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Figure 7.1: Reconstructed spherical Wigner function of an over-squeezed state with
N ≈ 450 atoms. The Bloch sphere is shown in a Hammer projection, with the Cartesian
axes indicated by white labels.

pulse, and the components would be split with a state-selective potential to allow
independent evolution. Our experimental setup provides all ingredients needed
for this type of measurements. The phase decoherence can be measured by moni-
toring the interferometric contrast, as proposed in reference [115], or alternatively
the evolution of phase noise can be measured directly1. The temperature depen-
dence of the phase spreading can be investigated by modifying the evaporative
cooling sequence to prepare a higher temperature condensate. Such measure-
ments can provide valuable insight in the limits of metrology with BECs, and
in addition can give a better understanding of the decoherence observed in our
experiment.

7.2.2 Over-squeezed states and quantum Fisher information

In this thesis, we studied mildly squeezed states, which are directly usable in a
traditional Ramsey interferometer and are well characterized by the squeezing
parameter ξ2. However, as discussed in section 3.5.2, highly entangled states
for which ξ2 > 1 but which are still useful for quantum metrology can be cre-
ated with the one-axis twisting Hamiltonian Hint. For example, increasing χTS
compared to the squeezed-state preparation creates over-squeezed states, which
significantly wrap around the Bloch sphere and therefore have reduced interfer-
ometric contrast. Experimentally demonstrating that such states are useful for
quantum metrology and studying the related entanglement is a challenging goal.

We have made initial measurements of over-squeezed states in our system. We
use a similar sequence as for preparing squeezed states in section 6.4. However,
instead of a dynamic splitting and recombination scheme, we use a more adiabatic
scheme where the state-selective potential is slowly turned on and off. Figure 7.1

1For a direct phase measurement, the best sensitivity is obtained with a π/2-pulse as final
pulse, rather than the short pulse in the original proposal. This is very similar to the case of
interferometry in the presence of losses presented in section 3.1, and to some extent analogous
to homodyne detection in optics.
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shows a tomographic reconstruction of the Wigner function of a state created with
N ≈ 450 atoms and a splitting time of TS = 100 ms. Projective measurements
were made along 360 different directions of the collective spin2. The density
matrix was reconstructed from the data with an iterative numerical maximum
likelihood optimization (RρR-iteration) [142]. The resulting Wigner function is
shown on the Bloch sphere in a Hammer projection, which maps the entire surface
of the sphere to a plane.

Currently, we use tomographic reconstruction algorithms to get a visual de-
scription of the state through the spherical Wigner function. However, experimen-
tal noise significantly affects the reconstructed state, and attempts to calculate
the quantum Fisher information FQ from the reconstructed states yield results
that depend strongly on the details of the reconstruction method. Alternative
to determining FQ directly, measures of statistical distinguishability such as the
Hellinger distance can be related to FQ and may be more easily measured in an
experiment [84, 143]. Further research into practical measures of interferometric
usefulness and entanglement of strongly squeezed states is needed.

7.2.3 Schrödinger kitten states

Schrödinger cat states are maximally entangled states that are optimal for quan-
tum metrology, and can in principle be created with the one-axis twisting Hamil-
tonian (see section 3.5.2). A characteristic feature of strong entanglement in an
N -atom cat state is a band of N fringes in the Wigner function. However, a cat
state is extremely difficult to create, since even changing N by one changes this
fringe pattern, requiring both perfect atom number stability and no losses.

It is intriguing to ask if other highly entangled states could be created with less
stringent experimental requirements. One candidate is a so-called Schrödinger
kitten state, described in section 3.5.2. Using a mean population of only a few
atoms in state |2〉, which is most prone to losses, the total effect of losses is
reduced. The losses in |1〉 can be reduced by using a smaller total atom number.
Furthermore, the kitten state has only a few fringes on the Wigner function, and
might therefore also be more robust against losses in |1〉.

In ongoing work, we are investigating the possibility to create Schrödinger
kitten states experimentally. Figure 7.2 shows the reconstructed Wigner function
of a recent experimentally created state with N = 150 atoms. The state was
created with a Rabi π/20-pulse to create a small population in |2〉, followed by
an adiabatic splitting and recombination scheme taking in total TS = 170 ms
and a splitting distance of 3 µm. The splitting time was chosen such that the
expected

∫ TS
0 χdt ≈ π/2 based on simulated dynamics in a 2D simulation of the

two-component GP equations (2.4). For comparison, an ideal kitten state with

2The spin projection of (Ŝz cos θ + Ŝy sin θ) sinφ + Ŝx cosφ was measured for θ spanning
(0, 2π) in steps of 2◦ and φ = 0, 35◦. These angles form two rings of axes: a large ring through
the poles of the Bloch sphere, and smaller ring rotated by 35◦ towards x.

120



7.2 Outlook

a) b)

0

Figure 7.2: Schrödinger kitten states. a) Reconstructed spherical Wigner function of

a state with N ≈ 150 atoms and
∫ TS

0
χdt ≈ π/2. b) Simulated Wigner function of a

Schrödinger kitten state with the same parameters. In both panels, part of a Hammer
projection is shown, where the −z axis of the Bloch sphere is at the center.

the same parameters is shown.
While the Wigner function of the experimentally measured state shows some

structure, it does not show negative regions, nor does it clearly reproduce the
shape of the kitten state. For further progress, a better understanding of the
role of atom number fluctuations and atom losses for kitten states is needed. Ex-
perimentally, further improving the atom number stability will be important for
the generation of kitten states. This may be achieved by improving the imaging
setup, and in particular optimizing it for small atom numbers, in combination
with strict post-selection of the data on total atom number. Detection of small
ensembles with a sensitivity close to the single-atom level is feasible with absorp-
tion imaging [138, 144], and single-atom sensitivity has been demonstrated with
fluorescence imaging [145].

7.2.4 Entanglement between two BECs

In this thesis, we used the one-axis twisting Hamiltonian generated by collisional
interactions to create correlations between the spin-states of atoms within the
BEC. Alternatively, one could use two initially independent BECs, each with two
internal spin states. Collisional interactions between the BECs could be used to
create entanglement between the BECs. This type of entanglement generation
was one of the initial motivations for the design of our atom chip [57], and an ex-
perimental scheme was proposed to create a phase gate for quantum information
processing with single atoms [57,146].

Recently, a very similar experimental scheme to entangle 2 BECs was pro-
posed in reference [147]. The scheme is shown in figure 7.3 and works as follows.
Two independent BECs a and b are created in the two wells of a double-well
potential, and both are prepared in an equal superposition of components |1〉
and |2〉. We denote |i〉k the component |i〉 of BEC k. Then, an internal-state-
dependent potential shifts the components |2〉a and |2〉b, but leaves |1〉a and |1〉b
in place. This way, |1〉a overlaps with |2〉b. During this phase, collisional in-
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|1〉b |2〉b

|1〉b + |2〉b√
2

|1〉a |2〉a

|1〉a + |2〉a√
2

a)

b)

c)

Entangled state

Figure 7.3: Schematic of the experimental scheme proposed in [147]. a) A coherent
spin state is prepared in each well. b) The potential for state |2〉 is shifted spatially such
that |1〉a and |2〉b overlap. c) The traps are overlapped again at their initial position.
Figure based on [147].

teractions create entanglement between the two BECs. Finally, the BECs are
overlapped again, and the spin projection of each BEC is measured.

We denote Ŝa and Ŝb the collective spin operators of BEC a and b, respec-
tively. During the interaction phase, the Hamiltonian has nonlinear terms

H = χ(Ŝaz )2 + χ(Ŝbz)
2 − χabŜaz Ŝbz, (7.1)

where for simplicity all scattering lengths and mode functions of the BECs have
been chosen equal [147]. The first two terms are the one-axis twisting Hamiltonian
for each individual BEC, and the third term creates entanglement between the two
BECs. Similar to the Schrödinger cat states that are generated by the one-axis
twisting Hamiltonian, the Hamiltonian (7.1) generates highly entangled states at
special revival times depending on the ratio between χ and χab. At short evolution
times, which are more accessible experimentally, it generates Einstein-Podolski-
Rosen-type entanglement between properly chosen directions of the collective
spins Ŝa and Ŝb.

The exact scheme depicted in figure 7.3 is not straightforward to realize on our
current atom chip3, but a slightly different alternative scheme proposed in [57]
can be implemented. In the alternative scheme, state |1〉 is left in a double-
well potential, whereas state |2〉 is state-selectively modified from double-well to
single-well. As a result, |2〉a and |2〉b collide and interact. This generates the
same interaction as equation (7.1), with χab = χ/2 for equal scattering lengths
and fully overlapping mode functions [147]. In appendix B an example of suitable

3On our atom chip, wires for static magnetic potentials are close to the CPWs used for state-
dependent potentials, making it difficult to state-dependently translate a double-well potential
along x.
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current configurations is given, and the expected technical phase noise between
the two wells is analyzed.

Apart from creating double-well potentials in the experiment, a few additional
ingredients are needed to create and measure entanglement between two BECs.
First, internal-state Rabi rotations in both wells independently are desirable, such
that different combinations of spin quadratures can be measured. The gradients
in Rabi frequency observed in section 6.1 may be used to our benefit by creating
a different Rabi frequency in each well. This effect can be enhanced by using
on-chip microwaves for Rabi pulses, which have very strong but reproducible
gradients. A tailored pulse sequence could be used to get the desired end result
in each well. For read-out, state-selective imaging of both wells independently
is straight-forward to implement, since the trap separation is well resolved by
our imaging system. Finally, simulations and experimental work are needed to
determine whether the components |2〉a and |2〉b can be cleanly separated and
re-captured after colliding. Alternatively, a next-generation atom chip can be
designed to directly implement the scheme of figure 7.3.
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Appendix A

Atom chip layout

Figure A.1 shows the wire pattern of the base chip. The base chip has a “double
H”-structure, accentuated in a darker color. The other wire structures are lead
wires to the science chip. The contacts (marked as gray circles) are labeled
according to the system used in the experiment. The ground contacts G1-G4 of
the microwave connectors are coupled to the corresponding DC wire with surface-
mount capacitors, forming the on-chip bias-Ts. For example, G1 is capacitively
coupled to M2 and M5.

Figure A.2 shows the layout of the science chip. The lower gold layer is
shown orange (labels starting with D and U). The wires of the upper gold layer
are shown in bright yellow (labels starting with M, and MW1-MW4 for the central
microwave conductors).

In the main experiment trap (see section 5.4) the current IL = 130 mA runs
from U3 to U10. There are three dimple currents of ID = 2 mA each running
from M16→M6, MW3→MW2 and M17←M9, respectively. The effective dimple
current is thus 2 mA in −y-direction.
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Figure A.1: Base chip layout
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Figure A.2: Science chip layout, showing a) complete science chip, b) 6-wire structure,
c) 5-wire structure.
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Appendix B

State-selective double-well potential

In this appendix, I present a possible current configuration to generate both
state-dependent and state-independent double-well potentials on our atom chip.

Figure B.1 shows the proposed current configuration, using the five-wire struc-
ture of the atom chip. The trap is based on a dimple trap. Transverse confinement
is given by a wire along x carrying IL = 70 mA and a static field By = 4.0 G.
Longitudinal confinement and static double-well splitting are provided by all five
dimple wires in the y-direction. The central wire (core of the CPW) carries
a variable current ID1, the two surrounding wires (ground wires of the CPW)
carry ID2 = −2 mA each and the two outer wires (auxiliary DC wires) carry
(ID3 = −4 mA) ± Ic each, where Ic is a small compensation current, which
can be used to tune the energy difference between the left and right well of a
double-well potential. A variable microwave current Imw is used in the CPW.

We consider three different configurations listed in table B.1. Configuration
a) is a single-well potential for both states, realized with ID1 in the −y direction.
Configuration b) is a state-independent double well, realized with ID1 along +y.

I D
1

I D
2

I D
2

I D
3 +

 I c

I D
3 -

 I c

m
w

20 μmx

y

z

top layer

lower layer

IL

Figure B.1: Current configuration for double-well traps. The central wire current ID1

can be chosen in either direction depending on the desired trap (see text).
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B. State-selective double-well potential

a) b) c) |1〉 c) |2〉
ID1 -1.10 +1.40 +1.06 mA
Ic 0 -4.1 15.7 µA
Imw 0 0 82.5 mA

z0 23.6 24.2 24.4 23.7 µm
B0 2.73 2.92 2.90 2.90 G
ωl/(2π) 167 171 169 169 Hz
ω⊥1/(2π) 667 629 627 644 Hz
ω⊥2/(2π) 751 683 695 676 Hz

d – 17.6 17.9 – µm
∆V/h – 33.9 -14.3 – Hz
Barrier – 2.6 2.6 – Hz

Table B.1: Current configurations and simulated trap geometry, for a) single well,
b) double well and c) state-dependent double well potentials. For the state-dependent
potential, states |1〉 and |2〉 are listed separately. The bottom section lists the splitting
distance d, the energy difference ∆V and the energy barrier between the two wells in the
case of double-well potentials. The trap frequencies in the left and right wells are equal
within 4 Hz.

Both configuration a) and b) use no microwave potentials. Configuration c) is a
state-dependent double well: it is a double well for state |1〉, but a single well for
state |2〉. It is realized by a combination of ID1 along +y and the state-dependent
microwave potential.

Figure B.2 shows potential traces along x for the three trap configurations.
The traces are taken along the trap minimum in the y- and z-directions. All traps
have very similar trap frequencies, listed in table B.1. All traps are approximately
z0 ≈ 24 µm away from the surface. The magnetic field B0 in the trap center
ranges from 2.7 G to 2.9 G.

For both double-well configurations, the differential energy ∆V between the
left and right well have been set close to 0 by tuning Ic. Using Ic = 0 yields
similar trap configurations, but with ∆V = −h× 156 Hz in configuration b) and
∆V = h× 718 Hz for state |1〉 in configuration c). This differential energy arises
from the asymmetric lead wires in configuration b), and in addition from the
asymmetry in the microwave potential in configuration c). Note that the lead
wires are only approximately implemented in the trap simulation, and the actual
energy difference may be different in the experiment. The energy barrier between
the two wells is h× 2.6 kHz. For comparison, a small BEC with 500 atoms in a
single well has a chemical potential of µ ≈ h× 1.2 kHz.

The trap can be smoothly changed between all three configurations by linearly
ramping the static currents and the microwave power Pmw ∝ I2

mw from the initial
to the final value1. For example, a smooth ramp from from configuration a) to b)

1If a constant ∆V is desired during the ramp, a nonlinear ramp for Ic may be needed.
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Figure B.2: Trapping potentials as function of x. Panels a)-c) correspond to the
configurations a)-c), respectively. For each x, the potential is minimized along y and z.

Parameter Sensitivity Stability σ∆V

Ic 47 Hz/µA – –
ID3 0.3 Hz/µA . 2 µA . 0.6 Hz
ID2 0.1 Hz/µA . 2 µA . 0.2 Hz
ID1 0.2 Hz/µA . 2 µA . 0.4 Hz
IL 11 Hz/mA ≈ 10 µA ≈ 0.1 Hz
Bx 0.1 Hz/mG . 0.5 mG . 0.05 Hz
By 0.1 Hz/mG . 0.5 mG . 0.05 Hz
Bz 5.5 Hz/mG . 0.5 mG . 2.3 Hz
Imw 19 Hz/mA . 4 µA . 0.07 Hz

Table B.2: Sensitivity of the differential double well energy in configuration c) to various
parameters. Stability estimates for our current experimental equipment are listed, as well
as the resulting estimates of the differential energy fluctuations σ∆V .

can be used to coherently split a single BEC. An abrupt change from configuration
b) to c) can be used to create correlations between the atoms in the left and the
right well: while state |1〉 would stay split, the two clouds in state |2〉 would
make one oscillation in opposing directions, and interact in the process. The
atoms could be re-captured in configuration b) at the end of one oscillation.

For coherence in a double well potential, stability of the energy difference
∆V is crucial. Table B.2 lists the sensitivity of ∆V/h to changes in the wire
currents and magnetic fields, calculated for the state-selective double well. Sta-
bility estimates for the current sources used in the present experiment are also
listed. These are estimates for long-term drifts, short-term stability is usually
much better. For all currents except Ic, using the current sources of our current
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B. State-selective double-well potential

experiment would suffice to obtain a a stability on the order of 1 Hz. Here it is
assumed that both wires carrying ID3 are connected in series to the same current
source, and similar for ID2, such that differential current noise is not present.
Special attention should be paid to the current supplying Bz. However, no field
in z-direction is needed in the proposed trap configuration, and the current source
could be completely disconnected during a double-well experiment, or replaced
by a much lower output current source if a small offset field is desired.

The compensation current Ic is designed to adjust ∆V , and ∆V is naturally
very sensitive to fluctuations of Ic. To implement Ic, a very low-current source
could be designed which superimposes a current of 2 × Ic onto one of the outer
wires that carry ID3. It would have to supply only about 40 µA, but with
≈ 10 nA stability. While the required relative stability is less stringent than
what is realized in our larger current sources, it may be difficult to achieve at
such small currents, and it might not be feasible to couple it to the same wire
as ID3. Another way to obtain tunability of ∆V would be to use a chip wire
along y that is far away from the trapping region. Then, a larger current can be
supplied with an existing current source, generating only a small field gradient
at the trap position. Finally, Ic could be omitted completely, if a nonzero ∆V is
not problematic for a given experiment.
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atom interferometer surpasses classical precision limit, Nature 464, 1165
(2010).

[21] A. Louchet-Chauvet, J. Appel, J. J. Renema, D. Oblak, N. Kjaergaard,
and E. S. Polzik, Entanglement-assisted atomic clock beyond the projection
noise limit, New J. Phys. 12, 065032 (2010).

[22] I. Leroux, M. Schleier-Smith, and V. Vuletić, Orientation-dependent entan-
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