensity and extract an estimated radius. The results
of the experiment were an estimated radius of 10.3 ± 0.2 µm for the 10.11 µm beads, and an estimated radius
of 24.9 ± 0.3 µm for the 20.92 µm beads, giving a percent error of 1.6% and 19% respectively.

1 Introduction

When light, such as a laser beam, passes through a
medium, the phenomenon of scattering occurs. The par-
ticles that compose the medium redirect incident light
and, depending on their size, will produce either Rayleigh
or Mie scattering. Rayleigh scattering occurs with parti-
cle sizes are much less than the wavelength of light, and
Mie scattering occurs when the particle size is compara-
ble to the wavelength.

Dynamic light scattering is a technique that utilizes
scattering to study the motion of particles suspended
in a solution. The procedure can be used to study the
diffusion of the particles, or it can be used to study par-
ticle size. As the suspended particles undergo Brownian
motion, the intensity of the scattered light fluctuates
over time. Brownian motion is the ”random” motion
of the individual particles due to collisions with each
other and the walls of the container. Within these fluc-
tuations, information about the particles’ motion can be
extracted and related to their size by the Stokes-Einstein
equation.[2]

2 Methods

2.1 Design

To utilize dynamic light scattering a coherent, monochro-
matic light source is required, such as a laser.[3] We use
a small, red laser pointer that can be purchased at any
office supplies store (see Appendix A for a full cost list
of materials). The device used to record the intensity
of the scattered light is a standard iPhone 4s, which
records at 30 frames per second (fps). Our particles
are polystyrene beads, sizes 10.11 µm and 20.92 µm,

suspended in deionized water, which is held in a sealed
plastic cuvette.

The laser is made incident upon the plastic cuvette,
and the iPhone camera is placed close to the laser to
measure the backscattering. A vertical polarizer is placed
both between the laser and the cuvette, and between the
cuvette and the iPhone camera, in order to avoid over-
saturation in the video. The geometry of the setup is
recorded so that the angle at which scattering is ob-
served can be measured. The angle is referenced to the
transmitted beam (i.e. the zero angle is directly behind
the cuvette). The videos are recorded at a location that
is completely dark when the lights are off, and situated
so that only the scattered light from the cuvette is cap-
tured. The frames from the videos are extracted using
video analysis software, and the intensity of each frame
is determined in Python by summing the intensities as-
sociated with each pixel of the frame.

The dynamic information of the polystyrene beads
is then derived by an autocorrelation of the intensity
measurements. An autocorrelation function is the cross-
correlation of a signal with itself, and describes how the
intensities at different times correlate as a function of
time lag. If you compare the intensity of the scattered
light at one point in time, and compare it to the in-
tensity measured at a time immediately after, the par-
ticles will not have moved far from their initial posi-
tions, thus giving a high correlation between the two.
However as the time lag between the two intensity mea-
surements increases, the correlation decays due to the
Brownian motion of the particles. This correlation is
modeled by a single exponential decay for a monodis-
perse solution–when the solution is composed of parti-
cles of a single size.[1] The second order autocorrelation
function is given by:
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g2(q; τ) =
< I(t)I(t+ τ) >

< I(t) >2
(1)

where g2(q; τ) is the second order autocorrelation func-
tion, the brackets indicate expected value, I(t) is the
intensity at time t, and I(t+τ) is the intensity at a time
τ seconds later.

For the given frame rate of the iPhone (30 fps), the
smallest τ possible is 0.033 seconds. This minimum τ
value limits our experiment to particle sizes of 4.6 µm
or higher.

The second order auto correlation function is related
to the first order auto correlation function by:

g2(q; τ) = 1 + β[g1(q; τ)]2 (2)

where g1(q; τ) is the first order autocorrelation function,
and β is a correction factor which depends on the geom-
etry of the setup.

The first order autocorrelation function for a monodis-
perse solution is given by:

g1(q; τ) = e−Γτ (3)

where Γ is the decay rate parameter.
The decay rate parameter is related to the diffusion

coefficient for the suspended polystyrene beads by:

Γ = q2Dt (4)

where Dt is the diffusion coefficient and q is the wave
vector given by:

q =
4πn0

λ
sin

(
θ

2

)
(5)

where n0 is the refractive index of the sample, and θ is
the angle at which the phone is located with respect to
the transmitted beam.

The Stokes-Einstein equation relates the diffusion co-
efficient to the radius of spherical particles by:

Dt =
kBT

6πηr
(6)

where kB is Boltzmannn’s constant, T is the absolute
temperature, η is the dynamic viscosity, and r is the
radius of the particle.

2.2 Calibration

The wavelength of our laser was measured using a simple
diffraction experiment using a diffraction grating with
600 lines/mm. The maxima produced by a diffraction
grating are given by the equation:

dsin(θ) = mλ (7)

where d is the slit width, θ is the angle of incidence, m
is an integer, and λ is the wavelength.

After measuring the distance of the first order max-
imum to the central maximum at varying distances of
the grating to screen and calculating the resultant wave-
lengths, we averaged them all to estimate the wavelength
of our laser.

L (cm) x (cm) λ (nm)

10.0 4.30 658.4
20.0 8.75 668.0
30.0 13.05 664.8
35.0 15.12 660.96
40.0 17.50 668.03
45.0 19.60 665.54
50.0 21.75 664.82
55.0 24.05 667.74

where L is the distance from the laser to the screen,
x is the distance between the central maximum and the
first order maximum. These values of x and L are used
to calculate theta in Eq. 7. These measurements yielded
an average wavelength of λ̄1 = 664.8 ± 0.7 nm

We repeated this procedure with a double slit diffrac-
tion grating of slit spacing 0.25 mm. The maxima for
double slit diffraction are given by the equation:

dsin(θ) = mλ (8)

where d is the slit spacing, θ is the angle of incidence, m
is an integer, and λ is the wavelength.

L (cm) x (cm) λ (nm)

150.0 0.79 658.32
170.0 0.90 661.76
200.0 1.05 656.24
210.0 1.10 654.75
220.0 1.16 659.08
230.0 1.21 657.60
250.0 1.32 660.00

where L is the distance from the laser to the screen,
x is the distance between the central maximum and the
second order maximum. These measurements yielded an
average wavelength of λ̄2 = 658.3 ± 0.8 nm.

Averaging λ̄1 and λ̄2 gives the estimated wavelength
of our laser pointer to be λ̄ = 661.6 ± 0.8 nm.

Because our experiment depends so heavily on in-
tensity fluctuations, it is important that our laser is
steady. To determine the intensity stability of our laser,
we pointed the laser at a photodiode connected to a
voltmeter and took periodic intensity readings for two
minutes.
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Figure 1: Plot of the photodiode readings with the laser
focused on it over time. The two different colors repre-
sent two different trials.

Over time the intensity of the laser steadily decreases.
Also, for both sets of measurements, at 80 seconds the
laser intensity suddenly drops. In the first set (blue dots)
the laser returns back to where it was before the sudden
drop, and then continues its steady decline. The start-
ing intensities of the decline are also slightly different,
simply due to the noise in the lab at the time. We will
see in the results how the shortcomings of the laser affect
our data.

Another important factor in this experiment is the
dilution of the solution. The simplest form of dynamic
light scattering, which is utilized in this experiment, re-
lies on the backscattered light to be scattered exactly
only once. If multiple scattering events occur, the tech-
niques outlined in this project will not work. To ensure
single scattering, the solution therefore has to be very
dilute. After researching, we concluded that 50 to 1 vol-
umetric ratio is enough to dilute polystyrene beads given
that they are already dilute to 10% mass concentration.
To be certain, we diluted our bead samples by 100 to
1 volumetric ratio, changing our mass concentration to
0.01%.

3 Results

3.1 10.11 µm Beads

Since we used Python to sum the intensity of each frame
from the videos, the resulting ”intensity” values from
the code are only proportional to the true intensities,
not their actual values. Thus, in the following graphs,
an ”intensity” of 1980000 is not in units of W/m2, but
simply the proportional value generated by Python.

Figure 2: Plot of the intensity of the backscattered light
for 10 micron beads over 3 seconds.

We ran the autocorrelation function (Eq. 1) using
these values, and fitted the data using Eq. 2.

Figure 3: Plot of the second order autocorrelation func-
tion of the intensity of the backscattered light for 10
micron beads over 3 seconds, along with the model from
Eq.2

The reduced chi-squared value for this fitting is 2.88,
and reported a decay rate of Γ = 11.5 ± 0.2 s−1 and cor-
rection factor of β = 0.00015 ± 0.00002. Using Eq. 4,
the diffusion coefficient is calculated from the estimated
Γ value and from that the radius is estimated to be 10.3
± 0.2 µm. This value is only slightly higher - 1.6% higher
- than the true value known to be 10.11 µm. This ra-
dius was calculated using a θ value of 147.0 ± 0.5 deg.
The reduced chi-squared value is a little too high, which
can be attributed to the final few data points being no-
ticeably off of the model. This is most likely because
at larger τ values, the laser’s steadily declining intensity
has much more of an effect.

The autocorrelation function in figure 3 appears flat,
and not much like the exponential decay function in Eq.
3. However, given the reduced chi squared value and
the accurate radius prediction, it can be concluded that
this graph is most likely a result of such a low correction
factor β. The smaller this value is, the more shallow the
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graph becomes.

3.2 20.92 µm Beads

Some lasers require a period of time to heat up before
conducting data collection, so that the laser is able to
reach a steady intensity. To study this with our laser
pointer, we took the intensity recordings of the 20 µm
beads with both a heated and a cooled laser. First, we
left the laser on for 5 minutes before taking the intensity
readings. Then, we took the video again under the same
conditions–nothing was moved and before each the cu-
vette was shook for 5 seconds–but allowed the laser to
cool for 5 minutes and immediately began recording af-
ter turning it on.

Figure 4: Plot of the intensity of the backscattered light
for 20 micron beads over 3 seconds after the laser was
left to heat up for 5 minutes.

Figure 5: Plot of the intensity of the backscattered light
for 20 micron beads over 3 seconds after the laser cooled
for 5 minutes.

Figure 6: Plot of the second order autocorrelation func-
tion of intensity for 20 micron beads, after the laser
heated up for 5 minutes.

Figure 7: Plot of the second order autocorrelation func-
tion of intensity for 20 micron beads, after the laser
cooled for 5 minutes.

Both heating up and cooling the laser before the
intensity readings produced the same estimate for the
particle size: about .5 µm. We already know that this
doesn’t make sense, because during our calibration, we
calculated that with a camera of 30 fps, the smallest
possible particle size we could estimate with our exper-
iment was 4.6 µm. This and the intensity graphs for
the heated and cooled laser readings shows that with a
small, cheap laser pointer, it does not matter whether or
not the laser is allowed to heat up before data collection.

We noticed that for both autocorrelation functions,
the correlation values for larger τ values seemed to have
a strange structure. This led us to believe that the laser’s
steadily dropping intensity was affecting the intensity
correlation which is supposed to depend upon the so-
lution’s Brownian motion. This means the longer the
video, the more the intensity of the laser drops, and the
more the intensity correlation is affected. So we chose to
shorten the video length to 1 second in order to reduce
this effect.
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Figure 8: Plot of the intensity of the backscattered light
for 20 micron beads over 3 seconds.

Similar to the 10 µm beads, we ran the autocorrela-
tion function (Eq. 1) using these values, and fitted the
data using Eq. 2.

Figure 9: Plot of the second order autocorrelation func-
tion of the intensity of the backscattered light for 20
micron beads over 1 second, along with the model from
Eq.2

The reduced chi squared for this fit is 5.47 and the
model estimated the decay rate to be Γ = 3.03± .04 s−1

and β = .0009± .0003. The diffusion coefficient is calcu-
lated using Γ and Eq. 4, and then the radius of the par-
ticle is estimated by the Stokes-Einstein equation to be
24.9±0.3µm. This is 19% higher than the actual radius
of the beads: 20.92µm. The backscattering intensity
was recorded at an angle of 140.5 ± 0.5 deg. The re-
duced chi squared for this fit is clearly a bit high. As we
have already discussed, the intensity of the laser seems to
be affecting the intensity correlation too much. Again,
the second order autocorrelation function is quite flat,
just like the correlation of the intensity of the 10 micron
beads.

We decided to analyze the intensity of just the laser
using the iPhone camera to see how it may be affecting
the data. We directly recorded the laser with the camera
and it produced a familiar intensity over time.

Figure 10: Plot of the intensity of the laser itself over 3
seconds.

We ran the autocorrelation function for the intensity
of the laser over 90 seconds, and the estimated decay rate
was surprisingly close to the decay rates of the 3 second
videos taken when the laser was both heated and cooled.
This showed the laser does indeed play a role in over-
powering the intensity fluctuations due to the Brownian
motion of the 20 micron beads. The 20 micron beads
move slower than 10 micron beads [4], and so the inten-
sity fluctuation due to their random motion is harder
to capture with this quality of laser, especially over ex-
tended sample times even as short as 3 seconds.

4 Conclusion

The purpose of this experiment was to use dynamic light
scattering and a smartphone to estimate the radii of
polystyrene beads suspended in deionized water. The
estimation of the radius of the smaller of our two bead
sizes proved to be more successful because their Brow-
nian motion proved to be more resistant to the effects
of the steadily declining laser intensity. The estimation
of the radius of the larger of our two bead sizes was
less successful. In future experiments, a higher quality
laser should be used to produce more substantial and
definitive results because of the sensitivity to intensity
fluctuations of this technique. Also, a video recorder
with a higher frame rate would be further beneficial
in future experiments, as this would allow the sizing of
smaller particles. If they are small enough in comparison
to the wavelength of the laser, Rayleigh backscattering
will be measured instead of Mie backscattering, which
is stronger. For more complex size distribution profiles,
higher level dynamic light scattering techniques have to
be implemented than is outlined in this experiment, as
this particular set-up is limited to monodisperse solu-
tions.
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5 Appendix A

Cost of Materials:
Laser Pointer: $14.99
Roll of Duct Tape: $5.50
iPhone 4s: $0.00
2x Cuvette: $0.00
Polystyrene Beads: $0.00

6 Appendix B

Figure 11: A picture of the experimental set up. The
phone displayed in the picture is not the iPhone 4s we
used for experimentation, but a placeholder to demon-
strate where it would be located.

Figure 12: A sample frame of the 20 micron beads.

Figure 13: A sample frame from the video focused di-
rectly on the laser.
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