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Introduction
Magneto-optical traps (MOTs) are used to trap and cool neutral atoms to
temperatures as low as several microkelvins. These trapped atoms are then
used in various ways for research in modern physics. For example, MOTs
are the first step in achieving Bose-Einstein-condensates. They can also be
used for experiments in quantum information. For these experiments, the
optical density of the atoms in the trap as well as the total number of atoms
is required. In this project we measure the optical density as well as the total
number of atoms of a MOT via absorption imaging. A probe laser is incident
upon the atom cloud and the image of the MOT’s shadow on a CCD chip is
taken. The intensity of this image is then compared to the intensity of the
unabsorbed laser beam. From the ratio of the two the optical density and
number of atoms can be calculated.
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Chapter 1
Theoretical Background
1.1

Magneto-Optical Traps

Magneto-optical traps (MOTs) are used to trap neutral atoms. This is more
difficult than trapping ions, since one cannot just use electric and magnetic
field gradients to trap the atoms. Instead, six laser beams “push” the atoms
into the center of the MOT. A magnetic field then produces a potential
minimum where, due to the Zeeman shift, the atoms are trapped.
Without the magnetic field, the six laser beams constitute a so-called
optical molasses: For each of the three directions there are two counterpropagating beams. Their frequency is slightly red-shifted compared to the
resonance frequency of the desired transition. Atoms in a certain velocity
class toward that beam are being slowed down. Due to the Doppler effect
the red-shifted light from the lasers is exactly on resonance for these atoms
and thus they absorb the light. This absorption means that momentum is
transferred from the photons to the atom, thus slowing the atom down. Because of the red-shift of the light, only atoms moving towards a laser beam
will be slowed down by it, but almost none will be sped up. This results in
very slow and thus very cold atoms at the intersection of the laser beams.
However, the atoms are not permanently trapped but will still escape.
The laser beams only slow down and thus cool the atoms. To trap them,
a quadrupole magnetic field is applied via two magnetic coils with opposing
electric currents. This can be seen in figure 1.1 in one dimension. For three
dimensions laser beams in the other two directions are added. The gradient
of the magnetic field is linear along the axes.
For atomic transitions with a ground state of F = 0 and excited state of
F = 1, the excited state splits into three Zeeman components in the presence of an external magnetic field. Each of those is excited by one of the
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Figure 1.1: Set-up for a MOT in one dimension; source: Wikipedia
three different polarizations of light (clockwise and counterclockwise circular
polarized for m = ±1 and linearly polarized for m = 0). Two counterpropa-

Figure 1.2: Trapping atoms due to the Zeeman shift; source: Wikipedia
gating beams with opposite polarizations as in figure 1.1 are detuned below
resonance for the m = 0 state by ∆ω. The m = ±1 states are shifted up and
down by the magnetic field as shown in figure 1.2. Therefore, to the left of
the origin, the m = +1 state is shifted down by the negative magnetic field
and is shifted closer to resonance. Because of the different polarizations of
the beams, more photons of the beam coming from the left will be scattered
by atoms to the left of the origin, thus pushing the atoms toward the center.
The opposite happens to the right of the origin where the m = −1 state is
shifted down by the positive magnetic field. (cf. [1, section 11.4])
For real atoms, there are more than two possible states, which makes a
repump beam necessary, as follows for the 5P1/2 , F = 2 → 5S3/2 , F 0 = 3
transition of Rubidium-87 as used in the experiment: Not all of the excited
atoms from the 5P3/2 , F = 3 level will decay to the 5S1/2 , F = 2 level. There
is a certain probability that they will decay to the 5S1/2 , F = 1 state instead.
These atoms are excited by the repump laser to the 5P3/2 , F = 2 level where
4

they will decay to the 5S1/2 , F = 2 or F = 1 state. Thus, a portion of the
atoms are now brought back into the 5P1/2 , F = 2 → 5S3/2 , F 0 = 3 cycling
transition.
F' = 3

Δ=24 MHz

F' = 2
5P 3/2

F' = 1
F' = 0

F=2
5S 1/2
F=1

Figure 1.3: Level-scheme for Rubidium-87 with cooling and repump laser
transitions indicated

1.2

Absorption Imaging

To measure the number of atoms in the MOT, a collimated probe from a laser
of diameter bigger than that of the MOT is incident upon the MOT. An image
of the probe beam with the “shadow” of the MOT (due to absorption of the
probe beam) is taken by a CCD camera. The wavelength of the laser is close
to the resonance frequency of the 5S1/2 , F = 2 → 5P3/2 , F 0 = 3 transition
of Rubidium-87. The shadow of the atom cloud can be observed on the
camera. The degree of absorption of the cloud depends on the frequency of
the laser. By taking a sequence of images as the probe laser is scanned over
the resonance, we can deduce the optical density for every pixel and hence
calculate N the total number of atoms in the MOT.

1.2.1

Density and Number of Atoms

A beam with intensity I0 and frequency ω that is absorbed by an atom cloud
with optical density (O.D.) has a final intensity
−

I(ω) = I0 e
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O.D.Γ2
4(ω−ω0 )2 +Γ2

(1.1)

where Γ is the linewidth of the excited state and ω0 is the resonance frequency
of the transition. This is true for small intensities I as compared to the
saturation intensity Isat , see [2, p.138-143]. The optical density was defined
3λ2
as O.D. = N σ0 l with σ0 = 2π0 and N the number of atoms per unit volume
and l the thickness of the cloud.
In principle, taking one image of I(ω0 ) (with the MOT) and one of I0
(without the MOT), the optical density can be calculated from
ln

I(ω)
Γ2
= −O.D.
.
I0
4(ω − ω0 )2 + Γ2

(1.2)

For this either ω has to be well-known or the image with maximum absorption
is taken, where ω = ω0 . The latter can only be done if the range of the camera
is large enough. In reality, the camera as well as the image-capturing process
are often limited by an 8-bit-resolution. Then there are only 256 possible
values for every pixel which are not enough to resolve an intensity fraction of
I(ω)/I0 ≈ e−20 as is expected. To avoid this problem and to achieve greater
precision, images over a range of various frequencies around ω0 are taken.
Then, assuming that the MOT is stationary, one can fit I(ω) (see eq. 1.1)
to the greyscale values of a single pixel obtained. Since Γ and ω0 are known
for the excited Rubidium transition, one can extract the optical density.
From the optical density one can calculate the atom density for each pixel
as follows:
According to Beer’s law, the intensity after absorption is
dI
= −σ0 ρI ⇒ I = I0 e−σ0 n
dz

(1.3)

R∞
2
where n = −∞ dzρ(x, y, z) and σ0 = 3λ
. This is only correct for the probe
2π
beam on resonance, which suffices for the method used as is shown below.
For more explanations and further discussion see [3] and [4]. From equations
1.1 and 1.3 we now get
ln

I(ω0 )
O.D.
= −O.D. = −σ0 n ⇒ n =
I0
σ0

(1.4)

n is the column density of atoms, that is the number of atoms in a column
with the area of one pixel. If we assume the optical density and the column
density to be constant over the area of one pixel, one can find the total
number of atoms in one pixel with Npixel = npixel · Apixel where npixel is the
column density for the pixel and Apixel is the area of the pixel. Now the total
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number of atoms is
X
X
Apixel
(1.4) Apixel X
N=
O.D.sum
Npixel =
O.D.pixel ≡
npixel Apixel =
σ
σ
0
0
all pixels
all pixels
all pixels
(1.5)
where O.D.sum is the sum over the optical densities of all pixels.
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Chapter 2
Experiment
2.1

Set-Up of Laser

The beam used for imaging comes from an external cavity laser diode. This
is done to reduce the linewidth of the laser. In an external cavity laser,
the beam exiting the laser diode hits a grating at an angle. The first order
beam is reflected back into the laser diode while the zeroth order beam is
used in the experiment. Thus, mainly the wavelength that is back-reflected
is amplified, making the linewidth smaller. The wavelength can be changed
by turning the grating.
In the experiment it is important that the laser is locked to a specific
transition of the rubidium. This is achieved with the spectroscopy-part of
the set-up (see figure 2.1). The first half-wave-plate (HWP) changes the
polarization of the laser beam from vertical (from the laser) to horizontal.
The EOM crystal requires incoming horizontal polarization as the electric
field applied to the Lithium-Niobate crystal is in the horizontal direction.
The anamorphic prism pair makes the beam circular and the pair of mirrors
enables us to make the beam straight. The light then passes through an
isolator which prevents back reflections to the laser. The fraction of the laser
beam going to the spectroscopy part can be changed by turning the HWP.
A very small fraction is needed, enough to just saturate the atoms in the
gas-cell. The rest of the laser beam goes to the AOM. The polarizing beam
splitter (PBS) divides the beam. The beam then passes through the EOM,
which modulates the phase of the laser beam with a frequency of 20M hz.
After that the beam passes through the rubidium vapour. The reflected beam
overlaps the incoming beam but is reflected slightly at an angle such that
it passes the mirror and is focused by a lens onto the detector. The signal
from the detector is sent to the frequency modulation spectroscopy board to
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adjust the angle of the grating and thus the wavelength of the laser.
Now, the laser can be locked to a frequency where the error-signal crosses
zero, corresponding to the wavelength of a transition or a cross-over in between two transitions. If the wavelength changes slightly, the angle of the
grating is adjusted with a piezo such that the wavelength is once again on
resonance to the transition the laser is locked to. In the experiment the laser
was locked to the 5S1/2 , F = 2 → 5P3/2 , F 0 = 1 transition, corresponding to
a frequency of f = 384, 227T Hz or a wavelength of λ = 780.248nm.

Figure 2.1: The set-up for the spectroscopy part
To switch the beam on and off an acousto-optic modulator (AOM) is
used. It will also be used to scan over the resonance as images of the MOT
are taken. Figure 2.2 shows the set-up for the part of the beam going to

Figure 2.2: AOM set-up
the AOM. First a HWP and a PBS make it possible to change the intensity
9

of the beam going to the AOM, then there is a lens (f = 200mm) which is
placed such that the AOM is exactly at the focus. After the AOM a pinhole
is put such that only the first order passes through, going to another lens
whose distance from the AOM again is exactly the focal length of 200mm
to recollimate the beam. After the lens the combination of a quarter-wave
plate (QWP) and mirror changes the polarization of the incoming beam from
horizontal to vertical. The vertically polarized back-reflected beam is then
reflected by the PBS and coupled into a fibre. Since the beam passes the
AOM twice, its frequency is shifted twice (since both times the first order is
selected). The AOM frequency is set around 423.597/2M Hz = 211.799M Hz
to reach the frequency of the 5S1/2 , F = 2 → 5P3/2 , F 0 = 3 transition. For
the frequencies of the various transitions see [5]

2.2

Set-Up for the Magneto-Optical Trap

The magnetic field of the MOT is 49.6G/cm in the axial direction and
24.8G/cm in the radial direction. Each of the six cooling beams has a power
of 35 − 40mW and a beam waist of 6.46mm. The beams parallel to the
magnetic coils were aligned at 60◦ and 120◦ .
The power of the repump laser was 8.8 − 9.0mW . This was split up into
two beams which were overlapped with two opposing cooling beams.
The cooling beams were 24M Hz detuned off the 5S1/2 , F = 2 → 5P3/2 , F 0 =
3 transition of Rubidium-87 (see figure 1.3).

Figure 2.3: Set-up of MOT with three cooling beams indicated
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2.3

Set-Up for Absorption Imaging

The beam from the fibre is collimated with a lens of focal length f = 25mm.
Thus, it is big enough to overlap with the whole atom cloud. Due to aberrations of the lens, the shape of the beam is elliptical. This is of no importance
since the measurements only rely on the intensity fraction of two beams. After the MOT the beam is demagnified to fit the size of the chip in the camera.
The camera used is a linear CCD camera, the XC-56 by Sony. It has a CCD
chip of 659 × 494 pixels each of which has a size of 7.5µm × 7.5µm.

Figure 2.4: Imaging set-up

2.4

Measurement

Before any measurements were taken, we checked that the power of the probe
laser is constant. This is necessary, because later, images captured a certain
time apart from each other are assumed to have been created by the same
input power. The power of the beam is monitored and found to fluctuate
between 4.727µW and 4.844µW which corresponds to a fluctuation of about
2%. This might be due to fluctuation in laser power as well as in the background, since the background without the laser beam was found to be 0.7µW .
The fluctuations are small enough to make the assumption that the power
of the probe beam is constant.
For the measurement to be accurate the power of the beam should be far
lower than the saturation intensity of rubidium so the absorption is linear.
For the final measurement, the power varied depending on which amplitude
and frequency was used at the AOM. The maximum power used was 12.37µW
which corresponds to an intensity of 0.045mW/cm2 (with a beam size of
11

54mm2 ). This is more than 70-times lower than the saturation intensity of
the atoms which is 3.57713(74)mW/cm2 according to [5]. Even though this
measurement is not very accurate (due to high background light compared
to the power of the beam, etc.) it shows that the intensity of the probe beam
does not saturate the atoms.
The beam size was obtained by taking an image of the beam on the
CCD chip without the lenses for demagnification. The demagnification ratio
is expected to be 150/35 ≈ 4.2 from the focal lengths of the lenses used.
This was tested by comparing the beam size of images of the beam with
and without the lenses and found to be approximately 3.8 for the two images
taken. In further calculations, the magnification was assumed to be 4 with an
error of 0.3. Due to time constraints this couldn’t be verified more accurately.

Figure 2.5: Sample images with and without the MOT, the probe laser is
close to resonance
Three images were captured as the frequency of the probe beam was
scanned over the (5S1/2 , F = 2 → 5P3/2 , F 0 = 3) resonance by varying the
AOM frequency. One image of the probe beam with the MOT switched on
to see the absorption, one of the probe beam with the MOT switched off
to obtain I0 and one of the background (i.e. with the probe beam switched
off). This was later subtracted from the other images to avoid effects from
background light (e.g. from the repump beam).
However, since the power of the probe beam varies with AOM frequency
(due to the bandwidth of the AOM), we also retook the sequence of three
images for every AOM frequency with different probe laser intensities (by
varying the amplitude of the RF signal sent to the AOM). This ensures that
for every frequency there is at least one image where the camera doesn’t
saturate. Figure 2.6 shows the timing squence used to capture the image
with the MOT. Without the MOT the cooling beams are switched off all
the time and for the background the probe beam is also switched off. The
switching of all the beams is done with AOMs such that the set-up does not
have to be touched to ensure that everything stays in place. This allows us
to assume that the pixels on different images correspond to the same spot
12

of the atomic cloud. The cooling beams are switched on for 50ms to ensure

Figure 2.6: taking the image with MOT
that the MOT has reached its maximum size when the cooling beams are
switched off. Since it takes several ms for the atom cloud to disappear and
we are switching the shutter of the camera open for 70µs, we can safely
assumed that the number of atoms trapped stays the same. After capturing
the image the camera needs several ms to switch off completely. During that
time, light that falls on the camera chip is registered and will show up on
the next image taken. Therefore we wait 12ms between capturing the image
and turning the cooling beams back on to ensure that no light falls on the
chip while the camera is switching off.

2.5

Evaluation

In order to find the optical density and number of atoms in the MOT, for each
probe laser frequency we chose the image such that the intensity of the probe
beam did not saturate the camera but the intensity was still high enough such
that there was enough contrast to distinguish the edges of the MOT. For every
pixel the fraction I/I0 for every probe beam frequency was calculated from
the raw image data. For every pixel, we fit the absorption function I(ω) =
−

O.D.Γ2

I0 e 4(ω−ω0 )2 +Γ2 (1.1) (using the Mathematica-function “NonlinearModelFit”
and fitting for ω0 , O.D. where Γ = 6.0666M Hz). From this fit we extracted
the value for the optical density, thus creating a matrix for the optical density
for every pixel of the CCD chip. The error for every pixel value was assumed
to be 0.5 from the discretization (since the values for each pixel are integers
between 0 and 255 for the 8-bit-image). Additionally, an error of 2% of the
intensity was added to account for the power fluctuation of the beam. The
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Figure 2.7: Fit of I/I0 of one pixel near the center of the MOT image with
an optical density of 18.56 ± 1.14. The resonance frequency of the fitted
function is ω0 = 4.50 ± 0.35 away from the expected resonance frequency
total error is then ∆I = 0.5 + 0.02I. The standard error of I/I0 is then
v
2 s
u   2   
I

2 
2
  u d I
d
u
I0
I0
∆I
I∆I0
I




t
+
=
∆I
+
∆I0
=
∆
I0
dI
dI0
I0
I02
(2.1)
In Mathematica these errors were then assigned to each data point using the
option “Weights” . The option “ParameterErrors” then gives the standard
error in the optical density.
The calculated optical densities range from 27.56 ± 1.68 in the center of
the MOT to 0 outside of the MOT. This corresponds to the value for the
optical density measured before in the center of the MOT, which was between
20 and 25.
The distribution of the optical density is also plotted in three dimensions
allowing for a better picture of the MOT. From [6] below a certain total number of atoms the optical density is assumed to have a Gaussian distribution.
After this number, the distribution is roughly uniform until a total number of
about 108 . After that, slight misalignments of the beam caused “unexpected
and dramatic changes in the distribution of the atoms”. From the bottom
picture of figure 2.9 one can see that the distribution of atoms in the MOT is
not Gaussian but rather uniform. There are also a lot of irregularities which
14

Figure 2.8: Optical density of the MOT where white corresponds to the
maximum optical density of 27.56 and black to 0
might be due to the same effects as described in [6]. To verify this, further
investigations need to be done, varying the number of atoms and looking at
their spatial distribution.

2.5.1

Number of Atoms

The number of atoms can now be obtained from equation 1.5 where the area
is given by Apixel = (7.5µm)2 · m2 with the magnification m. This gives a
value of N = 1.4149 · 108 atoms in the entire MOT. The standard error is
s
2 
2
dN
dN
∆(O.D.sum ) +
∆m
∆N =
d(O.D.sum )
dm
s
2 
2
(7.5µm)2 m2
(7.5µm)2 m
=
∆(O.D.sum ) + 2
(O.D.sum )
σ0
σ0
(2.2)
where
X

∆(O.D.sum ) = Sqrt

(∆O.D.pixel )2

all pixels

∆N from equation 2.2 is 2.122 · 107 which corresponds to an error of 15%.
One uncertainty in this calculation that wasn’t taken into account yet is
the question which pixels belong to the MOT and which pixels don’t. We
chose to only consider those pixels where the value of the optical density has
an error of less then 20%. This amounts to a total of n = 8231 pixels being
15

Figure 2.9: Optical density of the MOT from different angles
summed up. Changing this condition from 100% to 10% gives the following
results:
O.D.
∆N
n
N
∆N
∆(O.D.)
N
≥1
10999 1.4312 · 108 2.1468 · 107 0.15
≥3
9612 1.4255 · 108 2.1383 · 107 0.15
≥5
8231 1.4149 · 108 2.1223 · 107 0.15
≥7
7360 1.4066 · 108 2.1099 · 107 0.15
≥ 10
6581 1.3963 · 108 2.0945 · 107 0.15
The total Number N changes by 0.0349 · 108 which is about 2% of the total
number and therefore significantly less than the total error.
In [1, p. 162] the number of atoms in a medium size caesium MOT is
said to be 109 with similar values for rubidium; in [6] a maximum of 3 · 108
caesium atoms was obtained. These numbers are somewhat higher than the
number of atoms calculated above. Since the MOT was not optimized to
contain the maximum number of atoms, N = 1.391 · 108 ± 2.086 · 107 appears
16

to be a reasonable number. In [7] the number of atoms obtained for a MOT
with similar parameters to the one discussed is 1.5 · 108 , which corresponds
very well. There is a big difference in magnetic field gradient; however, in
the same paper it is shown that the magnetic field has very little influence
on the number of atoms captured.

2.5.2

Further Calculations

From the measurement, not only the number of atoms can be calculated. It
also allows an estimate for the cross-section and volume of the atom cloud
and therefore for the density.
An estimate for the area of the cross-section of the MOT is obtained by
adding the area of all pixels that have been used for the calculation of N .
Using n = 8231 ± 2768 which is the n used to calculate the number of atoms
and its distance to the other values for n, this gives an area of
A = n · (7.5µm)2 · m2 = 7.41mm2 ± 2.72mm2

(2.3)

where n is the number of pixels and m the magnification. The error is
calculated from
s
2 
2
dA
dA
∆n +
∆m
(2.4)
∆A =
dn
dm
p
=
((7.5µm)2 m2 ∆n)2 + (2(7.5µm)2 nm∆m)2
(2.5)
Assuming the atom cloud to have a spherical shape gives an estimate for the
diameter of the cloud of r = 1.54mm and a volume of V = 15.17mm3 .
= 9.33 · 109 cm1 3 . In [8]
Now, the density can be calculated as ρ = N
V
11 1
a maximum density of ρ = 2 · 10 cm3 was reached for a ceasium MOT,
suggesting that the density calculated above is a reasonably high density,
considering the MOT was not aligned to maximise the density.
Since the error in the error is already about 37%, these numbers can only
be regarded as rough estimates since we make the further assumptions of
a spherical shape. Since the beams are not aligned at 90◦ angles but some
at 60◦ , the shape of the cloud might be an ellipsoid where the cross-section
observed on the camera would be bigger than the one perpendicular to it.
From the image one can also already see that due to slight misalignments
of the beams the shape is not ideal. Therefore, it is impossible to calculate
the size of the MOT accuaretly. Our estimate gives a good idea of the order
of magnitude. For a better calculation either the beams would have to be
realigned or several images taken from different angles.
17

The resonance frequency ω0,f it was also obtained by the fit. Within the estimated area of the MOT is varies between ω0,f it = ω0,expected −11.4M Hz and
ω0,f it = ω0,expected + 17.8M Hz. The average however is ω 0,f it = ω0,expected +
0.26M Hz. This indicates either a further inaccuracy in the measurement or
a spatial velocity distribution of the atoms. In the first case it might be due
to wavelength fluctuations of the laser. The errors arising from these fluctuations were minimized by fitting both the optical density and the resonance
frequency instead of forcing ω0,expected to be the resonance frequency. In the
second case, due to the Doppler effect atoms with different velocities would
absorb different wavelengths. If the velocity depends on the position in the
atom cloud, the resonance frequency does the same.
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Chapter 3
Conclusion
Absorption imaging is a fairly easy method to determine the number of atoms
in a MOT. It was possible to determine the number of atoms as well as the
atom density with fairly easy means. However, the error is still substantial.
This is not due to the method employed but mainly to time constraints.
Therefore, the next step would be to decrease the errors. There are several
possibilities to do this. One would be to stabilize the power of the laser and
to decrease the error that is due to power fluctuation.
The error in magnification is also significant. This can easily be reduced
by measuring the beam size with and without the lenses more accurately and
to align the lenses better.
There are also a few possibilities to make better use of the camera and to
increase the range used. One possibility would be to check if intensity and
exposure time are proportional. If so, different exposure times could be used
for capturing the image with and without the MOT. This increases the range
because the center of the MOT won’t be as dark while the image without
the MOT still will not saturate.
A higher resolution could also be obtained by taking a lot of images and
averaging, thus creating non-integer numbers and therefore increasing the
range. This would also greatly decrease the error due to power fluctuations.
To further increase the accuracy of the number a better fitting algorithm
could be used which automatically realizes when the given fit-function does
not match the data points and can therefore differentiate between pixels
belonging to the MOT from those not belonging to the MOT.
The stability of the lock of the laser should also be checked to make
sure that the wavelength is not fluctuating. Then further investigations into
spatial distributions of the resonance frequency and therefore the velocity
distribution could be undertaken.
One contribution to the error that has not been quantified is that the
19

assumption of constant optical density over the area of one pixel is of course
not correct. This error can be reduced by using a bigger CCD chip and
magnifying the image which results in a smaller area being represented by
one pixel.
To know more about the properties of the MOT and especially the distribution of atoms in the cloud, further experiments should be done, varying
different parameters like the repump power, size of the cooling beams or the
strength of the magnetic field. Then, hopefully, the transition from ideal gas
to a uniform distribution as proposed in [7] could be observed. Capturing
the images from different angles would give further ideas about the spatial
properties of the MOT.
Additionally to measuring the number of atoms in a MOT, absorption
imaging can also be used to determine the temperature of the atom cloud by
using the so-called time-of-flight measurement. Here, the magnetic field is
switched off and several images of the expanding cloud of atoms are taken.
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