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Abstract: We investigate the distortions of trapping potentials when integrating fiber-tip optical 
cavities into small ion traps. Trap depths, frequencies, and anharmonicity are investigated 
numerically for several geometries and the most stable traps are identified.  
OCIS codes: (270.5585) Quantum information and processing; (060.5565) Quantum communications; (350.4600) Optical 
engineering.  

 
1. Introduction 

Radiofrequency (rf) traps for single or few atomic ions are currently one of the leading contenders for quantum 
information processing (QIP), mainly due to their unsurpassed long decoherence time [1]. Scaling QIP to many 
quantum bits will however ultimately require connecting individual ion traps either by shuffling ions between traps 
[2] or, alternatively, by optical fiber links [3]. For the latter approach, coupling ions to optical fiber-coupled cavities 
provides, at least in principle, a deterministic ion-photon interface that would allow for much faster photon-mediated 
ion-ion QIP than current probabilistic schemes [4], provided that the strong cavity coupling regime can be achieved. 
While this has been demonstrated for single neutral atoms and collectively for many atoms, strong coupling of 
single ions to optical cavities is still to be achieved.  

The main design challenge for such ion traps with integrated optical resonators lies in the fact that small optical 
cavity volumes are required to achieve strong coupling and thus the dielectric mirrors forming the cavity have to be 
placed close to the ion trap center. These dielectrics, however, then distort the electromagnetic (rf) fields that form 
the ion trap and thus may significantly degrade their performance [5]. Here we investigate a range of ion traps and 
optical cavity configurations to identify the most suitable geometries to achieve stable rf ion trapping together with 
strong ion-cavity coupling.  

2.  Methods 

For our numerical investigation we select five different ion trap geometries, two linear traps with blade-shaped and 
wafer electrodes, respectively, a cylindrical endcap trap, a cylindrical stylus trap, and a planar surface trap, as shown 
in Fig. 1. All traps are scaled to have typical electrode gaps of 1 mm. The optical cavities are assumed to be formed 
between the tips of two dielectric cylinders 0.7 mm in diameter representing tips of optical fibers coated with 
dielectric mirrors [6], and cavity alignment along all three spatial axes of the ion traps is considered. For each of 
these ion-trap and cavity configurations we simulate the rf trapping fields E(r) using a full 3-dimensional finite 
element method (Comsol Multiphysics®) and calculate the effective ion trapping potential 
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where q is the ion charge, m the ion mass, and  the rf angular frequency. In all cases, the applied rf voltage is 200 
V and the frequency is 12.7 MHz. 

 

Fig. 1. Schematics of investigated ion traps: (a) blade, (b) wafer, (c) endcap, (d) stylus, and (e) surface trap. 



3.  Results and Discussion 

1 2 3 4 5
0.00

0.01

0.02
0.5

1.0

1.5

2.0

2.5

 

P
o

te
n

tia
l b

a
rr

ie
r,

 x
-a

xi
s 

(e
V

)

Cavity gap (mm)

     

1 2 3 4 5
0.03

0.04

0.05

0.5

1.0

1.5

2.0

2.5

 Endcap trap, mirrors x-axis
 Endcap trap, mirrors y-axis

 Wafer trap, mirrors x-axis
 Wafer trap, mirrors y-axis
 Wafer trap, mirrors z-axis

 Stylus trap, mirrors x-axis
 Stylus trap, mirrors y-axis

S
e

cu
la

r 
fr

e
q

u
e

n
cy

, 
x-

a
x
is

 (
M

H
z)

Cavity gap (mm)

 Surface trap, mirrors x-axis
 Surface trap, mirrors y-axis

 
Fig. 2. Comparison between (a) potential barrier heights and (b) secular frequencies for different ion traps and 

different optical cavity orientations depending on the gap between cavity mirrors. 

 
We characterize the effect of dielectric mirrors on various traps with various cavity mirror alignments by 

analyzing the trapping potential depths and secular frequencies along the trap-confining axes (x- and y- axis). Fig. 2 
shows some sample results of the potential barrier heights and the trap frequency in the x-direction as a function of 
the separation between the mirrors. The blade trap (not shown in Fig. 2) behaves similarly to the wafer trap. We see 
a notable difference in trap depths and frequencies between the different geometries, with the linear traps generally 
providing better confinement than the cylindrical traps. Several trap/cavity geometries suffer major distortions when 
the dielectric mirrors are brought close to the trap center, e.g., we find a 60% reduction of trap depth along the x- 
and y- axis for the wafer trap with a cavity aligned along the corresponding axis, and a nearly complete loss of the 
trapping potential in the stylus trap with a cavity aligned along the x-axis. On the other hand, we find that trap 
distortions are minimized if the dielectric cavity mirrors are aligned along the main trap axis and either shielded by 
the electrodes (e.g., in endcap traps with cavities inside the electrodes along the y-direction) or placed along nodes 
of zero electric fields (e.g., in the linear traps with mirrors along the z-axis). 

In further simulations we have also investigated the effects of misaligned geometries (i.e., where the cavity 
mirrors are not carefully aligned with the trap symmetry axes), of mirror materials (i.e., materials of low and high 
dielectric permittivity), and of surface charges on the mirrors as have been observed experimentally. 

4.  Conclusion 

Our results show clearly how small dielectric optical cavities integrated into a range of ion traps can severely 
interfere with the trapping properties. The smallest distortions are found if the cavities are aligned along the major 
symmetry axis of the electrode geometries through either shielding or minimizing the electromagnetic field at the 
position of the dielectric mirrors. These configurations are therefore best suited for achieving small cavity volumes 
and thus large ion-photon coupling as required for scalable quantum information networks. 
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Commons Attribution 4.0 License [7]. 
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