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Chapter 4

Experimental sequence

In this chapter a description is given of the preparation of ultracold atoms in the desired
Zeeman states and the measurements of Feshbach resonances in collisions between
atoms. Figure 4.1 shows an overview of the entire experimental sequence in the form
of a timeline. The sequence displayed is used for most measurements of Feshbach
resonances, the cases where the procedure is adapted are described in the text. The
preparation of the cold atoms involves evaporation steps and a transport of the cold
sample to the science cell, where the Zeeman states are prepared and the measurements
are taken. Each experimental cycle takes up to 60 s, depending on the holding time
at a specific magnetic field to determine magnetic field dependent losses. Furthermore
the magnetic field calibration and selected measurements are presented.

A vital step in the experimental sequence is the reproducible preparation of binary
mixtures of Zeeman states. This is required to be able to investigate a Feshbach
resonance in a specific channel. Multi component mixtures of Zeeman states complicate
the assignment of observed loss features.

In earlier experiments on the apparatus [Tie09a] a number of different state prepara-
tion procedures were implemented in the main chamber. The 40K atoms were prepared
in the fully stretched |F = 9/2,mF = 9/2〉 state by forced evaporation of the unde-
sired states in the magnetic trap or in a combination of optical and magnetic trap.
Additionally optical transitions at low and high magnetic field and adiabatic sweeps
to high-field seeking states were employed. All these experiments made use of Zeeman
state sensitive detection by means of a Stern-Gerlach experiment in the main chamber.
However, the Stern-Gerlach detection in the main chamber required very low dipole
trap frequencies ωr = 2π× 560Hz (corresponding to about 2% of the full ODT power)
to resolve the individual states to confirm a succesful state preparation. At such low
ODT powers a lossless optical transport of the cold clouds to the science cell can hardly
be achieved, the ODT is best set to full power for this purpose. In the absence of state
dependent detection the preparation of the states at a higher trap depth can leave
atoms in undesired states undetected. In addition, without Stern-Gerlach experiment
at the science cell, de-polarization of the states during the transport is difficult to
detect.

In the course of this work we build a coil to perform Stern-Gerlach detection (see
Sec. 3.7) at the science cell. We added switches and antennas (see Sec. 3.10.2) to have
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(a) (b) (c)

Figure 4.2: Scaled optical density (OD) images of the atoms taken 3ms after release
from the magnetic trap without (a) and with (b) the optical plug. The number of
atoms in the cloud depicted in (a) is 1× 106. Using the same fitting procedure for the
cloud in image (b) yields 4× 106. The cross in (b) indicates the approximate position
of the ODT with respect to the plug beam. (c) Vertical cut trough the (unscaled)
optical density distribution of the same atom clouds with (top) and without the plug
(bottom).

all necessary radio and microwave frequencies for the state preparation available at
the science cell as well. The states can now be prepared and detected at the same
dipole trap depth. The Stern-Gerlach detection is possible to trap frequencies of up to
ωr = 2π×2.7 kHz (corresponding to ≈ 40% of the full ODT power). This arrangement
also allows for the state sensitive detection of Feshbach resonances.

4.1 Atom cooling and trapping

The experimental cycle starts with 16 s of MOT loading (step A in Fig. 4.1). The
details of the MOT set-up are described in Sec. 3.4.2. The optical plug (see Sec. 3.5
for details) is switched on from the beginning of the MOT loading. At the end of the
MOT loading the 2D-MOT beams are switched off with shutters; and the shim-coils,
which create an offset field to move the MOT to a position favourable for loading, are
ramped down to zero. The MOT is compressed in 10ms by ramping the magnetic
gradient from 14G/cm to 44G/cm (step B in Fig. 4.1).

After compression, the MOT field is switched off and an offset field of 3.6G along the
axis of the optical pumping beam is switched on (step C, for more details see Sec. 3.4.2).
Repump light in all directions is also switched on. The optical pumping light and the
repump light transfer the atoms into the magnetically trappable states f, . . . j in the
lower hyperfine manifold of the ground state |2S1/2, F = 9/2〉 (see Fig. 2.2). For the
forced evaporation step later in the sequence, it is crucial that more than one trappable
state is populated, as identical fermions do not thermalize via s-wave collisions. The
optical pumping step is optimized accordingly (see Sec. 3.4.2). Following the optical
pumping light pulse of 60µs, the magnetic trap is switched on to a vertical gradient
of 88G/cm and subsequently compressed by increasing the gradient to 176G/cm in
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300ms (step D in Fig. 4.1). The offset field for the optical pumping is ramped down
to zero during this compression. In this way we load up to 1 × 109 atoms into the
magnetic trap.

In the magnetic trap the atom number and temperature are reduced by forced
evaporation [Hes86, Lui96, Ket96] using microwave radiation driving the transitions
from the lower to the upper hyperfine manifold of the ground state (step E). The
microwave frequency is resonant with the transitions from the trapped Zeeman states
f, . . . j to the untrapped states in the upper hyperfine manifold |2S1/2, F = 7/2〉. The
frequency of the microwave radiation is swept from 1160MHz to 1280MHz in five
sweeps in a total time of 22.3 s. The hyperfine splitting at zero magnetic field is
∆Ehf = 1285.79MHz. The combination of the individual sweeps approximates an
overall exponential sweep. Due to the Zeeman effect experienced by the atoms in
the gradient of the magnetic trap, atoms which are further from the magnetic trap
center have a higher total energy and are preferentially removed from the trap. Re-
thermalization of the remaining atoms via collisions lowers the temperature of the
cloud. At the end of the evaporation stage there are typically 2.5 × 106 atoms in the
plugged magnetic trap.

As shown in Fig. 4.2 the optical plug suppresses Majorana losses resulting in an
increase of the atom number compared to the case without the optical plug. In the ex-
ample shown, the cloud is evaporated in four sweeps to 1278MHz and imaged after 3ms
time-of-flight. With the optical plug switched on, our imaging and fitting procedure
does not yield accurate atom numbers as the Stark-shift and the non-Gaussian cloud
shape are not taken into account. However, for alignment and optimization purposes
the atom number obtained from the fit using a Gaussian profile provides a relative
measure to compare to the atom number in the unplugged trap. The fit yields four
times more atoms with the plug than without the plug.

For the ODT loading (step F in Fig. 4.1), the gradient of the magnetic trap is
ramped down to zero in 250ms while the power of the ODT (see Sec. 3.6) is ramped
to full power. The cross in Fig. 4.2 (b) indicates how the ODT beam is aligned with
respect to the plug beam. The two beams are co-propagating and the focus of the
ODT beam is shifted away from the plug region. At full power the ODT is 345µK
deep and we transfer typically 1.2 × 106 atoms into the ODT, an efficiency of about
50% compared to the atom number in the optically plugged trap. The optical plug is
switched off after the loading of the ODT.

The optical transport (step G, see Sec. 3.6) transfers the atoms in an approximate
(half a period long) sinusoidal velocity profile in 4.4 s over 22 cm from the main chamber
into the science cell. To prevent de-polarization of the atom cloud in the ODT during
the transport, an offset field of about 2.5G is ramped up in 50ms using the fast sweep
coil located at the science cell (see Sec. 3.7). We have optimized the switch-on point
in time and the magnitude of the offset-field to minimize de-polarization. The field is
ramped on after about 75% of the transfer-time has passed. The focus of the ODT
is then within about 10% of its final position, which corresponds to a distance of less
than a coil diameter away from the center of the fast sweep coils. The full-power ODT
contains typically 1× 106 atoms after the transfer to the science cell.

In the science cell the gas is evaporatively cooled by reducing the power of the ODT
to 5 – 10% of the initial power (step H in Fig. 4.1). This evaporation takes a total of 3 s
and is performed in several ramps approximating an overall exponential ramp [Ada95].
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Figure 4.3: Schematics of the state preparation. Optical density images taken after
applying a Stern-Gerlach pulse show: (a) state population before the preparation; (b)
after clean out; (c) prepared states. As depicted in (d) and (e) the state preparation
is done in two steps: With microwave (blue, horizontally striped arrows) atoms in
undesired states are excited to the F = 7/2 state. Resonant (green, tilted striped
arrows) light drives a transition to the |2P3/2, F = 5/2〉 state and removes the atoms
from the trap. In the second step atoms are transferred to the desired spin states using
radio frequency sweeps (red, filled arrows). The last step is done at a higher offset field
(see text).

The final power of the ODT is chosen depending on the experiment to be performed.
For most of the measurements presented in this chapter and Chapter 5 the final power
of the ODT was 60mW, corresponding to a trap depth of about 12 µK. In this trap
there are typically 2− 4× 105 atoms at a temperature of about 1 µK.

4.2 State preparation

For a proper assignment of the various Feshbach resonances in the scattering channels
of 40K atoms a pure and balanced binary mixture of only the desired Zeeman states
is beneficial. As shown in Fig. 4.3(a) only the low-field-seeking states of the lower
hyperfine manifold |2S1/2, F = 9/2〉 are populated when the atoms are loaded in the
ODT. The offset field applied during the transport preserves this population.

The preparation of a balanced binary mixture of states is done in two steps, first we
apply a state cleaning procedure in which all atoms except those in the state j (mF =
9/2) are removed (step I in Fig. 4.1). The result is shown in Fig. 4.3(b). Secondly the
desired states are populated by means of a radio-frequency transfer procedure (step J),
the result is shown in Fig. 4.3(c). The images shown were taken using Stern-Gerlach
imaging, which will be described in Sec. 4.4. The microwave and radio frequencies
employed for the state preparation are derived from the same DDS systems used in the
main chamber and switched to the science cell as described in Sec. 3.10.2 and shown
in Fig. 3.18. Within experimental error we have not observed any heating of the cloud
due to the state preparation.
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Figure 4.4: Loss features in the atom number when driving the labelled transitions
without applying atom removal light. The offset field in this example is about 6G and
the frequency is scanned for each point over 300 kHz in 300ms.

4.2.1 State cleaning
The state cleaning procedure is illustrated in Fig. 4.3(d) and (e). The atoms in the
undesired Zeeman states f, g, h, i in the lower hyperfine manifold |2S1/2, F = 9/2〉 are
excited with microwave radiation to the upper manifold |2S1/2, F = 7/2〉. From there
the atoms are removed by resonant σ−-polarized light tuned to the |2S1/2, F = 7/2〉 −→
|2P3/2, F = 5/2〉 electronic transition in the D2-line.

The atom removal light is necessary due to spin exchange. To illustrate the phe-
nomenology, we show in Fig. 4.4 the effect of microwave sweeps in the range of 1268–
1280MHz. In this example the sweeps are done without atom removal light. For each
point the frequency is swept over 300 kHz in 300ms. Loss features appear when the
frequency is resonant with transitions to the upper hyperfine manifold. The loss oc-
curs because atoms excited to the upper hyperfine manifold undergo spin exchanging
collisions [Hap72] with the atoms in the lower hyperfine manifold, resulting in atom
loss. Contrary to spin exchange within the lower hyperfine manifold (see Sec. 2.4)
this process is exothermic, releasing energy in the mK range, heating the atom clouds
to temperatures higher than the trap depth of the ODT. As expected for this spin-
exchange mechanism, the loss of the population also occurs in states which are not
excited by the microwave radiation. This is shown in Fig. 4.5, where the atoms are
detected with Stern-Gerlach imaging.

The state cleaning for the Feshbach measurements is done in the science cell at an
offset field of 7.2G produced by the fast sweep coils in the presence of atom removal
light. The field is ramped up in 50ms from the offset value used during the transport.
With a series of four sweeps of microwave radiation the atoms from the undesired states
f, g, h, i in the lower hyperfine manifold are excited to the states k, l,m, n in the upper
hyperfine manifold. In each of the four sweeps, the microwave radiation is swept over
a range of 50 kHz in 35ms. These sweeps are done around the frequencies to drive
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Figure 4.5: Loss in spin states due to spin exchanging collisions with states in the upper
hyperfine manifold when not applying atom removal light. Around 1271MHz only the
j → k microwave transition is driven. At 1274.6MHz only the transitions i → l and
h→ k are addressed. The offset field in this example is about 6G.

the transitions g → n and f → m (first sweep); h → l (second sweep); i → l and
h→ k (third sweep); and i→ k (fourth sweep). The atom removal light tuned to the
|2S1/2, F = 7/2〉 −→ |2P3/2, F = 5/2〉 transition prevents losses due to spin exchange
between the microwave excited atoms and the remaining atoms in the states in the
lower hyperfine manifold. At the offset field employed, the Zeeman splitting of the
four populated states in the upper manifold is about 6MHz, the same as the linewidth
Γ of the D2 line. The Zeeman splitting of the electronically excited states in the
|2P3/2, F = 5/2〉 manifold at the offset field is about 2Γ. With sufficient intensity, it
is not necessary to sweep the frequency of the atom removal light, but adequate to
tune the frequency within about 2Γ for optimal atom removal. The intensity and
detuning of the atom removal light is optimized by exciting the population of one of
the trapped states by microwave radiation to the upper hyperfine manifold, applying
atom removal light and detecting the remaining atoms with Stern-Gerlach imaging.
When the atoms are efficiently removed from the upper hyperfine manifold, no losses
occur in the remaining trapped states. The population in the cleaned-out state is
minimized, while the occupation in the other states is conserved. When the intensity
of the atom removal light is too high, also atoms in the lower hyperfine manifold are
optically excited to the |2P3/2〉 manifold and are lost from the sample. The optimal
intensity was established experimentally.

4.2.2 State transfers
The state cleaning leaves atoms only in the |2S1/2 F = 9/2,mF = 9/2〉 state. For a
70mW deep trap, the atom number is typically 1.7 × 105. From there the atoms are
transferred in two radio-frequency sweeps [Rub81] to the desired final states. To get
a good resolution between the states, the offset field is increased from 7.2G to about
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17G in 100ms. The energy difference between the Zeeman states then differs by about
41–47 kHz, which we are able to resolve with radio frequency. A higher field would in
principle enable the reduction of the sweep time, nevertheless it was chosen to keep the
field as low as possible to be able to explore Feshbach resonances at a field as low as
possible. The first sweep over 90 kHz in 500ms transfers the atoms adiabatically into
the state with the higher Zeeman energy of the two desired states. A second sweep
over 30 kHz in 500ms produces the mixture with the adjacent state. For this second
sweep the radio frequency power is reduced to 1/3 of its initial value. The final states
are each populated with typically 3×104 atoms. The temperature of the cold atoms is
1 µK, corresponding to T/TF ≈ 1.5.

The first radio-frequency transfer shows the best result when only one state is
initially populated. Up to four final states are populated by the transfer if two states
are initially populated. The combination of spin cleaning and radio-frequency transfers
as described above is used to produce mixtures of adjacent states. However for the mF

= 7/2 and mf = 5/2 mixture (i + h), as well as for the mF = 9/2 and mF = 5/2
mixture (j + h) the preparation procedure is adapted. For the i + h mixture, first an
adiabatic transfer is performed from the state mF = 9/2 to to the state mF = 5/2
and then atoms in the undesired states are removed as described above. Accordingly
for the j + h mixture the state mF = 7/2 is transferred to the state mF = 5/2 and
the atoms in undesired states are cleaned out. This method results in higher atom
numbers in the mixtures. It can also be adapted for mixtures of the states a, b and c.
There the population in the states j, i, h . . . is first transferred adiabatically into the
a, b, c . . . states, before employing further state cleaning and state transfers.

4.3 Field-dependent loss measurements

Following the spin preparation the offset field is decreased from 17G to 6.45G and the
power supply of the main Feshbach coils is switched from the dummy load to the coils
(see Sec. 3.7). The magnetic field reaches 95% of its final value within 10ms. It takes in
total 0.5 s to reach the set current to within 1%�. Once the final field is reached by the
Feshbach coils the fast sweep coils are ramped up within 10ms. The fast sweep coils
produce fields up to 17G and are used to scan the magnetic field around a Feshbach
resonance to resolve details. The Feshbach coils produce the big magnetic field offset
to reach field values below the resonance and the fast sweep coils are used to scan over
the resonance. In this way we prevent that the field drifts slowly over the Feshbach
resonance during the settling of the current.

After the delay (step K in Fig. 4.1) due to the settling of the current, the actual
Feshbach experiment (step L) is performed. We determine the positions of the Feshbach
resonances by an increase in the atomic loss rate [Reg03a]. The mixture of cold atoms in
the prepared states is held at a magnetic field value for an adjustable holding time (0.5 –
10 s) and the remaining atoms are detected subsequently. For scans over magnetic field
ranges larger than 17G, only the current through the main Feshbach coils is scanned.
To minimize in this case the effect of the settling of the current on the detected relative
losses, the actual measuring time is chosen much longer (>3 s) than the settling time.
Switching the Feshbach coils off takes about 600 µs; to prevent depolarization of the
spin states due to the switching, a small offset field is applied.
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4.4 Stern-Gerlach imaging
Once the Feshbach coils are switched off, the mixture is detected by absorption imaging
after a time-of-flight. To distinguish the different spin states contained in the cold atom
cloud a Stern-Gerlach gradient field (step M in Fig. 4.1) is applied before zero-field
imaging (step N in Fig. 4.1). The magnetic gradient is pulsed on for the first 3.7ms
of the time-of-flight after the cold atoms are released from the optical dipole trap. A
single coil, situated about 1 cm above the atom cloud, produces a gradient of 100G/cm,
which is sufficient to separate the spin states during the 4ms total time-of-flight. The
current is switched between a resistive dummy load and the coil using FETs. This
ensures a fast switching of the Stern-Gerlach field. Again, to prevent depolarization of
the states during the switching, an offset field of 6.45G is applied.

After all the coils are switched off and the magnetic field has decayed, the imag-
ing and repump light flashes are applied and the atoms in the separated clouds are
detected. The switch-off of the offset field does not affect the state-dependent detec-
tion, as the initial population distribution in the states spin is now separated in space.
Any depolarization at this stage is not relevant, the imaging itself is done without an
applied field (see Sec. 3.8).

The Stern-Gerlach pulse is sufficient to separate the spin states in clouds at tem-
peratures of around 12µK, so it is necessary to evaporate from the ODT to a trap
depth of at most 140 µK. This trap depth corresponds to 40% of the full power of
the ODT and results in a trap frequency of ωr = 2π × 2.7 kHz. Compared to the
Stern-Gerlach detection previously implemented in the main chamber [Tie09a], this is
a major improvement.

A separation of the spin states of clouds at even higher temperatures could be
achieved with a higher magnetic field gradient. In the restricted available space this
could be done by using two coils, but then the separation of the states is impeded as
the atoms get partially trapped.

4.5 Magnetic field calibration
The magnetic field is calibrated by driving the transitions either between the two
ground state hyperfine manifolds or between Zeeman states within the lower hyperfine
manifold. For the frequencies required the corresponding magnetic field is calculated
using the Breit-Rabi formula as described in Appendix B.1. We calibrate the field
during the measurement part of the sequence (see Sec. 4.3).

The choice of the transition employed for the calibration depends on the frequency
ranges available from the DDS system (see Sec. 3.10.1). The DDS system delivers
either radio frequency radiation in the range 0 – 400MHz or microwave frequency
radiation in the range 1 – 1.3GHz. In the case of high magnetic fields the transition
between the Zeeman states |2S1/2, F = 9/2,mF = 9/2〉 and |2S1/2, F = 9/2,mF = 7/2〉
is driven with radio frequency. The calibration is done by detecting the population
in the mF = 7/2 state versus the frequency. An example for the calibration with
radio frequency is shown in Fig. 4.6(b). For low field the hyperfine transition between
|2S1/2, F = 9/2,mF = 9/2〉 and |2S1/2, F = 7/2,mF = 7/2〉 is driven and the loss in
the |F = 9/2,mF = 9/2〉 state is detected with changing frequency. In both cases the
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Figure 4.6: (a) Calibration error ∆Bcal of the magnetic field. The error given is the
difference between the values obtained with the Breit-Rabi formula and the correspond-
ing fitted linear calibration function. The different bullet shapes correspond each to
one dataset for one calibration function. Note that the axis on the right hand side
has a different scale. This scale is for the point at 392G (empty circle) belonging to
the calibration set marked with circles. (b) Data for the magnetic field calibration at
139.392G (blue diamond in (a)). The atoms are transferred from state j to state i us-
ing radio frequency. The frequency dependent population in i is fitted with a Lorentz.
The center frequency of the fit is used to calculate the magnetic field using the Breit-
Rabi formula Eq. B.5. The width of the fitted Lorentz in this example corresponds to
10mG.

radiation is applied for 50ms at powers low enough to prevent power-broadening of the
transition. The frequency is scanned in steps of 1 kHz.

The center frequency of the transition is determined by fitting a Lorentz function to
the data. The position of the center frequency has an error of < 1mG for all fitted data.
The width of the fitted Lorentz is < 15mG. The values of the magnetic field calculated
using the Breit-Rabi formula are then fitted with a linear calibration function. This
function is used to calculate the magnetic field in dependence of the voltage employed
to control the power supply.

The magnetic field calibration was repeated at regular intervals, taking calibration
points around the measured Feshbach resonances. Over time the offset field drifted,
which might be due to a change of stray fields from power supplies and other apparatus
which were added to the setup in the vicinity of the Feshbach coils.

A measure for the accuracy of the calibration is the difference ∆Bcal between the
data points taken and the magnetic field calculated according to the linear calibration
formula. In Fig. 4.6(a) this error is shown. For magnetic field values below 315G the
absolute error is less than 15mG, below 230G it is below 5mG, corresponding to a
relative error of ∆B/B = 2 × 10−5. At 392G the calibration is 80mG away from the
data point (∆B/B = 2× 10−4).
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Limits to the magnetic field precision
The stability of the power supply for the Feshbach coils (see Sec. 3.7) is specified to
<1ppm, so the precision of the measured magnetic field is likely to be limited by
other factors. The current running through the coil gives rise to heating and thermal
expansion, which lowers the magnetic field for a given current. For a linear thermal
expansion of the coil, the relative change in magnetic field is ∆B/B = −1.7× 10−5/K.
At high currents (28.5A corresponding to 500G), the temperature of the coils rises only
slowly by 3◦C with a time-constant of 4min as described in [Tie09a]. The maximum
temperature of the coil is constant to within 0.1K for a period of two hours. This is
limited by the temperature drift of the cooling water which runs through the mount at
a pressure of 2 bar. The temperature of the cooling water also shows day to day drifts
of 0.5K. During the experimental cycle, the coil is on for at most 11 s the temperature
increases in this time by approximately 0.082K, resulting in ∆B/B < −1.4 × 10−6.
When including the delay time due to the settling of the current and considering a
typical measuring time of 4 s the relative change in magnetic field is at most−4.3×10−7.
This shows that in principal a very high accuracy can be achieved with the Feshbach
coil and the employed power supply. The thermal stability of the Feshbach coil is not
limiting the measured magnetic field precision.

The only part of the Feshbach coil circuit which was not optimized for thermal
stability when taking the data presented in this thesis, is the MOSFET switch. The
MOSFETs are likely to be responsible for the observed loss in magnetic field precision
at large magnetic fields. The MOSFETs are mounted on heat sinks and are not actively
cooled. Running a high current through the MOSFETs leads to considerable heating
(up to 20◦C) within the measuring time. The drain – source resistance of a MOSFET
rises non-linearly with temperature and current. For a higher current the effect is more
severe and can lead to a runaway behaviour which ultimately destroys the MOSFET.
The 20◦C rise in temperature increases the resistance by a factor 1.5, however the
Danfysik power supply is not specified to regulate such big load changes. After the
switch from the dummy load to the coil the current takes 0.5 s to settle within 1%�†. It
is specified to regulate up to 10% resistance changes within <0.05 ppm. Recently the
MOSFET switch has been equipped with water-cooling, so the change in resistance of
the MOSFETs should be below 10% and we should be able to eliminate the switch as
a cause for the loss in accuracy.

A limiting factor for the magnetic field precision, which we could not test yet,
can be short term fluctuations of the background magnetic field originating from the
electrical equipment running at 50Hz of the main power line. The background is not
in phase with the experimental cycle and contributes to a varying offset. To improve
the magnetic field stability in the future, the experimental cycle could be synchronized
to the 50Hz frequency of the main power line. This would suppress common noise in
the offset magnetic field which can influence the precision of the state preparation and
calibration. With the synchronization it would also be possible to test the long-term
stability of the magnetic field.

Another cause for the lower limit of the measured magnetic field precision can
†To measure the current running through the Feshbach coils we use a Agilent (N2775A, 50MHz)

current probe. The current is limited to 15A, corresponding to a field of about 260G. The resolution
is about 20mA corresponding to 350mG (1%�).
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Figure 4.7: p-wave resonance between state h (black circles) and j (blue squares). On
the resonance the atoms re-appear in the i channel (red triangles). At 68(1.8)G is a
p-wave resonance in the h+ h mixture. The lines are guides to the eye.

be remaining field inhomogeneities over the volume where the cold atom sample is
located. Power supplies and other apparatus located near the Feshbach coils contribute
to the overall magnetic field and add gradients. The homogeneity of the magnetic field
produced by the Feshbach coils was determined in a separate set-up (see Sec. 3.7). The
implementation of a crossed dipole trap would reduce the sample volume, reducing the
effect of inhomogeneities. The trim coils described in Sec. 3.7 could be put to use to
correct for remaining curvatures.

4.6 Measured Feshbach resonances
The positions of Feshbach resonances measured in this work are presented in Tables 5.1
and 5.2. All Feshbach resonances were measured by observing the losses in dependence
of the magnetic field. The loss features have varying profiles, the narrow and isolated
s-wave resonances both show a symmetric profile which we fit with a Lorentz function
to determine the position B0 of the Feshbach resonance and the widths ∆BL of the loss
feature. The widths given in Table 5.1 are the widths of the loss features, which are
not identical with the resonance width ∆B. The p-wave resonances and some of the
s-wave resonances show an asymmetric profile. In this case we determine the position
of the Feshbach resonance as the magnetic field where the biggest loss occurs. The
widths stated are the full widths at half maximum (FWHM). For all measurements
where we used Stern-Gerlach imaging, the analysis and determination of B0 and ∆BL
is done for all involved spin states separately and the stated values are averages.

For some p-wave resonances we also resolve the doublet feature due to magnetic
dipole-dipole interactions [Tic04]. The assignment of the observed loss features to s-
or p-wave resonances is simplified by measuring spin-dependently: if only one spin
state shows losses at a certain field, an s-wave resonance can be excluded due to the
fermionic nature of the atoms.
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Figure 4.8: p-wave Feshbach resonance in the i+ i system. The black squares show the
population in state i. The line is a guide to the eye. The values obtained with coupled
channel calculations in (see Table 5.2) are shown with red vertical lines. The error bars
represent the statistical error (y-values) and the step size of the scan (x-values).

4.6.1 p-wave resonances with special features
Figure 4.7 shows a p-wave resonance at 44(1.8)G in the h + j mixture. The feature
at 68(1.8)G is a p-wave resonance in the h + h mixture. With the Stern-Gerlach
imaging the loss in the h and j states is clear. However, on the resonance the state
i is populated. The state i has a Feshbach resonance in the vicinity as displayed in
Fig. 4.8. Spin exchanging collisions where h+ j → i+ i are normally suppressed. The
final state consists of identical states, which for fermions is forbidden.

Analysis of the resonances in the two mixtures around this field shows, that both
Feshbach resonances originate from the second least bound state in the triplet molecular
potential. The difference in energy between the h+ j and the i+ i mixture at these low
fields is less than 400 kHz, corresponding to a thermal energy of less than 20µK. The
depth of the optical trap in the measurement displayed in Fig. 4.7 is about 45µK. The
heating due to the energy difference between the two mixtures does therefore not lead
to substantial atom loss from the trap. The relative magnetic moment µrel = −∂E/∂B
is negative, so the bound state approaches the free atom threshold from above with
rising magnetic field. At 44(1.8)G the h+j mixture is resonant with the bound state of
the molecular potential; at the same magnetic field the same state can decay through
the i + i channel. This is because the energy of the asymptote of the i + i channel is
lower than the energy of the molecular state at this magnetic field. The atoms can
enter the i+ i channel from the h+ j channel via the molecular level.

The double loss feature observed in some of the p-wave resonances in Table 5.2
has its origin in the p-wave scattering of different projections of the total angular
momentum MT of the pair onto the magnetic field direction. The magnetic dipole
interaction of the atoms leads to a small energy difference of the projections, splitting
the resonance into two. Accordingly, Feshbach resonances involving higher partial
waves with l > 0 split into l + 1 resonances corresponding to the projections Ml =
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0, |±1|, |±2|, . . . |±l|. This feature is thermally broadened and therefore only detectable
when the temperature of the atoms is lower than the splitting [Tic04].

The multiplet structure in Fig. 4.8 in the i+ i mixture was measured at a temper-
ature of about 3µK. It is not only a double but a quadruple feature, which is caused
by the coupling of channels due to dipole-dipole interaction. The i+ i channel couples
to the i+ j, h+ i and h+ h channel and depending on the projections of Ml on these
channels Feshbach resonances occur at different magnetic fields. The values obtained
with coupled channel calculations (see Sec. 5.3.1) are shown as vertical lines in Fig. 4.8.

When forming molecules at a p-wave resonance, the projections of the total angular
momentum is visible in the angular distribution of the dissociated molecules as demon-
strated by [Gae07]. P -wave resonances, where the magnetic dipole interaction splits
the resonance into two distinct resonances, have been proposed to tune anisotropic
interaction between atoms [Tic04, Bar02].

4.6.2 Width of a Feshbach resonance
Apart from the exact position of a Feshbach resonance it is also important to determine
its width. The width has influence on the resonance strength (see Sec. 2.5) and on
the requirements for the magnetic field stability. The width of the loss feature ∆BL

is affected by more parameters than the resonance width alone and gives therefore no
quantitative information on the resonance width. To determine the width of a Feshbach
resonance the effect of scattering properties of the cold cloud can be measured. We
evaporate the cold atom cloud around the Feshbach resonance in the c + d mixture
at 178.3G and detect the size of the cloud after evaporation in dependence of the
magnetic field.

For the measurement described in this section the experimental sequence as de-
scribed above is slightly altered. The evaporation in the optical dipole trap is done in
two steps. At first the power of the ODT is ramped down exponentially from full power
to 150mW in 600ms. At this trap depth the atoms are prepared in a c + d mixture
with the method described in Sec. 4.2. Then the Feshbach coils are switched on and
once the final field is reached, a second evaporation step follows. In 5 s the power is
reduced to 20mW in an exponential ramp. After another 200ms at the final field the
cold atom cloud is imaged at zero field without the Stern-Gerlach pulse after 3.5ms
time-of-flight. The data points in Fig. 4.9 show the cloud size in the radial direction
of the ODT.

When evaporating the cold atom cloud around a Feshbach resonance the scattering
cross section σ changes with magnetic field. As a result the final atom number and
temperature of the cloud differ, for small σ the evaporation is less efficient and the
cloud is hotter and bigger and vice versa. Just below the resonance the cloud is heated
by 3-body losses due to the molecular state present and the cloud size is increased. The
two data points, where this occurs (shown as squares in Fig. 4.9) have been omitted in
the fit described below.

We fit the data using an approximative model. The behaviour of the cloud size
S(B) with varying magnetic field is attributed to the behaviour of the scattering cross
section σ over the resonance (see Sec. 2.3). The maximum cloud size S0 is assumed to
occur at the zero crossing of the scattering length Ba=0 = B0 + ∆B and the minimal
value at the resonance position B0. During the evaporation ramp, the depth of the
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Figure 4.9: The size of the cold atom cloud after 3.5ms expansion. The error bars
display the statistical error. The data is fitted with the model described in the text
(full line). As a comparison, the fit to the data using the values for ∆B and B0 from
CC calculations is shown (dashed line). The inset is a zoom into the region around the
resonance. The data shown as squares is omitted from the fit.

trap U0(t) changes as
U0(t) = U0e

−t/τR ,

with a time constant τR which is much longer than the collision time τCol of the atoms
and the oscillation time in the trap. The ramp corresponds to an adiabatic decompres-
sion and the temperature evolves in a harmonic trap as [Lui96, Wal10]:

Ṫ

T
≈ U̇(t)
U(t) = − 1

τR
. (4.1)

When η = U0(t)/(kBT ) is large and spilling of atoms can be neglected [Wal96], the
evaporation rate is:

Ṅ

N
= −n0vrσe

−η = − 1
τCol

e−η, (4.2)

with the density n0, the relative velocity vr and the scattering cross section

σ = 4πa2

1 + k2a2 =
4πa2

bg

(
1− ∆B

B−B0

)2

1 + k2a2
bg

(
1− ∆B

B−B0

)2 . (4.3)

The temperature is related to the evaporation rate [Lui96, Wal10]:

Ṫ

T
= 1

3(η − 2)Ṅ
N
. (4.4)

Combining the equations 4.2,4.4 and 4.1, leads to an expression for η

eη = 1
3τRn0vrσ(η − 2). (4.5)
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This equation can be solved with the Lambert W(x) function (product logarithm)
[NIS11, Sco06, Wit11]. For equations of the form

e−cu = a(u− b),

where a, b, c ∈ R, it is

u = b+ 1
c
W(ce

−cb

a
).

Using this result we obtain:

η = 2−W
(
−3e2

τRn0vrσ

)
= 2−W

(
−3e2τCol

τR

)
. (4.6)

For |x| < 1/e the Lambert W(x) function can be written as a power series

W(x) = x− x2 + · · · .

For a ramping time constant τR � τCol the condition is fulfilled and the expression for
η takes the form:

η ≈ 2 + const.× σ−1. (4.7)

The cloud size after expansion is described in a harmonic approximation (see Eq. A.12
and [Gri00]) by:

S ∝ 1
√
η
. (4.8)

The final size Sf of the cloud after evaporation is the initial size Si ∝
√
kBTi/Ui reduced

by a value depending on the field dependent behaviour of η during the evaporation:

Sf = Si −∆S(η(B)).

At the zero crossing of the resonance, where σ = 0, the cloud will not thermalize. In
the experiments the initial η is rather large (≈ 10), so we assume that spilling of atoms
only plays a minor role [Wal96] and that the size of cloud S0 for σ = 0 is determined
by the initial temperature Ti and the final potential depth Uf as: S0 =

√
Ui/Uf Si.

The field dependent size of the cloud can then be described as

Sf ∝ S0

1− 1√
η(B)

 .
Replacing η(B) with the expression for η in Eq. 4.7, and rearranging the expression we
obtain as a fitting function for the measured cloud size:

S(B) = S0

1−

 P 2
1

(
1− ∆B

B−B0

)2

1 + P 2
2

(
1− ∆B

B−B0

)2


1/2 , (4.9)

where the width ∆B and the position B0 of the resonance and the maximum cloud size
S0 are fitting parameters. The fitting parameters P1 and P2 incorporate the effect of
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Parameters B0[G] ∆B[G] S0[pixel] P1 P2 Ba=0[G] Sbg[pixel]
Fit to Data 177.774 9.056 12.626 0.06313 0.36997 186.83 11.8784
CC and Data 178.3 8.7 12.657 0.06596 0.38801 187.00 11.8787

Table 4.1: Fit results for the fit to the cloud size in Fig. 4.9, where the full line is a full
fit to the data and the dashed line is the fit using the CC values for B0 and ∆B. The
parameters Ba=0 and Sbg are calculated using the fit results.

the background scattering length abg, the atom impulse k on the cloud size and other
constants. Away from the resonance the cloud size has the background value

Sbg = S0

1−
(

P 2
1

1 + P 2
2

)1/2
 .

For comparison we also fit the data including results from CC calculations (see
Table 5.1). The fitting function has then two fitting parameters less, BCC

0 = 178.3G
and ∆BCC = 8.7G. The fitting results for the fit to the data (depicted as a full line in
Fig. 4.9) and the fit where only S0, P1 and P2 are fitted (dashed line) are displayed in
Table 4.1. In this measurement the magnetic field is varied around B0 in steps of 0.88G
and around the zero crossing in steps of 1.76G. We use the step size of the scan as a
conservative estimate for the error in magnetic field. The Feshbach resonance position
we determine by a loss measurement as described in Sec. 4.3 to be B0 = 178(1)G.

Another way to measure the width of a Feshbach resonance is via the cross - di-
mensional thermalization as shown in [Lof02]. However, this requires an aspect ratio
of the two radial axes of the ODT, which we do not have. In [Joc02, O’H02] the
zero crossing of the Feshbach resonance at 850G of 6Li was measured by observing
the evaporation around the zero crossing at a fixed trap depth. This method works
most satisfactorily when the background scattering length is very large. In 6Li it is
aLi

bg ≈ −3000 a0, whereas around the Feshbach resonance at 178.3G in the c + d state
in 40K the background scattering length is ac+d

bg ≈ 186 a0. The evaporation at a fixed
trap depth can be also used for smaller background scattering lengths in two-species
experiments. In the case of the 6Li-40K mixture [Tie10b], the 40K serves as thermal
bath and the loss over time of the 6Li around a Feshbach resonance is used to determine
∆B. This is possible as the trapping potential for 40K has more than double the depth
than for 6Li. When using an optical lattice, the dephasing of Bloch oscillations and
ballistic expansion from the lattice can be used to determine the width of a Feshbach
resonance (see Sec. 5.2).




