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Chapter 3

Experimental setup

3.1 Introduction

The experimental setup developed during the course of this research project has two
ultimate goals: separating41Ca from the other calcium isotopes and detecting the41Ca
atoms. The tools used are from the field of laser cooling and trapping, the theory of which
has been presented in the previous chapter. In this chapter the details of the experimental
setup will be presented. After an overview of the system the different sections will be
discussed in more detail.

Overview

A schematic overview of the apparatus is shown in figure 3.1. A short description is
given here. A calcium sample is evaporated from oven 1. The divergence of the atomic
beam can be reduced by compression with optical molasses directly after the atoms leave
the oven. The atomic beam is slowed down by a counter-propagating laser-beam in the
Zeeman slower. After the Zeeman slower the resulting slow atoms are deflected by laser
beams in the direction of the Magneto-Optical Trap (MOT), where they are captured and
detected by their fluorescence. In figure 3.2 a cut-open overview drawing is shown of the
experimental system. The atoms travel from the left to the right.

The Alcatraz experiment is set up on an optical table measuring 3 by 1.2 meter. The
laser system required is set up on a second optical table measuring 2.4 by 1.2 meter.
Because the laser system is sensitive to dust a flow-box with air-filter is installed above
the laser table, and plastic curtains are positioned around the table so that there is always
a small over-pressure on this table. To reduce acoustic noise only ion pumps are used in
the vacuum system. Mounting racks are installed above and below the tables to provide
room for power supplies and control electronics.
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Figure 3.1: A schematic overview of the experimental setup

3.2 Vacuum system

The vacuum system of the Alcatraz experiment is split into three different sections by two
valves. One valve is placed between the deflection chamber and the trapping chamber
and one valve is placed between the deflection chamber and the second oven. This second
oven is connected to the deflection chamber in such a way that it can be used to directly
load the MOT. All three sections are pumped by ion pumps. During normal operation
the valve connecting the second oven to the deflection chamber is closed. The typical
pressure in the trapping chamber is 3· 10−9 mbar, which can rise into the 10−8 range
when the oven is at high temperatures.

3.3 Laser-system

Laser-light is needed at two different frequency regimes: at 423 nm for cooling and
trapping and at 672 nm for repumping. The main challenge for the laser system is to be
able to generate enough light for the cooling transition, since this determines to a large
extent the efficiency of the Zeeman slower, the deflection and the trapping. The saturation
intensity (section 2.3.1) of the cooling transition is rather high as compared to most of
the cooling transitions in the alkali atoms: 59.9 mW/cm2 for 40Ca vs. for example 1.64
mW/cm2 for 85Rb. The repump laser is important for the single atom detection, where
it helps to keep the atoms trapped for a longer time, thus improving the statistics of the
photon detection. Since both lasers used for the Alcatraz experiment are diode lasers,
some general principles and characteristics are explained in the following section.

3.3.1 Diode lasers

Only some very general features of diodes lasers are introduced here. An overview of
the characteristics and use of diode lasers in atomic physics is given in ref. [94]. The
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Figure 3.2: A cut-open view of the collimation chamber, Zeeman slower, deflection chamber and
the trap
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Figure 3.3: Illustration of the different layers of semiconductor and the typical packaging of a
diode laser. The rectangular shape of the gain region leads to the oval radiation pattern

construction of a typical semiconductor diode laser is shown in fig 3.3. The devices are
extremely small and yet are capable of reasonable cw output powers with high electrical
to optical efficiency. The laser light is generated by sending a current (the injection cur-
rent) through the active region of the diode between the n- and p-type cladding layers.
This produces electrons and holes, which in turn recombine and emit photons. The lasers
emission wavelength is determined by the band gap of the semiconductor material and
is very broadband relative to atomic transitions. The spatial mode of the laser is defined
by a narrow channel in the active region that confines the light. These lasers typically
produce single-mode (spatial and longitudinal) output powers of 5 - 50 mW with just
the cleaved facets of the semiconductor serving as the lasers mirrors. The output power
depends on the injection current and the temperature. The wavelength of a diode laser
is determined (besides the band-gap) by the temperature and injection current. The laser
frequency varies with temperature because both the optical path length of the cavity (re-
fractive index) and the wavelength dependence of the gain curve depend on temperature.
Unfortunately these temperature dependencies are quite different. This may result in
mode-hops: the frequency of the laser as a function of temperature looks like a staircase
with sloping steps. This is shown in figure 3.4. The mode-hop free scanning range can be
improved if, while scanning the frequency with a grating, the current is scanned simul-
taneously over a small range. The current changes the frequency of the laser because the
current influences the temperature of the diode, which changes the refractive index, and
because the variation of free charge carriers changes the refractive index directly. Typical
numbers are 3 GHz/mA for the current dependence, and 0.06 nm/K for the temperature
dependence.



3.3. Laser-system 45

Figure 3.4: An example of the frequency of a diode laser as a function of temperature, showing
the typical mode-hops. Figure adapted from ref. [94]

The general layout of the lasers as used in our experiment is shown in figure 3.5.
As explained, the temperature stability is of great importance for the frequency stabili-
ty. Therefore the diode itself is mounted on a baseplate, which is mounted on a peltier
element. The system is temperature controlled to a stability of better then 0.1◦C. A lens
in front of the diode corrects the elliptical emission pattern typical for diode lasers. The
diode can emit light within a spectral range of a few nm. A resonator is formed by the
entrance and exit facets of the semiconductor material, with a corresponding linewidth
of the emitted light of a few hundred MHz. To improve the linewidth a grating is used
which reflects part of the light back to the diode. In this way a much larger resonator
is constructed, with a correspondingly narrower emission pattern. By tilting the grating
the length of the resonator can be changed, and thus the wavelength of the light. A line-
width of better than 100 kHz can be reached, depending on the mechanical stability of
the optical cavity.

Not for all visible frequencies a suitable semiconductor material can be found: at
some frequencies the laser diodes are more powerful than at other frequencies, and also
the costs vary considerably. For the 672 nm light required in the Alcatraz experiment
a diode laser can easily be found which emits light with enough intensity (∼ 15 mW).
To generate light at 423 nm for the main pumping transition no suitable semiconductor
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Figure 3.5: A schematic drawing of the diode laser layout
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materials exists: recently gallium nitride diode lasers operating around 405 nm have been
constructed, but this is to far away from 423 nm to be suitable. An alternative is the use
of a lasersystem in which the 423 nm light is created by frequency doubling of 846 nm
light from a powerful diode laser.

3.3.2 The 423-nm laser

Figure 3.6: A schematic drawing of the laser system generating the light at 423 nm

We use a commercial frequency doubled 846 nm diode laser (Toptica Photonics) to
generate the 423 nm light. By amplification in a tapered amplifier up to 500 mW of
845 nm light is produced. The layout of this laser system is shown in figure 3.6. After
the frequency doubling we typically have 40 to 70 mW of 423 nm light available which
is distributed over the different experimental stages. The main laser beam is split and
frequency shifted using beam-splitters and acousto-optical modulators (AOM), since the
frequencies needed for the trap, Zeeman slower and stabilization are not the same. The
overall layout of the laser beams is shown in figure 3.7. For clarity the laser beams that
can be used for transversal cooling directly after oven 1 and oven 2 have been omitted he-
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re. By changing the voltage on the AOM the ratio of the intensity between the laser beam
for the Zeeman slower and the rest of the experiment can be set. By a combination of a
half-wave plate and a polarizing beam-splitter cube the ratio between the power for the
deflection laser beams and the trapping laser beams can be set. A similar configuration is
used to tune the relative power for the horizontal and vertical beams of the MOT. Oven
2, in design similar to oven 1, is used to generate a reference calcium beam to which
the laser is locked using polarization spectroscopy. The details of the laser locking are
discussed in the next section.

Locking the laser

The linewidth of the laser has to be much smaller than the natural linewidth of the cooling
transition, which is 34 MHz for calcium. For stable trapping conditions a stability of 1
MHz is sufficient. This is a modest requirement, as the linewidth of the laser is specified
to be 1 MHz. Therefore only long-term drifts have to be corrected for. The long-term
drift of the diode laser is mostly caused by thermal drifts of the laser. This drift can be as
small as a few MHz per minute, if the laser has already been running for some hours so
that the temperature is well stabilized. In order to cancel the long-term drift of the diode
laser the laser has to be locked to an absolute reference.

A natural candidate for the absolute reference is the atomic transition itself. The laser
can be sent through a calcium atomic beam, and the absorption or fluorescence signal can
be coupled back to the laser system. The laser is locked to the calcium cooling transition
in an atomic beam setup, using a very sensitive Doppler-free spectroscopic technique:
polarization spectroscopy.

A typical setup for polarization spectroscopy is shown in figure 3.8. A fraction of the
output of the laser is split off from the main beam by a beam-splitter. This beam, with a
total intensity of a few mW is again split by a beam-splitter (S) into a weak probe beam
with intensity I1 and a stronger pump beam with intensityI2. The probe beam passes
through a linear polarizerP1, the atomic beam setup, and a second linear polarizerP2,
which is crossed withP1. Without the pump laser, the sample is isotropic and the detector
D behindP2 receives only a very small signal caused by the residual transmission of the
crossed polarizer, which might be as small as 10−8 I1. The pump and a probe laser beam
are set up counterpropagating, crossing the atomic beam. Only if the frequency of the
laser is at the resonance frequency of the cooling transition both laser beams interact with
the same atoms. This is the reason that the technique is Doppler-free: only atoms which
have a zero transverse velocity component can absorb light from both the pump and the
probe beam at the same time. A small polarization rotation can be induced in the probe
laser beam by optically pumping the atoms in the beam with the circularly polarized
pump laser beam. This rotation can be detected in the probe beam by the photodiode
behind the crossed polarizerP2. Only the rotated component of the probe beam will pass
through the polarizer and will be detected.

To reach a good sensitivity it is important that the probe and pump beams are polari-
zed to a high degree. For this reason polarizerP1 should be placed just before the window
to the atomic beam, and polarizerP2 as close as possible behind the atomic beam. An ex-
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Figure 3.7: A schematic drawing of the laser beam layout of the Alcatraz experiment
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Figure 3.8: A schematic drawing of polarization spectroscopy setup, adapted from [95]

perimental problem is the birefringence induced by the viewports, which is the result of
stress in the window material, in our case quartz. However, as was pointed out in the first
article on polarization spectroscopy in 1976 [95], gentle squeezing of the stainless-steel
flange of the viewport is sufficient to reduce the stress and improve the extinction degree
of the crossed polarizers by orders of magnitude. Therefore we have used adjustable
clamps on the viewports of the stabilization setup.

3.3.3 The 672-nm laser

The laser at 672 nm is required to pump atoms from the1D2 state to the 5s5p1P1 state.
This improves the average time that atoms can remain trapped in the MOT as explained
in section 2.5.2. The power required is a few mW only. The laser we use is a Sanyo
4039-DL011 which can emit 10 mW of laser radiation in the wavelength region of 665
to 675 nm. The laser was mounted in a housing as is shown in figure 3.5. The housing
was adapted from the design by the Triµp laser lab at the KVI. A Thorlabs current con-
trol TL-500 is used to control the injection current, the temperature is controlled by a
controller built at the Universität Heidelberg (type A334, ser.nr. 3). We have not locked
the frequency of this laser to an absolute (e.g. absorption line) or relative (e.g. cavity) re-
ference. The laser is presently sufficiently stable to be used for short-term measurements
of a few minutes, after which the frequency has to be manually optimized. For longer
measurements it is however advisable to lock the frequency of this laser, for example
to the 672 nm absorption line in a calcium discharge, which can provide a high enough
density of excited calcium atoms.

3.4 Oven

The design of the oven is shown schematically in figure 3.9. This design has been adapted
from the one used by the Time and Frequency group of the Physikalisch-Technische Bun-
desanstalt in Braunschweig, Germany. The center of the oven is a small chamber which
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Figure 3.9: The design drawing of the oven

is surrounded by a ceramic tube that holds the tantalum heating wires. The heating wi-
res are contained in the walls of the ceramic tube, providing an even distribution of the
heat. The oven chamber is mounted on a standard CF35 vacuum flange, which has feed-
throughs for the current and for a temperature sensor (thermocouple). The thermocouple
is inserted into a small cavity at the base of the oven chamber, providing an indication
of the temperature in the oven chamber. The oven is filled with metallic calcium pellets,
which were acquired from Goodfellow (Calcium Lump, 99.0 % pure, CA006100). The
pellets have a diameter of a few millimeter, and have to be stored in an Argon atmosphere
before use to prevent oxidation. The oven temperature is controller with a PID controller.

The divergence of the atomic beam is determined by the exit channel(s) of the oven.
As long as the mean free path of the atoms is larger than the length of the exit channels
the atomic beam is collimated to the aspect ratio of the channels. If intra-channel col-
lisions occur then the exit channels have no additional collimating effect and the atoms
effectively flow out of point sources. It is therefore best to use a large number of small
diameter holes with a small diameter over length ratio so that the oven can be operated
at high temperatures resulting in a large flux of well collimated atoms. Initially the oven
used in the Alcatraz experiment had one exit channel of 1 by 10 mm. In the design of a
second oven this was changed to an array consisting of 32 of these exit channels.

The longitudinal velocity distribution is a Maxwellian distribution, which is modified
by a term which takes into account the reduction of the number of slow atoms in the
atomic beam caused by collisions inside the nozzle, known as the Zacharias effect [96].
The amount of suppression of slow atoms depends on the Knudsen number, defined
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as the ratio between the mean free path and the exit channel length,KnL = λ/l . The
Zacharias effect becomes relevant only for temperatures above 800 K for our system.
The most probable velocity in the Maxwell distribution as a function of the temperature
is given by

√
2RT/M, whereR is the gas constant andM is the mass of the atoms. For

T = 850◦ K the most probable velocity is∼ 600 m/s. This corresponds to a Doppler shift
of 2.4·600= 1440 MHz.

Since we are interested in the detection of an isotope at an abundance level of∼
10−14, and the measurement should be finished within a reasonable period, we aim for a
beam intensity such that a measurement of the41Ca/40Ca with a 10 % accuracy can be
done in a single day. If we estimate that we can reach an efficiency (from oven to the
detection of the atom) of 10−4 then 3 atoms41Ca atoms have to be evaporated per second.
From this statement the importance of the efficiency is evident: therefore one of the main
objectives of the oven is to produce a collimated beam. More on the efficiency can be
found in section 4.8. An ideally collimated beam has a zero divergence as divergence is
the main loss channel for the atoms on the way to the trap. The intensity of the atomic
beam should then be on the order of 1014 s−1 for detection at the natural level, and
1010 s−1 for medical applications.

We can make an estimation of the atomic beam flux. From Kittel and Kroemer [97]
we find that the flux through a tube of lengthL and diameterd is given byΦ = n·Swhere
the conductance of the exit tube

S=
2kBTd3

3mvsL
(3.1)

and

n =
P

kBT
(3.2)

The average velocity is

vs =
2√
π

√
2kBT

m
(3.3)

if the gas in the oven has a Maxwell-Boltzmann distribution. The typical vapor pressure
for calcium at 600◦C is 1·10−3 Torr. From this formula we find an estimated total flux
of 4.5·1013 atoms/s.

3.5 Atom beam compression

The oven is connected to a vacuum chamber which has 4 ports through which the laser-
beams for compression can be sent. An ion pump (Varian 60 l/s) is connected here.
Shown in figure 3.10 is the layout of this part of the setup. There is full 2D access to the
atom beam because the ion pump is mounted such that the laser beam can go through the
pump.
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Figure 3.10: A top view and a 3D image of the chamber in which the atomic beam can be com-
pressed

3.6 Zeeman slower

The Zeeman slower is built with the purpose of increasing the fraction of atoms that can
be captured by the MOT. To what extend the Zeeman slower is also isotope selective
was unclear at the beginning of this project: this has been investigated and is reported
on in chapter 4. Furthermore, only in a slow atom beam isotope selection by means
of deflection is possible. The Zeeman slower has been designed to handle atoms with
velocities up to 1000 m/s, and decelerate them down to a velocity around 30 to 50 m/s.

The following design goals and boundary conditions had to be taken into account:

• Capture 2/3 of the velocity distribution of the atoms, which means a capture velo-
city of 1000 m/s.

• In between the oven and the Zeeman slower the magnetic field has to be negligble.
The degeneracy which is required for the optical pumping of the odd isotopes by
the Zeeman slower laser beam is lifted by the presence of a magnetic field. The
same holds for the collimation stage.

• The magnetic field slope should be as smooth as possible, because atoms will be
lost from the slowing process if the magnetic field slope is to steep. Therefore
relatively thin wire (e.g. 1×3 mm) has to be used for the windings of the Zeeman
slower.

• The termination of the resonance condition at the end of the Zeeman slower has to
be abrupt, because if the atoms slowly drift out of resonance the divergence of the
atomic beam increases. This is a loss factor for the efficiency of the experiment.
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Figure 3.11: The Zeeman slower design

• Since it was found from the simulations that the gradient of the magnetic field is
critical for the isotope selectivity, it should be possible to adjust the gradient.

• For the currents through the coils available stadard power supplies have to be used
(Delta, 10 A, 30 V). Therefore the coil has to be split into several sections, each
powered by a separate power supply.

The final design is illustrated in figure 3.11. The main coil is wound on a 75 cm long
water-cooled tube, has an inner diameter of 86 mm, a maximum outer diameter of 110
mm and is water-cooled at the outside too. To ensure a smooth magnetic field there are
51 winding layers and the windings are far from the central axis. The total length of
the copper wire used in the Zeeman slower is 2450 meter. The heat production inside
the coil, estimated at 1500 Watt, poses the biggest technical challenge because of the low
heat conductance (0.3 W/mK) of the isolation of the wire as reported by the supplier. The
total heat conductance is therefore estimated at 1 W/mK. With Femlab, a finite element
program, heat flow calculations have been done, resulting in the present design. The
shape of the magnetic field is shown in figure 3.12.

The coils fit around the flanges of the tube and can be shifted to optimize the calcium
throughput and isotope-selectivity. An iron plate at the beginning of the Zeeman slower
minimizes the size of the coil and the electrical power required. At the beginning of the
Zeeman slower an iron disc is put around the vacuum tube to ensure that the magnetic
field in between the oven and the Zeeman slower is low. The extraction coil is placed
between two iron plates, one of which is water cooled, to get a steep field at the end of the
Zeeman slower and also to minimize the size of the extraction coil. We have considered
the use of a iron shield around the Zeeman slower to contain the magnetic field as much
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Figure 3.12: Top panel: the magnetic field in the Zeeman slower. Bottom panel: a cut-through of
the coils and iron plates of the Zeeman slower

as possible, but we have not seen any disturbing influence of the magnetic field of the
Zeeman slower on the compression or deflection stage.

3.7 Deflection chamber

In the deflection chamber the desired isotope is deflected out of the slowed atom beam
by optical molasses which crosses the atom beam under an angle of 30◦. At this point
the Doppler-shift is sufficiently reduced so that direct isotope selection is possible, even
when probing the beam under 30 degrees. The laserbeam has a diameter of 0.5 cm, the
same detuning as the trapping beams and has a typical power of 5 mW. Only the selected
isotope will be deflected so that it can reach the trap, which is located 40 cm further
downstream. To increase the atom flux towards the trap a vertical collimation stage can
be added at this point, reducing the transverse spreading of the atom beam. A drawing of
the collimation chamber is shown in figure 3.13.

3.8 Magneto-Optical Trap

The atoms are trapped in the Magneto-Optical Trap (MOT). As explained in section
2.5.1 the MOT consists of three pairs of counterpropagating laser beams combined with a
magnetic field. The magnetic field is created by two coils in anti-Helmholz configuration,
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Figure 3.13: A top view and a 3D image of the deflection chamber

resulting in a zero field in the trap center which increases in magnitude in all directions.
A number of requirements for the design of the trapping vacuum chamber follows from
the specifics of the Alcatraz experiment:

• Important constraints on the design of the MOT-chamber stem from the require-
ments for the magnetic field. The gradient needed for a calcium MOT is 6 to 10
mT /cm, which is rather high compared to that required for the cooling of alkali
atoms [98, 99]. This results from the broader cooling transition linewidth, which
is typically five times that of an alkali atom. Since the required magnetic field
gradient approximately scales with the cooling transition linewidth [100], larger
gradients are required for efficient trapping. The number of ampere-turns required
for this magnetic field gradient depends on the distance between the coils. We have
chosen to keep the coils outside the vacuum, but still as close as possible to the trap
center. This way we can avoid the complexity of water cooling.

• The diameter of the trapping laser beams should be up to 2.5 cm. Large trapping
beams ensure a large capture rate, and due to the not completely perfect two-level
system of the calcium atom 2 cm trapping beams are required to ensure an average
trapping time of at least 20 ms. This was discussed in more detail in section 2.5.2.

• To enable single atom detection the inside of the vacuum chamber should be black
to reduce scattered laser light. Furthermore a lens system has to be placed inside
close to the trapped atoms, and the windows through which the trapping lasers
go have to be anti-reflection coated and placed on long tubes to minimize scattered
light in the center. On the inside of the vacuum tubes diaphragms have to be placed
to further reduce reflections.
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• There should be ample optical access to be flexible for possible future plans.

• There should be good pumping access to obtain vacuum pressures in the lower
10−9 mbar region.

The result is the trapping chamber as is shown in a drawing in figure 3.14. The mag-
netic quadrupole field is generated by two coils in anti-Helmholtz configuration placed
outside the vacuum (902 windings each, typical current 3 A). The coils have an inner dia-
meter of 43 mm and an outer diameter of 125 mm. The distance between the two coils
is 56 mm. The electrical power consumed is∼ 60 W, therefore air cooling is sufficient.
Cooling ribs have been attached to the copper container in which the coils are placed,
and small fans provide air cooling of these ribs. The chamber is massive enough so that
these small fans do not introduce extra vibrations. The coils can be moved a few cm away
from the trapping chamber so that there is no direct contact. This enables us to bake the
trapping chamber to high temperatures without severe heating of the coils. A triangular
extension has been made on the side of the chamber to ensure a good access to the ion
pump, which is connected via a CF60 extension tube to the bottom of the trapping cham-
ber. A hole in the optical table enables us to place the ion pump underneath the table.
The chamber itself is mounted on an aluminium support structure on the optical table.

horizontal

trapping lasers

vertical

trapping laser

atoms from 

deflection

light

detection

Figure 3.14: A top view and a 3D view of the trapping chamber

3.9 Detection system

The fluorescence of the atoms in the trap is measured by a photo-multiplier tube (PMT)
in photon-counting mode. A lens system is used inside the trapping chamber to increase
the solid angle from which light is detected. This lens system is adopted from reference
[101]. In figure 3.15 a schematic drawing of the lens system is shown. The lenses are
held by a stainless steel tube which fits in the flange of the trapping chamber. The lenses
are fixed at their position by stainless steel spacers, and have a diameter of 2.54 cm. The
focal distance is 3.7 cm. Outside the vacuum trapping chamber the light from the trapped
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atoms is focused through a pinhole to reduce background light. The pinhole is imaged on
a photomultiplier. Alternatively a CCD camera or a photo-diode can be used, increasing
the total dynamic range of the detection system.

Figure 3.15: A schematic drawing of the lens system that is put inside the trapping chamber to
collect the light from the trapped atoms

3.9.1 Photomultipliers

To detect the light of single trapped atoms sensitive light-detectors are necessary. The
most sensitive light detectors for the blue region of the visible spectrum are photomulti-
pliers (PMT). They can be used in single photon counting mode such that for nearly every
photon that reaches the detector an avalanche of electrons is generated. The photon ge-
nerates an electron on the first stage of the photomultiplier, which is then accelerated in
a number of high-voltage stages, creating more and more electrons in every stage. In the
first PMT used, an EMI 6225, the electron pulse is then transformed to a voltage pulse
and amplified by an ORTEC 113 preamplifier in combination with an ORTEC 575A am-
plifier. The amplified voltage pulses typically have a duration of 10 ns and an amplitude
of 1 V. A constant fraction discriminator (ORTEC 463) was used to set a threshold level
for the voltage pulse, and it has to be set at the beginning of the single photon peak, in this
case at 0.3 V. The output of the CFD is a standard NIM pulse. For monitoring purposes
the output of the CFD is sent to a rate-meter with an acoustic indicator of the count-rate.
Simultaneously the number of photons detected as a function of time can be analyzed
by either the counters on a National Intruments card or the Oxford Instruments Tenne-
lec/Nucleus PCA-MULTIPORT MultiChannel Analyser (MCA). This 16,384 channel
MCA is used in MultiChannel Scalar (MCS) mode and is controlled and read out by a
DOS/IBM-PC via an IEEE-488 connection. With the MCA it is possible to count pulses
with dwell times varying from 10µs to 100 s with dead time between channels of only
2 µs.

A second photomultiplier that has been used is the the HAMAMATSU H 7360-02
integrated photon counting head. It can be used to measure fluorescence intensities ran-
ging from single atom fluorescence up to photon count rates of about 107 counts/s. It
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replaces the EMI-PMT for these tasks. The photon counting head comprises a low noise
photomultiplier (HAMAMATSU R1924A), a high speed photon counting circuit and a
regulated high voltage power supply. For its input, only a 5 V 150 mA power supply
is needed. The output pulses are counted with the MCA or with a LabView application
through the NI connector block. The signal can also be fed into the discriminator and the
rate meter for alignment purposes. The photon counting head is, according to the manu-
al, linear within∼ 1% when the count rate is below 2·105 counts per second. When the
count rate exceeds this level, the true count rate can be approximated by the following
correction formula,

N =
n

(1−n·1.8·10−8)

making it possible to measure count rates of∼ 1 ·107 counts per second within an error
of at most a few percent. The dark count rate at 25◦C is typically 60 counts s−1.

3.9.2 CCD camera

A SONY XCD-SX900 CCD camera with a zoom lens is used to examine the fluorescence
of the atom cloud in the Magneto Optical Trap at medium or high intensities (105 to 106

photons per second). The camera settings can be monitored and controlled using an
IEEE 1394 digital interface (firewire). Using special drivers for the IEEE-camera the
images can also be monitored in real time in a labview program. The full resolution of
the camera is 1024 by 968 pixels. Most often however the camera is used in external
trigger mode, where the trigger signal (TTL) is provided at the desired frequency by a
function generator. In this mode a higher refresh rate can be used at the expense of a
lower resolution. The main settings to control are the shutter time and the internal gain
of the camera. In a calibration experiment, these features of the camera were tested. The
camera was pointed to a screen on which a laser spot was projected. The shutter time and
gain were changed, and the average of pixel-intensity was measured, using a LabView
application. This LabView application has the option to select a Region Of Interest (ROI),
making it possible to measure the light intensity almost without background. It was
found that at least for shutter times below 0.5 s the CCD camera behaves linearly, and
the internal gain of the camera is exponential over the whole adjustable range (0-18 dB).






