Coherent and optimal control of adiabatic motion of ions in a trap

Meiyu Zhao and Dmitri Babikov™
Chemistry Department, Marquette University, Milwaukee, Wisconsin 53201, USA
(Received 13 September 2007; published 31 January 2008)

Small anharmonicity, created along the axial direction of the trap, allows controlling the motional states of
ions adiabatically using electric fields. In this paper several important aspects of this control scheme are
explored theoretically. The pulses for various state transformations, including universal quantum gates, are
derived using the optimal control theory. They exhibit simple
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H =Ho - E(zq. (2)

The last term in Eq. (2) can be viewed as the electrostatic
energy in the linear potential with the slope E(t) that changes
in time. The dependence E(t) defines what we will call the
control pulse. In the simplest control scenario one can con-
sider, for example, the field amplitude, the pulse duration,
and the frequency as control parameters and try to tune them
to achieve the desired control, but we go beyond that and
search for an optimal pulse shape by allowing E(t) to



the range from 5.54 to 27.7 kHz (i.e., between 0.2% and 1%
of the frequency value) keeping the values of w, and T fixed.
For each value of A, we carried out the pulse optimization
for the gate NOT and calculated its fidelity F
:%2|<¢i(T) | o)|?, where the sum is over the two transitions
optimized simultaneously, NOT|0)—|1) and NOT|1)—|0)
[13-15].
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(A,~ 1% of w,) should permit one to carry out very accurate
state-to-state transformations using short (T~ 10 us) simple-
shaped pulses. Amplitude of the electric ac field required for
such pulses is on the order of E,,,~2.5 mV/cm. In general,
the values of A,, T, and E, are all coupled and the pulse
optimization is required in order to achieve high fidelity of
the state-to-state transformations. This control scheme can be
used for state initialization, for simple “cooling,” and even
for applying the quantum logics gates. Its practical realiza-
tion seems to be in the reach of today’s technology. Note that
the gate pulses optimized using the coherent control theory
represent unitary transformations, i.e., they preserve phase
information and act on an arbitrary superposition state
[14,16], which makes this scheme suitable for quantum com-
putation.

When several ions are trapped, a multiqubit system can be
created by encoding different qubits into different motional
modes of the Wigner crystal (e.g., symmetric and antisym-
metric vibration modes). Again, the electric field can be used
to control and couple those modes. Note that the single ion
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addressing is not required for this control scheme. T
lomb interactions between different ions introduce afldi
anharmonicities into the spectra of the motional stats
facilitates the control. Recent work on vibrationd
[13-17] indicates that the two-qubit gates are posslﬂi :
timization of such control pulses is technically fea

though the pulse shapes may be somewhat more comp
due to the presence of several modes with different f
cies and the
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