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Chapter 5

Experimental results and analysis

5.1 Introduction

In this chapter the main experimental results are presented1. We begin by measurements
on a calcium atomic beam which are presented in section 5.2. These measurements are
used for frequency stabilization of the laser and characterization of the atomic beam. In
sections 5.3 and 5.4 the main properties of atoms trapped in the Magneto-optical trap
(MOT) are presented. Section 5.4 deals with the number of atoms in the trap.

These sections are followed by the achievements in realizing the key experimental
goals for the Alcatraz experiment, namely:

1. to reach an isotope selectivity of≥ 1014 such that the interfering background signal
of 40Ca no longer limits the detection sensitivity of41Ca - section 5.5

2. to reach the sensitivity needed to detect a single atom arriving in the magneto-
optical trap, such that the abundance of41Ca can be determined by counting the
number of atoms - section 5.6

3. to reach an efficiency in the transfer of atoms from the oven to the trap such that a
measurement of41Ca atoms at a low abundance level can be done within a reaso-
nable time - section 5.7

In section 5.8 we present and discuss the results on a measurement of the isotopic
abundances for the stable calcium isotopes in an atomic beam and in the MOT. These
measurements are of importance for the choice of a good reference signal for the deter-
mination of the41Ca abundance in a sample with unknown41Ca concentration.

1A number of the results presented in this chapter have been published:
S. Hoekstra, A.K. Mollema, R. Morgenstern, H.W. Wilschut and R.Hoekstra, Single-atom detection of calcium
isotopes by atom-trap trace analysis,Phys. Rev. A71, 023409 (2005)
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82 Chapter 5. Experimental results and analysis

Figure 5.1: The absorption of a laser beam crossing the atomic beam under an angle of 90◦ while
scanning the frequency over the 40Ca resonance. This measurement was done at a distance of 5 cm
from the exit of the oven

5.2 Atomic beam

One of the simplest experiments that can be done to characterize the atomic beam is
to measure the frequency dependent absorption of a laser beam intersecting the atomic
beam. Depending on the angle of the intersection the transversal and/or longitudinal
velocity component of the atoms can be measured by the broadening of the absorption
profile due to the doppler shift.

The absorption spectrum measured when the laser crosses the atomic beam under an
angle of 90◦ is shown in figure 5.1. This measurement was done at a distance of 5 cm after
the exit of the oven, while the oven temperature was set at 550◦ C. A gaussian distribution
with a FWHM of 198 MHz is also shown in the figure. Even though the absorption
shape is not a pure gaussian we can conclude that the transverse velocity distribution for
this oven temperature can be reasonably well described by a normal distribution with a
FWHM of 198/2.4 = 82.5 m/s. The standard deviation of such a distribution is∼ 35
m/s.

The measured longitudinal velocity distribution of the atoms out of the oven can be
seen in figure 5.2. It was determined by scanning the frequency of a laser beam crossing
the atomic beam under an angle of 45 degrees. The fluorescence of the atoms as a func-
tion of the laser frequency was measured by a photomultiplier. This measurement was
done in the trapping chamber using the beam from oven 2 (see figure 3.1). By recording
a similar spectrum with the laser beam crossing the atomic beam under 90 degrees (see
next paragraph and figure 5.3) the frequency scale could be calibrated, because in that
situation the different isotopes with known isotope shifts can be distinguished. This mea-
surement was done at a distance of 40 cm from the oven, using the vertical laser beam of
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Figure 5.2: The longitudinal velocity distribution of the atomic beam. It is deduced from the
frequency dependence of the fluorescence of the atomic beam when intersected by a laser beam
under an angle of 45◦. The fit corresponds to an oven temperature of 754 K

the MOT and the PMT connected to the MOT chamber. Only atoms with a small trans-
verse velocity can make it to the center of the trapping chamber where the laser beam
crosses the atomic beam. Therefore an influence of the transverse velocity component on
the measurement of the longitudinal velocity distribution can be neglected. The readout
of the temperature controller of the oven, which uses a thermocouple connected to the
oven, was 480◦C. The measured distribution can be fitted with a velocity distribution
corresponding to a temperature of 754±5 K, which is 481pm5 ◦C. It agrees very well
with the temperature as measured by the thermocouple connected to the oven.

The fluorescence spectrum measured when the laser crosses the atomic beam under
an angle of 90◦ is shown in figure 5.3. This is measured in the trapping chamber too,
and therefore the broadening due to the transverse velocity component is small. This
is confirmed by the width of the fluorescence peak of40Ca. The width is 38 MHz,
which is only slightly larger than the natural linewidth of 34 MHz. This corresponds to
a transverse velocity component of 1.9 m/s in the atomic beam. On the right side of the
40Ca peak the fluorescence of42Ca and44Ca can be seen. The isotope shift between40Ca
and44Ca is used to calibrate the frequency axis. A similar measurement on a logarithmic
scale is presented in section 5.8.

Using spectroscopy on the atomic beam from oven 2 (cf. figure 3.1) the laser fre-
quency is stabilized. This is done by comparing the laser frequency to the resonance
frequency of40Ca. Even though in an atomic beam we only probe the transverse com-
ponent of the atoms’ velocity there is significant Doppler broadening of the absorption
profile, as we have seen in figure 5.1. Therefore we have to use a Doppler-free me-
thod. Two widely used methods are Doppler-free saturated absorption spectroscopy and
polarization spectroscopy.
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Figure 5.3: The fluorescence of the atomic beam when intersected by a laser beam under an angle
of 90◦, at a distance of 40 cm from the oven

An example of the signals that are obtained by a variety of methods is shown in figure
5.4. In all cases, the probe laser is scanned over the resonance frequency of40Ca, and the
Doppler broadened absorption profile is shown in the top part of the figure. Then, when
switching on a counter-propagating pump laser beam a small transmission maximum can
be seen in the middle of the broad absorption profile: the Lamb dip. This is shown in the
second panel. The local maximum in the transmission of the probe laser beam is caused
by a smaller fraction of atoms in the ground state due to the intense pump laser beam.

The much narrower Doppler-free signal is shown in the third panel. This signal was
obtained by setting a linear polarization to both pump and probe beams, modulating the
pump beam and detecting the small induced modulation signal in the probe beam with
a lock-in amplifier. This is the standard technique of Doppler-free saturated absorption
spectroscopy.

The bottom panel of the figure shows the dispersive shape of the signal obtained
with polarization spectroscopy. The technique of polarization spectroscopy was treated
in section 3.3.2. The main idea is that the strong pump beam, with circular polarization,
induces through optical pumping a birefringence of the atoms. The transmission of the
weak probe beam, which is linearly polarized, is sensitive to this birefringence. The li-
near polarization of the probe beam can be thought of as composed of equal components
of right-handed polarized light and left-handed polarized light. In the optically pumped
sample one of the circular polarized components is more absorbed than the other com-
ponent, resulting in a rotation of the linear polarization. This is recorded by a detector
behind a crossed polarizer. The slope of the central linear part is about 100 mV / MHz,
which is easily strong enough to stabilize the laser to within 1 MHz. The laser beam
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Figure 5.4: Spectroscopy of the cooling transition of calcium. In the top panel the absorption of a
probe laser is shown as it is scanned over the transition. When adding a counterpropagating pump
laser the lamb dip can be seen in the second panel when both lasers excite the same atoms. The
doppler-free signal shown in the third panel has been separated from the broad absorption profile
by modulation of the pump beam and a lock-in amplifier. In the bottom panel the signal as obtained
from polarization spectroscopy is shown. This is the signal we use for the stabilization of the laser
frequency

used for the locking has also been sent through a double-pass AOM to provide a frequen-
cy shift to stabilize the laser at the42Ca or the44Ca frequency. For small detunings up
to 50 MHz a small rotation of theλ/4 waveplate is sufficient as it was found that it shifts
the position of the steep slope.

5.3 Magneto-optical trap

5.3.1 Trap decay time and loading time

The trap decay time is relevant for ATTA, because it determines whether the counting of
the atoms can be separated in a loading and detection phase. Only if the atoms remain
trapped for about 100 ms on average such a separation is possible. In the loading phase,
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Figure 5.5: The decay of the MOT fluorescence when the deflection laser is blocked. Without
repump laser the decay time constant is 21 ms, with repump laser the decay time constant is 221
ms

which could last 100 ms, large diameter laser beams can be used to capture atoms with a
large probability. After this phase the diameter and the power of the trapping laser beams
is reduced to be able to observe a trapped atom with a good signal to background ratio.
This phase would also last 100 ms. Such a separation was successfully implemented for
the ultra-sensitive detection of krypton isotopes using ATTA [65] where it increased the
capture rate by at least an order of magnitude.

The expected trap decay time has been discussed in section 2.5.2. The trap decay
time can be measured by switching off the loading of the MOT. The subsequent decay
of the MOT population can be monitored by the trap fluorescence. If cold collisions are
negligible the decay of the fluorescence can be fitted with a single exponential decay
the time constant of which is the average trapping time. To switch off the loading is
rather easy for our experimental setup: the atomic beam can be switched on and off by
switching the deflection laser on and off. Also the loading behavior of the trap can be
measured. The loading rate of the trap can be measured by switching the MOT beams on
and observing the subsequent increase of the MOT fluorescence.

The effect of the repump laser on the trap decay time is demonstrated in figure 5.5,
where the fluorescence decay of trapped40Ca atoms is shown. The time constants that
can be fitted are 21± 2 ms without repump laser and 221± 5 ms with repump laser.
The repump laser beam was retro-reflected and had a diameter of 5 mm and a power
of 5 mW. The decay times mentioned above are examples, as the actual value depends
strongly on the frequency and the intensity of both the 423 nm and the 672 nm laser. The
value of 21 ms is typical for a calcium trap, as similar trapping times were reported in
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Figure 5.6: The decay of the MOT fluorescence of 40Ca and 43Ca while using the repump laser

references [66,98, 99,113]. A remarkably short trap decay time of only 8 ms was found
in reference [114].

A difference between the loading and the decay time constants is a measure of losses
due to cold collisions between the trapped atoms [113,114]. Within experimental uncer-
tainties we did not find a difference between the loading and decay time constants of the
trap.

The decay time constant of 221 ms is significantly longer than any value found in
literature. In reference [113] 72 ms was found, in reference [99] 84 ms and in reference
[66] 100 ms was reported. In all cases it was reported that the lifetime is limited by the
background pressure. If we compare the value of the decay time with the repump laser
(221 ms) with the rate equation model developed in section 2.5.2 (see figure 2.11) we find
a loss rate due to collisions with the background gas of∼ 30/s, assuming saturation of the
repump transition. According to the simple formula by Bjorkholm [92]:γ = p/(2·10−8)
mbar/s, this indicates a background pressure of∼ 6 ·10−7 mBar. This is about a factor
of 10 higher than indicated by the ion pump connected to the trapping chamber during
experiments with the oven at high temperatures (500− 600◦ C). The average trapping
time is also rather sensitive to the power available for the repump transition, as can bee
seen from figure 2.10. The saturation intensity of this transition is 0.8 mW / cm2.

The most probable explanation for the long average trapping time compared to the
literature values is the deflection stage. The deflection stage has a very high isotope se-
lectivity, as will be shown in section 5.5. Furthermore, only slow atoms are effectively
deflected into the direction of the trap. This means that when trapping any of the calci-
um isotopes the un-decelerated fraction of the atomic beam, which would normally fly
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through the trapping volume, is removed. This hot atomic beam is probably what limits
the trapping time in the calcium traps reported in the literature [66,98,99,113].

The trapping time of the odd isotopes43Ca and41Ca which have a nuclear spin of
I=7/2 is an important issue, because both the upper and lower levels of the repump tran-
sition are hyperfine split with the transition spectrum spanning over approximately 500
MHz. It was reported in [66] that the trap lifetime of43Ca rose only to 60 ms due to
the incomplete coverage over the hyperfine structure of the repump transition with the
single-frequency repump laser. A higher power laser with various sidebands will be ne-
cessary to adequately repump the odd isotopes43Ca and41Ca. By just improving the
average trapping time of43Ca to 100 ms the authors of [66] expect an improvement of at
least one order of magnitude in both the trap loading rate and the detection limit.

We have therefore measured the decay time of43Ca in our trap while the repump
laser is on. The results are shown in figure 5.6. The decay time of 43Ca is increased by
the repump laser to 111±2 ms, while in this case the decay time of40Ca reached 275±2
ms. Extra care was taken in this measurement to make sure that the overlap between
the blue trapping laser beams and the red repump laser beams was optimized, and this
is probably also the reason for the longer decay time measured for40Ca compared to
the measurement presented in figure 5.5. The most important result however of this
measurement is that we demonstrate a repump-enhanced average trapping time of43Ca
over 100 ms, which can lead to the above-mentioned improvement of the trap loading
rate and the detection limit by at least one order of magnitude.

5.4 Number of trapped atoms

The number of trapped atoms,k, can be deduced from the fluorescence intensity of the
trapped atoms. For very low atom numbers we can look at the discrete steps in the
fluorescence and just count the atoms: these measurements are presented in section 5.6.
When larger numbers of atoms are present in the trap this method no longer works,
because the fluorescence steps smear out. The rapid fluctuation of the atom number for
largek makes it impossible to see the discrete steps. There we have to extrapolate the
number of photons emitted per atom from the single atom counting. This extrapolation
is valid under a number of conditions. The detector has to be linear over the counting
range. The Hamamatsu photon counting head H 7360-02 can be used up to 107 counts/s
as discussed in section 3.9.1. By placing a neutral density filter between the detector and
the trapped atoms we can make sure to stay within this linear range. Furthermore we
have to ensure a complete mapping of the atom cloud volume on the PMT.

According to a general investigation of magneto-optical traps by Townsendet al[115]
three different regimes can be distinguished for MOT’s: the temperature limited regime
(T), the multiple scattering regime (MS) and the two-component regime (TC). At small
numbers of atoms (1 to 104) the atomic density is low and interatomic effects can be
neglected. Since the temperature in this regime (T) does not depend on the number of
trapped atoms, the cloud radius is independent ofk and thus the density is proportional to
k. For medium numbers of trapped atoms (typically above 104) reabsorption of scattered
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Figure 5.7: The fluorescence signal of ∼ 91 trapped 46Ca atoms

photons within the trapped cloud is an important effect. This is the multiple scattering
regime. It was found experimentally [115] that the density in the MS regime is almost
independent of the number of atoms trapped. Thus the volume of the trap grows with the
number of trapped atoms. This effect would give us an underestimation of the number
of trapped atoms for k� 104 by only measuring fluorescence from the central part of
the trapped atom cloud. The two component regime, consisting of a cloud of cold atoms
surrounded by a larger cloud of hotter atoms, is only relevant for very high trapped atom
numbers above 108.

It seems therefore most accurate to determine the number of trapped atoms for atom
numbers in the range of 1− 104. We can use the large dynamic range of the isotopes
to our advantage here: the ratio in abundance between46Ca and40Ca is 2.5 · 104. As
will become clear in section 5.6 the fluorescence of single atoms can be measured. From
the amount of fluorescence shown in figure 5.7 we can conclude that a total number of
90 46Ca atoms is trapped. This measurement gives an indication of the number of40Ca
atoms that can be trapped for the same settings: 2.3·106.

5.5 Isotope selectivity

The compression stage, Zeeman slower, deflection stage and the trap together have to
provide the isotope selectivity required to separate the weak41Ca signal from the40Ca
signal. In the following sections measurements on the isotope selectivity of the different
components of the setup are discussed. The selectivity of the Zeeman slower and de-
flection stage could be tested by measurements of the isotopes in the trap. Because we
do not have enough laser power available to simultaneously do the atomic beam com-
pression its isotope selectivity was investigated in an atomic beam measurement. The
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Figure 5.8: Using a circularly polarized probe beam the Zeeman shift of the 42Ca and 44Ca reso-
nance can be seen. The current through the magnetic field coils is shown on the right of each panel.
With solid lines the Zeeman shift is indicated

technique developed for this measurement was then also applied to confirm the results
for the selectivity of the deflection stage.

First the compression stage is analyzed. Then the loading of the trap by a thermal
beam, a slowed beam, and a slowed and deflected beam is compared with respect to
isotope selectivity.

5.5.1 Compression

To test the isotope selectivity of optical compression a calcium atom beam was generated
in oven 2, and crossed with a laser beam at a distance of 5 cm from the exit nozzle. The
laser beam was retro-reflected 5 times between two mirrors to increase the effective laser
power. The power in the laser beam was 5 mW.
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Figure 5.9: Compression of the atomic beam as a function of the laser frequency. For a red detuned
laser an increase of the atomic beam flux, and for a blue detuned laser a decrease of the atomic
beam flux is seen

In this measurement the frequency dependence of the compression was studied, be-
cause from that we can determine the isotope selectivity. The isotope selectivity is then
defined as the difference in isotope ratio that can be obtained with and without compres-
sion.

The frequency of this compression laser was scanned slowly around the resonance
frequency of44Ca. The amount of44Ca atoms arriving in the trapping chamber 40 cm
downstream as function of the compression frequency was measured via fluorescence by
scanning a second (probe) laser, crossing the atomic beam, around the44Ca resonance.
This was done at a much higher rate than the frequency scanning of the compression laser.
In this way the total amount of44Ca arriving at the detection position could be measured
as a function of the compression laser. Frequency scanning the probe laser with an AOM
is not suitable, because of the limited frequency range and the beam pointing variation
with the frequency. Therefore we varied the effective resonance frequency of the probe
laser which was circularly polarized by scanning the magnetic field. In this way we could
always adjust the frequency of the probe beam to scan around the44Ca resonance.

The magnetic field was scanned by changing the trapping magnetic field coils to
a Helmholtz configuration to generate a uniform magnetic field and then continuously
scanning the amplitude of the magnetic field from a positive value to a negative value
using a bipolar current supply (Kepco BOP 20-10). With this method the effective laser
frequency in the trapping chamber can be adjusted on top of the main laser frequency
which was used to compress the atomic beam. The Zeeman shift is about 1.5 MHz /
Gauss. The fluorescence obtained by this method is shown in figure 5.8.
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The result of the compression measurement is shown in figure 5.9. The experimental
data obtained is a series of fluorescence peaks corresponding to the44Ca atoms. At the
right side of the spectrum these peaks can clearly be seen. The maximum value of these
peaks can be compared with the Monte Carlo simulation of section 4.4. The experimental
data and the calculation are normalized to the maximum intensity. In the experimental
data we find for a red detuning of 25 MHz a maximum increase of a factor 3.4, and for
a blue detuning of 20 MHz a decrease of a factor 4. The increase in signal for the red
detuning corresponds well with the simulation, while for a blue detuned laser a larger
decrease is found in the calculation. This difference can most probably be attributed
to the differences in the simulated and the real atomic beam. Atoms moving very fast
will not have the time to absorb enough photons to push them away from the beam axis,
and the contribution of these atoms might have been underestimated in the simulation.
Furthermore we noted that the alignment of the compression laser is very critical: it might
be that the vertical position of the horizontal compression beam was not fully optimized,
and that therefore a small contribution of non-compressed atoms is always present at the
detection position.

We conclude from this data that the compression laser has an effect mainly on the iso-
tope to which it is either blue or red detuned. When red detuned for41Ca the divergence
of the 40Ca is not much influenced. If enough laser power is available the best soluti-
on would be a combination of a red detuned compression for41Ca and a blue detuned
(de)compression for40Ca. The difference between the required frequencies is only∼ 100
MHz, a frequency shift that can easily be obtained with an AOM. The isotope selectivity
that can be reached should then be 102 to 103 for a two-dimensional compression stage.

5.5.2 Trapping thermal atoms in the MOT

The simplest ATTA configuration is to load the MOT directly from a thermal beam. Since
the capture velocity of the trap is∼ 60 m/s only the low velocity tail of the Boltzmann
distribution is trapped. When the MOT is operated on one of the rare heavier isotopes,
the large amount of40Ca limits the detection of these less abundant isotopes in the trap.
The horizontal trapping beams which intersect the atom beam at 45◦ can excite the fast
40Ca atoms in the atom beam as the frequency of the trapping laser beams is scanned
over the various isotopes. The broad velocity distribution of these hot40Ca atoms can
be seen in figure 5.10 as it dominates the fluorescence at frequencies where for example
trapped46Ca atoms should be visible. This background due to the hot40Ca atoms has the
shape of the Boltzmann distribution. To enable comparison with results of other loading
techniques which will be discussed further on, the fluorescence is set to 1 at the resonance
frequency of46Ca (1160 MHz). The ratio between the fluorescence of the trapped43Ca
and the background40Ca is∼ 0.15, and the ratio between the fluorescence of trapped
42Ca to the background fluorescence of40Ca is∼ 2.

It is not possible to obtain the isotope selectivity of the trap directly from this number.
Only Ca atoms with a velocity below the capture velocity of the trap can be trapped and
contribute to the observed fluorescence signal, e.g. for42Ca. In contrary, the fluorescence
of the 40Ca atoms originates from a group of atoms that have a velocity such that they
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Figure 5.10: Fluorescence from the trap loaded from oven 2. The background signal is caused by
40Ca passing through the trap with its original Maxwell-Boltzmann velocity distribution and being
excited by the horizontal trapping laser beams

are resonant with the horizontal trapping beams. At the trapping frequency of42Ca,40Ca
atoms with a velocity of∼ 210±20 m/s are in resonance too.

5.5.3 Zeeman slower

When the trap is loaded from a slowed atom beam the amount of trapped atoms increases
because a larger fraction of the atoms falls within the capture range of the trap. Figu-
re 5.11 shows the fluorescence detected in the MOT, while simultaneously scanning the
frequency of the trapping laser and the Zeeman slower laser beams over the range of
isotopes. This measurement was done before the deflection stage was installed. It can be
seen that the relative contribution of the hot40Ca atoms is greatly reduced. Comparing fi-
gure 5.10 to figure 5.11, the ratio of for example the trapped44Ca to the40Ca-background
increases from 2.5 to 5000.

The reduction of the40Ca-background enables the detection of trapped46Ca atoms
with a natural abundance of only 0.004 %, which was not possible when loading the trap
directly from the thermal beam. The figure is normalized to the intensity of the46Ca
peak. The ratio between the trapped46Ca and the background40Ca is∼ 3, for 43Ca the
ratio to the40Ca background is∼ 15. The increase of isotope selectivity is the result
of both the increased fraction of slow atoms and the isotope selectivity of the Zeeman
slower itself, which makes it impossible to conclude on an accurate value for the isotope
selectivity of the Zeeman slower.
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Figure 5.11: Fluorescence from the trap loaded from a slowed but not deflected atom beam. This
spectrum was taken before the deflection stage was installed

5.5.4 Deflection

We find that the background signal from fast40Ca atoms disappears almost completely
when loading the trap from a deflected, slow beam. In the measurement presented in
figure 5.12 the background in between all the trapped isotopes is found to be mostly
dependent on the intensity of the laser trapping beams, and only slightly on the oven
temperature (atom flux). This is further illustrated by figure 5.13. Here the fluorescence
from the trap is shown while scanning over the43Ca trapping frequency for two different
oven temperatures. While the43Ca peak intensity increases by a factor of 6.6 (from∼ 500
to ∼ 3300 counts/10 ms), the average background level changes only from 475.9±0.7
to 492.5± 0.5 counts/10 ms. This insignificant background increase of less then 4 %,
corresponding to 16.6± 0.6, is due to extra40Ca atoms. The purely40Ca dependent
background component should also have increased by a factor of 6.6: therefore we can
conclude that at 450◦C the background contribution due to40Ca is 2.5±0.1 counts/10
ms. The43Ca signal relative to the40Ca background is therefore∼ 200. When comparing
this to a directly trapped thermal beam (figure 5.10) the ratio of the43Ca signal to the
40Ca background is increased by a factor of∼ 1300. The rest of the background is due
to laser light scattered from the walls and the windows of the trapping chamber, and can
be further reduced to 125 counts / 10 ms as shown by the data on single atoms, presented
in section 5.6. It is noted that the measured43Ca to46Ca ratio changes, when comparing
figure 5.11 to figure 5.12. This is discussed in section 5.8.

In order to determine a number for the isotope selectivity of the deflection stage
we have applied the same method as was used to analyze the compression stage. The
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Figure 5.12: Fluorescence from the trap loaded from a slowed and deflected beam

magnetic field in the trapping chamber where the deflected atomic beam was detected
was scanned, and the isotope composition of the beam probed by a circularly polarized
laser beam. Two situations were compared: direct loading from a thermal beam from
oven 2 and loading by a deflected and slowed beam from oven 1. The result is shown
in figure 5.14. We have not been able to detect any40Ca from the slowed and deflected
beam in the trap. From the background fluorescence in the trap a lower limit of the
isotope selectivity of 5·104 is estimated.

5.6 Single atoms in the trap

For the detection of41Ca it is necessary to have the ability to observe individual atoms
in the MOT. This is necessary because the expected loading rate for41Ca at the natural
abundance level is always less than one atom per second while the average trapping time
of an atom is on the order of 200 ms (see section 5.3.1). Therefore there will never be
more than one41Ca atom at a given moment in the trap, and we have to make sure that
we can detect each one of these atoms.

The experimental challenge is to separate the small amount of light scattered by a
single atom in the trap from the light coming from all background sources. The main
background source is reflected light from the trapping lasers. A number of modificati-
ons was made compared to a standard MOT design to be able to reach the single atom
sensitivity, as was described in section 3.8.
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Figure 5.13: Fluorescence intensity of 43Ca and background level intensity for two different oven
temperatures. The 43Ca peak intensity increases by a factor of 6.6, while the fluorescence back-
ground level remains almost constant

The procedure to test the sensitivity of the detection system is as follows: the lens
system outside the vacuum chamber was aligned optimally to a bright40Ca MOT, using
a neutral density filter in front of the detector to prevent overexposure. Then the oven
temperature is gradually reduced resulting in a reduced beam flux, and the neutral density
filter is removed. At some point the loading rate is so low that only a few atoms per
second arrive in the trap. If the background is reduced sufficiently at this moment discrete
steps in the fluorescence can be seen. If both the 423 and 672 lasers are set at the right
frequency then the average trapping time is on the order of 100-200 ms.

In figure 5.15 a series of three typical spectra showing the signature of only a few
atoms in the trap are shown for a decreasing loading rate. In the top panel the trap was
loaded by an atomic beam from the oven set at 230◦C. The oven temperature for the
second panel was 214◦C, for the third panel 207◦C. A smoothing procedure (adjacent
averaging) was applied to remove some noise from the data.

It is clear that from such data it can be concluded unambiguously whether an atom
is in the trap or not. By increasing the bin size the signal to noise ratio can be further
increased. The number of atoms arriving in the trap can be monitored in real time by
using a labview program that was written for this purpose.

The data presented in figure 5.15 can be analyzed with the statistical models devel-
oped in chapter 2. The histograms corresponding to the raw data sets of figure 5.15
are shown in figure 5.16, together with a fit by the statistical model from chapter 2.
The average number of atoms (k) in these three experimental situations is obtained from
the fitting parameters. For the top panel we findk = 0.88±0.01, for the middle panel
k = 0.37±0.01 and for the bottom panelk = 0.26±0.01. The average number of pho-
tons per atom was found to be 33.2±0.3 for the measurement in the top panel. For the
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Figure 5.14: A scan over 40Ca and 42Ca comparing a thermal atomic beam and a slowed and
deflected atomic beam. We do not detect a contribution of 40Ca in the deflected atomic beam. The
laser frequency of the deflection stage is set slightly red detuned for 42Ca

other measurements it was 34.4±0.3 and 27.9±0.3. The difference in these number are
most probably related to the detuning of the laser.

5.6.1 Detection efficiency and sensitivity

From the detection of single atoms we can deduce the total detection sensitivity of the
detection system. We know that a calcium atom stays in the trap (without repump laser)
for on average 100,000 excitations, therefore a similar number of photons is emitted. We
detect about 35 photons / 4 ms per single atom in the trap: this translates directly to a
total photon detection efficiency of about 0.2 %. This includes the limited collection area,
the transmission through the lens and pinhole system and the detection efficiency of the
PMT. It should be clear though that the atom detection sensitivity is practically 100 %.

5.7 Efficiency and loading rate

The efficiency is defined as the fraction of the atoms leaving the oven that are detected
in the trap. As the number of atoms can be determined most accurately for low atom
numbers we have measured the intensity of the fluorescence of the least abundant stable
calcium isotope,46Ca. This isotope has an abundance of 0.004 %.

In figure 5.7 the signal of the trapped46Ca atoms is shown as we scan over the trap-
ping frequency. The oven temperature was set to 550◦ C. From the maximum fluorescen-
ce signal we can find the number of trapped atoms: 8000 photons / 10 ms corresponds
to 3200 photons / 4 ms. Since we detect 35 photons/atom/4 ms this corresponds to a
steady state number of∼ 91 trapped46Ca atoms. Since the average trapping time wit-
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Figure 5.15: The fluorescence of the trap for only a few trapped atoms, for three different loading
rates, decreasing from the top to the bottom panel

hout repump laser is 20 ms, this corresponds to a loading rate of∼ 450046Ca atoms/s.
Extrapolating this to40Ca we find a loading rate of∼ 1.1·108/s. This loading rate would
enable us to detect41Ca in samples enriched to a 1·10−10 level at a rate of 40 atoms per
hour.

In order to find the efficiency from the loading rate we would have to know the total
flux of atoms evaporated from the oven. As was mentioned in section 3.4 we can pre-
sently not measure this number. The estimated beam flux of 5·1013 atoms/s would gives
us an efficiency of 2.2·10−6. This is rather close to the estimated efficiency in chapter 4,
which was 1·10−6 without a 2D compression stage or cooling of the vertical component
during the atomic beam deflection. With sufficient laser power for these extra cooling
stages it was estimated that the efficiency can be increased by a factor of∼ 2100, resul-
ting in a loading rate of 2·1011/s. At this loading rate 741Ca atoms could be detected per
hour at the natural abundance level.
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Figure 5.16: The histograms of the fluorescence in the trap for a low number of trapped atoms.
The three panels correspond to the three data sets shown in figure 5.15. The histograms are fit with
the statistical model developed in chapter 2

5.8 Measuring the isotope abundances

For a measurement of the abundance of41Ca in a sample it is necessary to compare the
amount of41Ca atoms counted to the signal of one of the stable isotopes. This does not
necessarily have to be the signal of the trapped atoms, it could also be a fluorescence
signal in the atomic beam. To calibrate the system the41Ca signal and this reference
signal have to be measured in a series of samples with a known41Ca/40Ca ratio. A
series of calibrated samples in the form of CaCO3 exists in the range of 10−6 to 10−13

[116] which can be used to calibrate the experimental setup. For the processing of these
samples a slightly modified oven has to be built with the ability to heat the sample to
1000◦ C, which is required to dissociate the CaCO3 molecules and obtain a beam of
calcium atoms.
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Figure 5.17: The fluorescence of the calcium isotopes when excited in an atomic beam. The
fluorescence peaks have been fit with Lorentzian profiles with an amplitude corresponding to the
literature values of the isotope abundances

It is therefore not necessary to know the absolute number of the efficiency of the
experimental setup, from oven to detected atom, for the different isotopes. Only relative
values matter; a reference signal should be found that responds similar to a change of
the laser power, for example. For that reason an investigation of the isotope ratio in an
atomic beam and in the trap are important. Here we have special interest in the isotope
43Ca, with a natural abundance of 0.14 %, because it has the same hyperfine structure as
41Ca. The presence of the hyperfine structure might influence the efficiency of different
parts of the experiment.

In an atomic beam

In figure 5.3 besides the fluorescence of40Ca the contribution of42Ca and44Ca could
already be seen. A similar measurement but with a larger scanning range is shown in
figure 5.17. The vertical axis has a logarithmic scale. The peaks of the different isotopes
have been fitted with Lorentzian profiles, all having the same width (38 MHz) and an
amplitude corresponding to the natural abundance as given in table 2.1. The fit curve is
in good agreement with the measured spectrum.46Ca can not be seen in the data because
at this detuning the fluorescence in the wings of the scattering profile of40Ca is larger
than the maximum of the signal of46Ca. Although the fit seems good, the signal of43Ca
is too weak to make an accurate determination of its abundance.
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Table 5.1: The measured abundance of the stable calcium isotopes compared to literature values
from [117]. 44Ca is taken as a reference point, and for 43Ca two values are shown for two different
laser powers (50 mW / 70 mW)

Isotope Measured(%) Literature(%)

40 − 96.94(16)
42 0.68 0.65(2)
43 0.006/0.06 0.14(1)
44 [2.09] 2.09(11)
46 0.005 0.004(3)
48 0.15 0.19(2)

This figure also illustrates the problem of the limited selectivity that can be achieved
in one excitation step. The power of ATTA lies in the fact that the same transition is used
over and over again, adding isotope selectivity in each excitation step.

In the MOT

In order to measure the ratio between the abundance of the various calcium isotopes in
the trap it is not necessary to measure the absolute number of trapped atoms. The ratio
between the fluorescence intensities is sufficient to deduce the abundance ratio. However,
because of the large range in abundances we have to be careful regarding the linearity of
the observed fluorescence with atom number, as was discussed in section 5.4.

The fluorescence intensities of the various trapped isotopes shown in figure 5.12 are
compared to literature values [117] in table 5.1. The absolute amount of40Ca could not be
measured accurately in the same experiment due to the high intensity of the fluorescence:
therefore the relative abundance of the heavier isotopes was compared to44Ca. The
abundance of44Ca was set to the literature value of 2.09%.

For all isotopes except43Ca the agreement is reasonable. In the case of43Ca we
detect for the typically used laser power of∼ 40 mW an amount of fluorescence which
would indicate an abundance of only 0.006%. This corresponds to only∼ 4% of the
literature value. This large discrepancy is due to differences in the cooling and trapping
efficiency of the odd isotopes of calcium: the odd isotopes41Ca and43Ca have a nuclear
spin of I=7/2. The associated magnetic substructure of the ground and the excited state
influences the Doppler cooling force. Comparable observations have been reported for
the odd strontium isotopes [86]. We have adapted the theoretical model developed for
strontium and have solved the generalized optical Bloch equations for the odd calcium
isotopes taking into account all the hyperfine states and their magnetic sub-states. We
find that the maximum deceleration force on the odd isotopes for a one-dimensionalσ+-
σ− optical molasses configuration is only half as strong as that on the even isotopes.
This indicates that the number of photons emitted per trapped atom in a certain period of
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Figure 5.18: The fluorescence of the trapped isotopes for a total laser power of 70 mW. The ratio
between 46Ca and 43Ca is increased by a factor of 12.5 compared to the measurements presented
in figure 5.12, where the total laser power was 50 mW

time is only half that of the even isotopes. This alone cannot explain the reduction of a
factor of 25 in the detection of43Ca. Since the cooling force is weaker this effect could
also limit the efficiency of the deflection and slowing of the odd isotopes. In order to
investigate this issue, we have done a recent experiment where we find that the measured
43Ca abundance depends significantly on the laser-power. The resulting scan over the
different isotopes in the MOT is shown in figure 5.18.

Increasing the total laser-power from 50 mW to 70 mW the ratio between43Ca and
46Ca increases from 1.2 to 15. The ratio of43Ca/46Ca can be more accurately measured
than the ratio with the more abundant isotopes, due to non-linear effects in the detection
system for the very high count rates when measuring44Ca. A ratio of 15 corresponds
to a measured abundance for43Ca of 0.06 %: this is roughly half of the literature value.
This observation indicates clearly that the efficiency of the deflection and the Zeeman
slower is different for the odd and even isotopes, and depends critically on the laser
power available. Thus for the planned investigations on41Ca, the isotope43Ca should be
chosen as reference, due to its expected similar behavior in the experimental scheme.
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5.9 Conclusions

The main experimental achievements are summarized here. At the introduction to this
chapter we defined three experimental goals regarding the isotope selectivity, the detec-
tion of single atoms and the efficiency.

We can conclude that we have reached an isotope selectivity such that the contribution
of 40Ca to the background signal, when measuring any of the other calcium isotopes, is
less then the fluorescence of a single trapped atom, and thereby is not the limiting factor
of the sensitivity. This gives a lower limit for the isotope selectivity of 5· 1013. The
essential step to reach this isotope selectivity is the deflection stage.

The detection of single calcium atoms in the magneto-optical trap was shown to be
possible. The use of a repump laser, increase the average trapping time from 20 ms to
over 200 ms was an important step towards a good signal to noise ratio in these measure-
ments.

The efficiency of the experiment is presently estimated at 1·106. It has been found
that with extra laser power the efficiency can be improved, as is shown by the measure-
ments on the compression stage.

Besides these three main goals we can conclude from the laser power dependence
of the isotope ratio in the trap that it is essential to use a good reference signal for the
conversion of a measured41Ca signal to a41Ca/40Ca ratio. It was found that the isotope
43Ca can probably provide the most reliable reference signal.






