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8LOADING THE NEXT GENERATION CHIP

In this chapter we will discuss the loading of ultracold atoms into the optimised
magnetic lattice structures discussed in chapter 4. ¿is will draw heavily on the
description of the experimental setup in chapter 3, but the actual experimental
sequence used in the loading procedure will be described here in detail. ¿e
atoms are imaged using an imaging system very closely related to that discussed in
chapter 5. We present a detailed analysis of the atom number and temperature in
individual traps, and also investigate variations in the trap-bottom �eld between
trap sites for both square and hexagonal lattice geometries. Finally we present
evidence for a three-body dominated loss process in our lattice.
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102 loading the next generation chip

8.1 LOADING TRAJECTORY
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Figure 8.1: Schematic of the loading trajectory for a number of selected parameters particularly relevant
during the loading process. ¿e �rst part of the timeframe in which the MOT is loaded is not
shown. Panels on the le and right side of the �gure show the transition regions from the
MOT to the z-wire magnetic trap and from the z-wire magnetic trap to the lattice micro-traps
respectively.

¿e experimental sequence for loading atoms into the lattice starts just like the general
sequence discussed at the end of chapter 3. We begin by collecting atoms in a Magneto-Optical
Trap (MOT), creating a quadrupole magnetic �eld with a pair of external coils, turn on the
cooling and repumping lasers using shutters, AOMs and EOMs, and pulse on the Rb dispenser
for 8 s at approximately 6A to bring rubidium into the system. We then break current to the
dispenser while keeping lasers and �elds unchanged for a further 5 s to reduce background
vacuum pressure again. We have now reached point (A) in Figure 8.1 and Table 8.1, with
approximately 2 × 108 atoms collected in the MOT. Subsequently the atoms are transferred to
a u-wire MOT (uMOT) by transforming the quadrupole �eld to a homogeneous bias �eld of
3.5G in the y-direction and adjusting the current through the on-chip u-wire to 3A. ¿is
process moves the atoms to a distance of approximately 1.4mm from the chip surface, where
they are held for 9ms. ¿e bias �eld is reduced to 0.1 G and the u-wire current to 0.3A which,
in combination with an increased red detuning to −55MHz of the cooling lasers leads to a
signi�cant reduction of the temperature of the atoms to 50 µK and brings us to point (B) with
approximately 1 × 108 atoms. For optical pumping we apply a −12G homogeneous magnetic
�eld in the x-direction for 2ms and use the cooling laser shi ed with an additional AOM to the
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Trap NAtoms Temperature (µK)

MOT (A) 2 × 108 600
polgrad (B) 1 × 108 50
iMT (C) 3 × 107 250
cMT (D) 3 × 107 200
fMT (E) 3 × 105 10
µT (F) 2 × 105 50

Table 8.1: Atom numbers and temperatures at various stages of the experimental cycle. (A) through (F)
correspond to the points marked in Figure 8.1 with iMT the initial magnetic trap loaded from
the u-wire MOT, cMT the compressed magnetic trap used for evaporative cooling and fMT
the �nal macroscopic magnetic trap just before loading the microtraps µT. Atom numbers and
temperatures given here were measured while optimising the loading trajectories, and should
only be taken as indication of true atom numbers and temperatures.

F = 2→ F′ = 2 transition (and diverted to a dedicated �bre by an EOM) to drive all atoms into
the magnetically trappable ∣F ,mF⟩ = ∣2, 2⟩ state.
¿e next stage of the experimental cycle transfers all atoms to a purely magnetic trap created

by shutting o� all lasers, increasing the bias �eld to 16.5G and running a current of 15 A through
the z-wire while the u-wire current is reduced to zero. ¿is is point (C), with approximately
3 × 107 atoms trapped in the initial magnetic trap. ¿e strong compression of this trap leads to
a greatly increased temperature compared to the situation a er polarisation gradient cooling.
Before forced evaporative cooling the trap is compressed even further, but without additional
losses or (signi�cant) changes in temperature, bringing us to point (D). Here the bias �eld is
30G at a z-wire current of 16A, forming a trap at a distance approximately 700 µm from the
surface of the atom chip. Forced evaporative cooling is performed in three ramps with a total
duration of 2.7 s, starting at a frequency of 28.5MHz and with a variable �nal frequency in
the range of 1. . . 3MHz depending on the desired �nal atom number and temperature. ¿e
amplitude of the rf �eld is slightly adjusted during the ramp to take the frequency-dependent
gain of the rf coil into account. At this point we have reached point (E), the �nal z-wire trap
from which we load the permanent magnetic lattice. ¿is �nal z-wire trap is formed for a bias
�eld of 50G and a current of 17.5A at a distance of approximately 400 µm from the surface of
the chip.
¿e �nal transfer from the macroscopic z-wire trap to the microtraps formed by the per-

manent magnetic material is the step most sensitive to an accurate ramping of the bias �elds.
¿is transfer happens in two stages: �rst the z-wire current is reduced to 12.5A while the bias
�eld is reduced to 40G and the external �eld in the x direction is simultaneously ramped from
−1.5 to 0G in 10ms. ¿is forms a trap approximately 300 µm from the surface. In the second
stage the z-wire current is reduced to zero, while simultaneously By is reduced to 5G and Bz is
increased to 2G. At this point we have trapped approximately 2 × 105 atoms in the microtraps
located approximately 6 µm above the surface of the atom chip and loading both hexagonal
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Trap Io�e Field Trap Frequencies Trap Depth Height

Square (2.20, 0.10, −0.02)G (26.5, 24.8, 8.5) kHz 3.18G 6.6 µm
Hexagonal (1.52, −0.18, 0.18)G (39.1, 38.0, 6.1) kHz 3.84G 6.0 µm

Table 8.2: Trap parameters with experimentally applied bias �elds as given in the text.

and square sections of the lattice simultaneously. Absorption images of the loading process are
shown in Figure 8.3 and will be discussed in the next section.

8.2 RESULTING LATTICES

Figure 8.2 shows the loaded microtrap lattice at the end of the loading trajectory. Clearly
distinguishable are the hexagonal section on the le and the square section on the right hand
side of the �gure. At the top of Figure 8.2 we show amagni�ed view of the central area, depicting
both the hexagonal and the square section as well as the transition region between the two
geometries. ¿e symmetries are indicated by polygons in the �gure, and the transition between
the two geometries marked by a line as guide to the eye. While the basic symmetry is clearly
visible in these pictures, traps are not always well separated. Whether this e�ect is due to
the resolution of the imaging system or really due to the extension of the individual clouds is
not immediately obvious. ¿e di�erent shape of clouds in the square and hexagonal regions
indicates however that this is not purely an artifact of the imaging. Furthermore, for axial
trap frequencies of 2π × 6 kHz (see below) and a temperature of 35 µK (see 8.3.1) we �nd an
axial extension of the trap of approximately 1.7 µm, slightly larger than the expected optical
resolution.
It should be noted here that the applied bias �eld of 2G in the x direction and 5G in the y

direction is still signi�cantly smaller than the bias �elds considered in the design of the lattice
(cf. Table 4.1). More importantly, it is also pointing in the opposite direction, forming traps
not at the design positions, but on the opposite side of each lattice pattern, at the positions
indicated in Figure 4.4. While in the hexagonal section the shape of the edge on the loaded
side is somewhat similar to the shape on the design side of the pattern, for the square section
traps form at a very short edge with very di�erent shape than in the design. Nonetheless our
calculations for these traps indicate parameters (given in Table 8.2) which are comparable to
those of the design sites. We �nd trap frequencies to be slightly, but not signi�cantly lower
than in the design scenario; the main di�erence is in the depth of the traps and in the barriers
between traps: these are less than half of the design value in both geometries. ¿e Io�e �eld
needs to be reversed already when loading the macroscopic z-wire trap if one whishes to
load traps at the design position of the lattice. ¿is is one of the next steps to be taken in the
experiment, but beyond the scope of this work.
In Figure 8.3 we show the transition from the macroscopic z-wire trap to a lattice of micro-

traps. Along the x-axis we show a cut through the cloud along the dashed line indicated in
Figure 8.2, while along the y-axis we show this as a function of the time in the loading trajectory,
relative to the point at which the z-wire current is zero, as also shown on the right-hand side of
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Figure 8.2:¿e lower part of the �gure shows an absorption image of the lattice microtraps, with the
hexagonal section on the le and the square section on the right. A cut along the dashed
line is used in the generation of Figure 8.3. Above we show a magni�ed view of the center
region where again the hexagonal section is on the le and the square section on the right,
as indicated by the hexagonal and square polygons. ¿e dark line indicates the separation
between hexagonal and square section.

the �gure. Initially at −20ms we see a tight cloud with high optical density. ¿is cloud expands
starting at approximately −15ms, as reducing the z-wire current reduces the macroscopic con-
�nement. At the same time the cloud starts to approach the surface, although this is not visible
in the �gure. Corrugation in the cloud starts to appear around −5ms, �nally resulting in fully
separated traps at 0ms. A er this point the atoms are simply held in the microtraps without
further changes to any of the experimental parameters¹.
In order to allow a more quantitative analysis we now discuss the extraction of atom numbers

from the recorded absorption imagesA and reference imagesR where the reference images are
generated under the same imaging conditions as the absorption images, but a er all atoms have
been ejected from the traps. We also record a dark reference image with identical exposure
time as the other images, but in the absence of the probe laser beam. ¿is dark reference image
is here assumed to already be subtracted from A and R. In our analysis we �rst calculate
optimal reference imagesO for eachA from a set of reference images using the fringe-removal
algorithm discussed in [112]. We also calculate a per-pixel saturation parameter S based on
these optimal reference images assuming a saturation intensity of Isat = 1.67mWcm−2 and a
quantum e�ciency of our imaging system of 0.9 as

S =
O

0.9IsatτApx
h̷ω (8.1)

¹A movie of this process can be found at http://youtu.be/lWl38f-PtCc.

http://youtu.be/lWl38f-PtCc
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Figure 8.3: Absorption images of the loading process. Along the horizontal axis we plot a cut through
the hexagonal section of the lattice along the dashed line indicated in Figure 8.2. Along the
vertical axis we show this cut as a function of time during the transition from the macroscopic
z-wire trap to the microtraps. Time is given relative to the point at which the z-wire current
is zero. ¿is is indicated on the right, were we plot the z-wire current during the loading
process.

where τ is the exposure time of the imaging pulse, Apx = 1µm2 is the area of a CCD pixel in
object space and ω is the frequency of the imaging light. Based on this we can extract the
number of atoms in each pixel as

Npx = −Apx
α

σ0
[log(

A

O
) + S (

A

O
− 1)] (8.2)

where all multiplications and divisions are done element-wise. Here σ0 = 3λ2/2π is the absorption
cross section for our transition and α ≈ 3 is a dimensionless parameter depending on the probe
polarisation [112]. ¿e resulting matrix simply holds a real atom number for each pixel in the
image and can be further processed as discussed below.
Our current imaging setup is the equivalent of case e) discussed in chapter 5, i.e. imaging in a

standing wave con�guration with in-plane polarisation axis. Unlike the discussion in chapter 5,
the incoming light is circularly polarised, leading to a reduction of the SNR compared to the
discussion of that chapter. We currently do not consider any of the corrections due to the
standing wave discussed in chapter 5, both because for our exposure times of approximately
50 µs these corrections are small, and because for our trap frequencies and temperatures the
extension of the cloud is expected to be comparable to the wavelength of the imaging light.
With further cooling of the atoms these e�ects are expected to become more relevant.

8.3 SINGLE TRAP ANALYSIS

To analyse individual traps we �rst determine the center position of each trap based on a
reference image of the lattice with maximum atom number. We determine candidate trap
positions by starting from one manually determined trap, iteratively adding lattice base vectors
to the current position and �tting a two-dimensional Gaussian to a small Region of Interest (ROI)
of approximately 10 × 10 µm2 around the resulting position. ¿e center of this Gaussian is taken
as origin for the next iteration.



8.3 single trap analysis 107

Subsequently we numerically integrate a ROI of again 10 × 10 µm2 around each resulting trap
position for each individual absorption image in a scan to obtain the number of atoms in each
trap as a function of the scanned parameter. Based on an analysis of atom-free background
regions we currently estimate an uncertainty of approximately 25 atoms per trap per shot in
this analysis. Further improvements in the atom number estimation over this naive numerical
integration are possible in the future using an optimal estimator achieving the Cramér-Rao
bound, as discussed in chapter 5.
We �rst analyse the population of trap sites in the square and hexagonal sections of the

lattice based on 41 absorption images taken under identical conditions. In the square section
we analyse 175 traps, each trap containing 365(4) atoms on average. ¿e most populated trap
contains 970(10) atoms and the least populated trap 22(3) atoms. In the hexagonal section 435
traps have been loaded, each containing 440(4) atoms on average. ¿e most populated trap
here contains 1030(9) atoms and the least populated trap 6(3) atoms. ¿e di�erence between
square and hexagonal section is caused by the overall pro�le of the macroscopic trap the
microtraps are loaded from. Indicated errors are based on the standard error of the mean for
the 41 realisations.

8.3 . 1 TEMPERATURE DISTRIBUTION

We can now use the technique for extracting atom numbers from individual traps described
above to also determine the average temperature of the atoms in each trap. For the experiments
discussed here all evaporative cooling is done in the macroscopic z-wire traps. Di�erences in
the Io�e-�eld of individual microtraps (discussed below) should therefore not play a role in the
resulting temperature.
¿e main part of Figure 8.4 shows loss spectra obtained by applying a radio-frequency knife

at a �xed frequency for 20ms a er the atoms have been loaded into the microtraps. ¿e green
shaded area represents the envelope of 158 traps in the square section, the blue area the envelope
of 363 traps in the hexagonal section of the lattice. ¿e relatively slow onset of the loss near
trap bottom indicates that the data presented here unfortunately su�ers somewhat from power
broadening.
Assuming a harmonic trap with a radial trap frequency much larger than the axial trap

frequency and a temperature signifcantly larger than the condensation temperature we can �t
individual loss spectra for each trap with a model

∆N
∆t

∝ Θ ( f − f0)
√
f − f0 exp(−

2πmF h̷ ( f − f0)

kT
) (8.3)

whereΘ is the unit step function and in our casemF = 2. Here f is the frequency of the applied
radio-frequency knife and f0 is the trap-bottom frequency associated with the Io�e-�eld at the
center of the trap [79].
In the square section we �nd an average temperature of 35 µK with an uncertainty of 6 µK

from the �t. ¿e variation between all traps in this section is 8 µK. In the hexagonal section the
average �tted temperature is 32 µK with a �tting uncertainty of 5 µK and a variation of 7 µK
across the lattice (all uncertainty values are one σ). ¿e top-le panel of the �gure shows the
distribution of �tted temperature values across the lattice for the square section (green) and
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hexagonal section (blue). ¿e spatial distribution of temperatures in the lattice indicated that
traps near the edge of the lattice are slightly warmer than traps in the center. It is unclear whether
this is an artifact of the �tting or whether it is a real e�ect. Trap sites near the edge of the lattice
also tend to have fewer atoms per trap, leading both to a depletion of the traps during the rf
pulse and to a reduced SNR. As can be expected there is no signi�cant di�erence in temperature
between the square and hexagonal sections, as no cooling is done in the microtraps. ¿e
increase in global temperature compared to the �nal z-wire trap has been observed before [86]
and is attributed to adiabatic compression during loading.
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Figure 8.4:¿emain �gure shows loss spectra obtained by applying a �xed-frequency rf knife (see text)
for the hexagonal section of the lattice. ¿e shaded green (blue) area shows an envelope of the
square (hexagonal) sections. Red and black dots are based on the analysis of two individual
traps in the hexagonal section as indicated in the inset. Lines are based on (8.3). ¿e inset
shows a small part of the square (hexagonal) section for an rf-knife frequency of 2.0MHz
(1.5MHz). ¿e top le panel shows the distribution of �tted temperatures and the top right
panel the distribution of Io�e �elds for all traps considered in the analysis.
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8.3 .2 IOFFE FIELD DISTRIBUTION

Based on the same model and data as in the discussion of the trap temperature we can also
determine the Io�e �eld for each individual microtrap from the frequency f0 which is the
lowest frequency at which a loss can be observed for a �xed-frequency rf knife. ¿e Io�e �eld
is then given by

BIoffe =
2πh̷ f0
µB gF

(8.4)

for lowmagnetic �elds. A histogram of the Io�e �eld is shown in the top right panel of Figure 8.4
for the square (green) and hexagonal (blue) sections of the lattice.
In the square section the average Io�e �eld is 2.72G with a �tting error of 40mG on average,

and a deviation between di�erent traps of 160mG. In the hexagonal section the average �eld
is 1.97G with average �tting error of 30mG and a deviation of 140mG across the lattice. ¿e
observed average Io�e �elds are slightly higher than the theoretical values given in Table 8.2.
Good agreement is found assuming the real bias �elds to be larger by about 10% in both the
x- and y-directions. Such a di�erence can easily be explained by either residual �elds in the
experiment or an inaccurate calibration of our coils, and has no strong e�ect on the trap depths
or frequencies.
One observation deserving further investigation is the fact that a small number of isolated

traps showmuch larger Io�e �elds than the average. ¿e �tted loss curves for two neighbouring
traps in the hexagonal section are indicated in the main part of the �gure by black and red lines.
One of these falls near the majority of traps, with a Io�e �eld of 1.85G, while the other is one
of the few outliers with a Io�e �eld of 2.34G. Interestingly these outliers tend to be spatially
grouped together. ¿e inset in the main part of Figure 8.4 shows sections of the square and
hexagonal lattice structure for an rf frequency of 2MHz and 1.5MHz respectively. Most traps
are almost completely depleted at these frequencies in the respective sections, but a group of
four traps in each section seems completely una�ected. A similar region of traps also exists
again in a di�erent part of the hexagonal lattice structure. ¿e origin of these di�erences is
currently unknown, but might be due to defects introduced in the production of the magnetic
structure.

8.3 .3 LIFETIME

Due to the high trap frequencies of up toω = 2π × 21 kHz in the lattice three-body loss processes
can be much more important here than in most magnetic traps. Assuming the occurrence of
both one-body and three-body loss the loss rate in the number of atoms for constant temperature
and mean trap frequency can easily be modelled as

∂tN(t) = −k1N(t) − k3N(t)3 (8.5)

with a one-body loss constant k1 and a three-body loss constant k3. Here one-body loss is
dominated by collisions with background gas atoms, and three-body loss is caused by recombi-
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Figure 8.5:¿is �gure shows the lifetime of atoms in the hexagonal section of the lattice for a total of
322 analysed individual traps. ¿e shaded blue area indicates the envelope and black dots the
average of all traps. Red and green dots indicate the decay of two individual trap sites with
(733(25) and 183(11)) atoms initially. Lines are a �t to the data using (8.6). ¿e inset shows
the correlation of initial atom number N0 and decay rate k3 based on these �ts for all traps.
¿e solid line in the inset is based on (8.7) for realistic parameters (see text).

nation of two Rb atoms to a Rb2 molecule while transferring excess energy to a third atom,
ejecting all three from the trap. ¿e di�erential Equation 8.5 is solved by

η =
N(t)

N0
=

exp (−k1 t)
√
1 + (k3/k1) [1 − exp (−2k1 t)]

(8.6)

where the three-body decay rate k3 is given by

k3 =
2L3N2

0√
3

× (
mω2

2 π kB T
)

3

(8.7)

with the three-body rate constant L3 = 1.8(5) × 10−41m6 s−1. Here N0 is the initial number
of atoms in the trap, m is the mass and T the temperature of the atoms [114].
We analyse the number of atoms in 322 individual traps in the hexagonal lattice in the

same manner as above while varying the hold time in the microtraps between zero and two
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seconds. Figure 8.5 shows the range of all values found for all traps as the shaded blue area.
Furthermore the decay curves of two individual traps are plotted: For site 242 (red curve)
we �nd �t parameters N0 = 733(25) atoms, k1 = 1.2(1)Hz and k3 = 11(1)Hz while for site
128 (green curve) N0 = 183(11) atoms, k1 = 0.9(1)Hz and k3 = 1.0(6)Hz. Clearly for the trap
with lower initial atom number the three-body decay rate is signi�cantly lowered, while the
di�erence in one-body decay rate is most likely due to noise. ¿e black line shows an average
decay curve for all traps within the region we have analysed, with �t parameters N0 = 383(10)
atoms, k1 = 0.82(4)Hz and k3 = 4.7(5)Hz.
Finally in the inset of Figure 8.5 we plot the correlation between the initial atom number N0

and three-body decay rate k3 for all traps. ¿e curve is based on (8.7) assuming the theoretically
calculated trap frequencies of Table 8.2 and a temperature of 32 µK (as measured above) with
no free parameters. ¿e excellent qualitative agreement con�rms the validity of the model
(8.5). We �nd three-body decay rates which are up to a factor 10 higher than the one-body
decay rates in our experimental setup.

8.4 CONCLUSION

In this chapter we have demonstrated the ability to load microtrap lattices with a lattice period
of 10 µm and both hexagonal and square geometries. In total we �nd 600 �lled trap sites with
on average approximately 400 atoms per trap. In the center of the lattice traps with up to
1000 atoms are observed. ¿e average temperature of the atoms in the microtraps is 32 µK
in the hexagonal and 35 µK in the square sections. We observe that the Io�e �eld of a small
number of traps is much larger than on average. ¿ese outliers tend to be clustered spatially. ¿e
cause of this deviation is not yet understood. While this e�ect is problematic for the coherence
properties of these traps, for initial experiments it should easily be possible to select a chip
region which does not su�er from this e�ect.
Finally we also investigate the lifetime of atoms in the hexagonal section, and �nd strong

indications of dominating three-body loss. ¿is should naturally lead to a squeezing of the
atom number distribution below the Poisson limit [114], but further experiments are necessary
to prove this e�ect.
While the data presented here does not yet include Rydberg interactions on this new gen-

eration atom chip, it should provide an excellent starting point for further experiments. ¿e
tight con�nement of the traps leads to very high Rydberg interaction strengths at least within
a single trap, while the number-squeezing associated with the strong three-body loss should
result in relatively constant Rabi frequencies for Rydberg excitation of interacting ensembles.
E�ects due to the surface should be reduced due to the quartz coating, and sensitive detection
of small atom numbers should be possible with some further reductions in technical noise of
the current imaging system as well as improvements of the analysis.


