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Simulation of microwave dressed-state potentials

Here we describe our simulation of the trapping po-
tential [1], which extends the theory of [2] to multi-level
atoms. Consider a 8"Rb atom in the 551 /2 ground state
at a fixed position r. The atom interacts with the local
static magnetic field B and the microwave magnetic field
B (t) = 3 Bmwe @ +B},e™!]. The atomic hyperfine
states are described by the Hamiltonian

H = (hwngs/2)L- 3 + pp (97T + g11) - (B + Buw (1)) -

The first term describes the hyperfine coupling between
electron spin J and nuclear spin I (J = 1/2, I = 3/2,
and wpg/2m = 6.834682611 GHz). The second term is
the coupling to the static and microwave magnetic fields,
with g; = 2.002331 (g; = —0.000995) the electron (nu-
clear) Landé g-factor. If high accuracy of the simulation
is required, e.g. for comparison with spectroscopic mea-
surements, we numerically determine the eigenstates and
-energies of the full Hamiltonian H. However, in most
cases, a number of approximations can be made: (1) We
neglect the coupling of I to the external fields because
g1 < gy. (2) We treat the coupling of J to B perturba-
tively because pupB < hwygs. (3) We transfer to a frame
rotating at frequency w and make the rotating-wave ap-
proximation, valid because ppBmw, 1|Ag| < hw, where
Ag = w — wpgs. With these approximations, we express
H in the basis |F, mp) of the eigenstates of the hyperfine
spin F = J + I, with the quantization axis chosen along
the local direction of B:

H~ Z (_%hAo + thmQ) |2, m2) (2, ma]
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We have approximated gy =~ 2 and introduced the Lar-
mor frequency wy, = ppB/2h. The microwave couples
the transition |1,m1) < |2, m2) with Rabi frequency

Q272 = (240/1) (2.2 By - 3|1, m01)

1,my

and detuning

Aigf = Ao — (mz + ml)wL.
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We numerically diagonalize H in equation (1) to de-
termine the local dressed states |7) and dressed state en-
ergies F(n) of the atom at position r, wheren =0...7 is
a suitable labelling of the states. For position-dependent
fields B(r) and By, (r, t), an energy landscape E(n,r) is
calculated in this way. In our experiment, the microwave
dressing field is always turned on adiabatically with re-
spect to the internal-state dynamics. The bare qubit
states |0) and |1) smoothly transform into the dressed
states |0) and |1) with potentials V|5 (r) = E(0,r)—5hAq
and Vi) (r) = E(1,r) + $hA, respectively. If the mo-
tion of the atomic wave function in these potentials
is sufficiently slow, as in our experiments, the internal
state follows the spatially varying fields adiabatically, and
motion-induced transitions between different states |n)
are suppressed.

If the microwave is far detuned from all transitions,
|A§’2j\2 > |Q%’ﬁf|2, the microwave coupling can be
treated perturbatively. Each dressed state |n) can then
be identified with one of the bare states |F,mp), and
each transition connecting to |F,mp) contributes a po-
tential :I:h\ﬂi"mqﬂZ/élAfﬁf, where the + (—) sign is for
F =1 (F = 2) [3]. This is the regime relevant to our
experiment. In the main text of our paper, Qr = Q?’j
and A = Aij. Figure 1 shows the spatial dependence
of |[Qr(r)|, calculated for an ideal CPW mode.

In addition to Vjzy(r), our simulation includes several
contributions to the potential which are identical for all
states of the ground state hyperfine manifold: the quasi-
electrostatic potential V,(r) = —(ap/4)|E(r)|? due to the
electric field of the microwave [4], where E(r) is the elec-
tric field amplitude and «y is the ground state polarizabil-
ity, the potential due to gravity, and the Casimir-Polder
surface potential relevant at atom-surface distances be-
low a few micrometers [5].

Characterization of on-chip microwave propagation

We generate the microwave for the on-chip waveguide
using an Agilent 8257D microwave generator whose out-
put is amplified and amplitude stabilized using a feed-
back loop with a directional coupler and an Agilent
8471E detector directly in front of the chip. We measure
a relative long-term drift in P, of < 5-107% peak-to-
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FIG. 1: Plot of the equipotential lines of |Qgr| (cor-
responding to Figure 2 of the main text). Shown is
|Qr(z, Ym, 2)| /27, the outermost line as well as the line spac-
ing are 70 kHz. Qg(r) is calculated from the microwave
field Bmw(r) of an ideal CPW mode with Inw = 76 mA and
the static magnetic trapping field B(r). The asymmetry in
|Qr(r)| with respect to = 0 is due to the spatial dependence
of B(r). The position of the CPW wires is indicated below
the abscissa, the trap position is marked by a black cross.

peak. The relative drift of the power launched into the
chip is the same as that of the transmitted power. This
indicates that there is no significant long-term drift of the
CPW’s transmission properties. The chip temperature is
stabilized by water cooling of the carrier chip.

The characteristic impedance of the CPW, obtained
from quasistatic simulations including conductor and di-
electric losses [1], smoothly changes from 50 Q at the
ports to 70 £ at the chip center. The measured power
transmission through the chip is -6 dB. Because of sym-
metry of the CPW, we expect that approximately -3 dB

of the injected power reach the chip center. Simulations
suggest that the observed loss is dominated by conduc-
tor loss in the chip center where the lateral extent of
the CPW is only a few micrometers. The absence of
resonances in the transmission spectrum in the investi-
gated frequency range (< 8.5 GHz) suggests that the
bond wires and other discontinuities do not lead to strong
standing waves on the chip. In any case, the atoms would
experience only very small microwave potential gradients
due to standing waves, because the size of the atomic
wave function is much smaller than the microwave wave-
length.
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