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• Computation and Processing
• Qubits
• Ion Traps
• Scaling-up Ion Traps into 2D



Computation/Information Processing

• Encode an idea (number, 
word, etc) into a physical state

• Encode the manipulation of 
that idea into a mechanism that 
works with that physical state



Computational Power

Power = computational rate x word size 

• Pmuir=12 bit x 0.05 Hz

• Ie. 64 bit computer at 1 GHz is roughly as 
powerful as a 32 bit computer at 500 MHz 
or 10^11 times more powerful than Pmuir



Hilbert Space of Classical Channels

• Each variable is associated with a 
degree of freedom

• N channels, have N degrees of 
freedom

• For instance, two capacitors with 
voltage “a” and “b”



Qubits
Two level quantum system



Hilbert Space of Multiple Qubits

• Entanglement means Hilbert space grows 
exponentially : 2^(2N)
‒ Overall phase is not measureable
‒ Normalization



Quantum Computation

• Aims to use the large Hilbert space of multi-
bodied quantum systems to perform difficult 
computations and simulations

• Hilbert space of N q-bits is 22N-2 degrees of 
freedom



Exponential Growth

• 1 qubit = 2 degrees of freedom
• 10 qubits = 1048574 degrees of freedom
• 100 qubits = 1.6 x 1060 degrees of freedom

• With 136 qubits, the Hilbert space has more 
degrees of freedom than the number of atoms in 
the observable universe (1082)



Immediate Applications of Quantum 
Information Processors

• Direct simulation of quantum many-bodied 
systems

• Solving linear systems of equations

• Number theory and cryptography
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Ion Traps

quadrupole field allows for 
trapping of ion 

Steane, A. M. The ion trap quantum 
information processor. Appl. Phys. B 
Lasers Opt. 642, 623–642 (1997).



Ion Trap Quantum Computing

3 Ca ions



40Ca+ Atomic Structure [Ar] 4s1



Planar Electrode Ion Traps



2D Arrays of Ion Traps
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Optimization of 2D arrays of planar point Paul 
Traps



conventional array of ring traps
segment each microtrap

• squeeze the microtraps next to each other
• neighboring RF electrodes become one

RF address the trap



•each ground still holds one RF 
null and appears as part of a 2D 
trap array

but now see what happens when we adjust the RF 
amplitude on the middle electrode

neighboring RF electrodes become one



Addressable Ion Traps
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Addressable 2D Arrays

• A possible path to scale up ion traps for large 
scale computation and simulation

• RF addressing can be used to tune the strength 
and the frequency of the coupling



Simulation Results 
Addressable 2 × 2 array



Motional Splitting

• 2 coupled harmonic oscillators can be 
considered as two independent 
oscillators with COM and squeeze 
modes



controlled phase-gate between 
ions in separate traps

Cirac, J. I. & Zoller, P. A scalable quantum computer with ions in an 
array of microtraps. Nature 13, 579 (2000).

if both ions are displaced, 
phase is shifted 
|SS> + |DD>  |SS> - |DD>

23
0 /2 edmTgate ωπε=



Dipole-Dipole Coupling Rate 
with RF Addressing

𝛿𝛿𝛿𝛿 =
𝑞𝑞2

2𝜋𝜋𝜖𝜖0𝑚𝑚𝑚𝑚𝑑𝑑3
40𝐶𝐶𝐶𝐶+ ions

100 µm trap spacing



4 × 4 array Folsom



Trap Wiring
ITO Ground Plane

Filter Board

SMA RF Connectors



Ion Trapping in Folsom

ion cloud with trap illuminated



Shuttling and Frequency Tuning

with an adjustable RF electrode

Kumph, M., Holz, P., Langer, K., Niedermayr, M., 
Brownnutt, M.,  Blatt, R. (2014). Operation of a planar-
electrode ion trap array with adjustable RF electrodes. ArXiv
E-Prints. quant-ph/1402.0791



Heating Rate

single ion recooling heating rate measurement



Summary and Future
• Technology to electronically adjust adjust 

coupling between traps in a 2D array now exists
• Microtrap array “Ziegelstadl“ up-next



Our Group in Innsbruck
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