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Excess micromotion can be a substantial source of errors in trapped-ion based quantum processors and clocks due to the sensitivity of the internal states of the ion to external fields and motion. This problem can be fixed by compensating background electric fields in order to position ions at the RF node and minimize their driven micromotion. Here we describe techniques for compensating ion chains in scalable surface ion traps. These traps are capable of cancelling stray electric fields with fine spatial resolution in order to compensate multiple closely spaced ions due to their large number of relatively small control electrodes. We demonstrate a technique that compensates an ion chain to better than 5 V/m and within 0.1 degrees of chain rotation.
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1 INTRODUCTION
Trapped ions are a leading candidate for quantum information systems due to their long coherence times and low gate errors (Ballance et al., 2016; Gaebler et al., 2016). Typically, a quadrupole trap is used to confine ions in three dimensions using a combination of oscillating and static electric fields (otherwise known as a pseudopotential well). One of the most precise and scalable ways to fabricate this type of trap is to lithographically define the electrodes on a planar surface (Seidelin et al., 2006; Moehring et al., 2011; Romaszko et al., 2020). In both surface and 3D ion traps, the oscillating nature of the trapping potential leads to ion motion at the RF drive frequency beyond its harmonic motion, known as micromotion. Additionally, stray background electric fields or imperfections in the voltage control modeling or trap fabrication can distort the shape of the potential well or offset the ion from the RF node leading to excess micromotion. This can have a detrimental effect on spectral line shapes and cause second-order Doppler shifts (Berkeland et al., 1998), decrease ion lifetimes (DeVoe and Brewer, 1996), cause laser damping instability in chains (DeVoe et al., 1989), and induce ion heating that leads to decoherence (Poyatos et al., 1998). Both ion based quantum computers and atomic clocks are prone to errors from these effects, and in some cases, they are the leading source of uncertainty (Chou et al., 2010; Arnold et al., 2015).
Because micromotion is a common problem in trapped ion systems, it is a well-studied phenomenon. Numerous methods exist for detecting and quantifying it, including micromotion sideband spectroscopy (Berkeland et al., 1998), RF correlation measurements (Roos, 2000), ‘synchronous’ tickle measurements (Eltony, 2010), ‘chirp’ tickle measurements (Clark et al., 2021), parametric resonance detection (Ibaraki et al., 2011), and using high-finesse optical cavities as spectrum analyzers for ion-cavity emissions (Chuah et al., 2013). As more ions are needed to support more complicated quantum algorithms, research groups have begun exploring the feasibility of utilizing chain lengths with up to 100 ions (Pagano et al., 2019). However, standard micromotion detection methods become increasingly complicated with advancing trap designs and greater ion numbers, due to shrinking mode spacing and growing complexity of optical addressing and control of individual ions. Having complete and precise control over the voltages applied to the electrodes is necessary for detecting and compensating micromotion in these long ion chains using these techniques, as tilts in the chain can inhibit finding the micromotion minimum simultaneously for each ion. Here, we describe a technique for generating the voltages that are applied to each control electrode to compensate a chain of ions and can correct for chain misalignment from the RF node.
Surface ion traps provide an ideal platform for compensating significant numbers of ions due to the low ion height and segmented control electrodes that yield fine spatial resolution. While correcting for stray electric fields may be necessary in all three spatial dimensions (radial and axial), we are most concerned about micromotion in the radial directions in linear traps (in use here, discussed in Section 2), thus we ignore any possible axial pseduopoential as it is small in these traps. This is not necessarily negligible in other systems such as multi-ion optical clocks, where axial micromotion can cause increased heating rates and ion loss, and it can be a challenge to compensate (Keller et al., 2019). In many cases, trap imperfections, surface effects, or stray fields can introduce tilts into the chain with respect to the RF node (Harlander et al., 2010; Allcock et al., 2012). Here, we explore how our voltage solutions enable chain rotations (shown in Figure 1) which compensate for this tilt while minimizing micromotion.
[image: Figure 1]FIGURE 1 | This schematic reflects the construction of the voltage solutions. The offset fields depicted at the top (Hx, Hy, and Hz) are used for compensating the ions to the RF potential node. The first term along the diagonal of the Hamiltonian is Haxial, and Hradial corresponds to the second term along the diagonal. The solutions only need the five non-highlighted curvature terms of the matrix due to symmetry, and the final term is no longer needed because Htrace sums the terms along the diagonal. Though the colored electrodes are not the real voltages applied to our electrodes at a given time, the positive and negative values are depicted to aid the understanding of each term’s contribution. The two rotations relevant to results discussed in Section 3 are shown on the right: a principal axes around the x-axis and a rotation of the chain around the z-axis.
2 MATERIALS AND METHODS
The ability to minimize micromotion on a chain of ions is made possible by a unique technique for 1) calculating voltage solutions, which are the arrays of voltages we apply to the control electrodes that confine ions axially and position them on the RF node, and 2) our ability to measure the local micromotion minimum. In this work, using this voltage solution framework, we show that we can minimize the micromotion in a 5 ion chain by using a set of basis functions to offset and rotate the chain, correcting for any uncompensated electric fields in the radial direction with zero- and first-order spatial dependence over the ion chain. Most of the standard micromotion detection techniques aforementioned are applicable for detecting ion motion parallel to the direction of laser propagation; in our surface trap, the optical access is constrained to one radial direction, so we utilize a technique that is largely insensitive to this geometry - micromotion sideband spectroscopy verified with parametric resonance experiments - to minimize micromotion along an entire rotated chain. In this section, we explain how we generate our voltage solutions and detail the micromotion techniques we employed.
2.1 Voltage solutions
In our experiments, we use a linear microfabricated surface ion trap, the Phoenix trap (Revelle, 2020). A pair of long rails provide RF voltage for confinement in the two radial directions, orthogonal to the rails. Static DC voltages are applied to the segmented electrodes which provides axial confinement, along the RF rail. We define our coordinate system with the x-axis along the linear axis of the trap, y is parallel to the surface in the radial direction, and z is normal to the surface of the trap, as shown in Figure 1. At a desired trapping location we approximate the total potential as a 3D quadratic potential whose surfaces of constant potential form ellipsoids. Such a quadratic potential can be described by a real symmetric curvature tensor, Vij, where i, j ∈ x, y, z. Under this approximation (and taking the desired single-ion equilibrium position to be the origin without loss of generality), the total potential as a function of the position r is
[image: image]
where the linear field offsets Ei and curvature Vij are functions of the voltage configuration.
A single voltage solution that provides a desired field offset and curvature can be determined through a constrained least squares optimization (Blakestad et al., 2011). Specifically, for a desired set of field offsets and curvatures encoded in a vector [image: image], one seeks to minimize the L2 norm [image: image].
Here, M is the linear transformation that maps a voltage configuration to field offsets and curvatures and v is the base voltage solution. In order to provide full dynamic control over the offset and the curvature, we seek a set of voltage solutions v(k) for k = 1, … , n that provide a unit change in these n independent degrees of freedom. That is, we seek an effective map M−1 so that for each component of [image: image] we find a voltage solution that affects only that element.
The field offsets and curvatures are encoded in [image: image] as a 9-element vector consisting of the 3 field offsets and 6 irreducible spherical components of the quadratic potential. Due to the choice of coordinate system, we perform this decomposition with respect to the real spherical harmonics and utilize the x-axis as the polar axis. Specifically, [image: image], where the Hx,y,z = Ex,y,z terms are the field offsets used to correct for micromotion. Htrace = (Vxx + Vyy + Vzz)/3 and determines the strength of the RF pseudopotential and defines the confinement of the ion, since the DC potentials satisfy Laplace’s equation (Burton et al., 2023). The traceless curvature terms in conjunction with Htrace define an orthonormal basis set:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
Given the encoding of the field offsets and curvatures, we now seek to generate a set of base voltage solutions v(k) for k = 1, … , 9, such that each solution maps to a single component of [image: image] and each element of v(k) is a voltage applied to an individual electrode. The transformation M can be represented as a 9 × (N + 1) matrix for the N independent electrodes plus the RF electrode. This approach does not assume any a priori relationship between the various electrodes for the various components of [image: image], and thus M is constructed by considering each electrode independently and determining its effect on [image: image]. The effective inverse M−1 is computed via the Moore–Penrose pseudoinverse, resulting in a (N + 1) × 9 matrix. The base solutions v(k) are simply the columns of this matrix. This approach provides a trivial means of calculating a set of independent basis solutions anywhere in the trap, assuming the electrode coverage provides sufficient curvature control.
Given these base solutions v(k) that map to the individual components of the vector [image: image], we can construct an arbitrary quadratic potential from an appropriate linear combination of the solutions v = ∑kgkv(k) where gk is the gain of each component determined from our desired confinement frequencies. In general, any real symmetric tensor Vij can be diagonalized as V = QΛQ⊺, where Q ∈ SO(3) is a rotation and Λ is a diagonal matrix of eigenvalues. Then, given a set of desired secular frequencies ωi which relate to the eigenvalues λi of Vij by [image: image], where m is the mass and q is the charge, and the Euler angles for principal axis rotation, we are able to form an arbitrary quadratic potential Vij from which we determine the necessary voltage gains gk. The DC components of the base solutions are uploaded to the control software, and the full solution is then synthesized and uploaded to the control hardware, while the RF is set according to a calibrated measurement of the voltage, such as a rectified pickoff (Johnson et al., 2016). Because the RF is set by the gain for the trace Htrace, it is invariant under rotations and therefore is fixed independently of the other applied gains.
To perform rotations of ion chains, the potential can be dynamically, arbitrarily, and precisely reshaped by changing gk to any of the traceless components that map onto the curvature tensor. The level of control these solutions afford is crucial for implementing very precise rotations, especially for longer chains of ions. If, for example, a compensated chain of 32 171Yb+ ions spaced by 5 μm each is rotated by 0.1° about the center of the chain along the x-axis, the ions at the end will be off the RF node by 0.13 μm, corresponding to an 85 V/m field in a trap with 3 MHz radial frequencies.
2.2 Micromotion compensation
To compare the effect of these solutions, this experiment uses a chain of 171Yb+ ions in a Sandia-fabricated linear surface trap, the Phoenix trap (Revelle, 2020). The region on the trap designated for quantum operations is 1.5 mm long with segmented control electrodes outside the RF rails (primarily for rotation) and segmented control electrodes that are inside the RF rails and 10 μm offset below the surface metal to increase the confinement at the ion. Using the solutions described in the previous section, the ions are trapped 68 μm from the surface in the quantum region and confined with single-ion secular frequencies of 1.7 MHz, 1.8 MHz radially and 0.4 MHz axially. Doppler cooling is achieved using 369 nm light to excite transitions between the 2S1/2 and 2P1/2 states, with state detection using a closed cycling transition (Clark et al., 2021). We load up to 5 ions and can rotate the principal axes of the confinement about x by up to 90° by changing the gain on each of the five traceless terms from Section 2.1. As the principal trap axes are rotated about x (see Figure 1), the radial motional modes rotate away from their original orientations aligned with the y and z-axes. To minimize the micromotion, we adjust the offset fields along the y-axis and z-axis, and the chain is rotated by changing the voltage gain on the rotation terms for the two trap axes Hyz and Hxz (with mixed contributions from the other remaining terms).
First, we demonstrate micromotion compensation utilizing resolved sideband measurements, a sensitive technique that detects ion motion (but only in the direction of the laser). Here, we drive the hyperfine clock state in 171Yb+ using a 355 nm pulsed laser two photon Raman transitions via a virtual state that is detuned between the 2P1/2 −2P3/2 level (Berkeland et al., 1998). By detuning from the clock transition by the RF drive frequency ΩRF, which in this case is 2π × 36.3 MHz, we probe the micromotion sideband directly. The height of this peak is determined by the Rabi rate and the induced motion of the ion. We scan across the transition frequency of the Raman beams, using a Gaussian fit to measure the transition frequency and the strength of the response. The height is compared for various values of the offset terms Hy and Hz. The peak heights can then be plotted versus the applied voltage to determine which field offsets correspond to the minimum peak height. An example of this measurement on one ion is shown in Figure 2, where the blue curves show their respective y and z offset corrections.
[image: Figure 2]FIGURE 2 | Measurements using RF parametric resonance and Raman sideband spectroscopy techniques prior to (A) and post (B) compensation. The techniques measure micromotion relative to an applied electric field offset, known as a shim field. The field offset can be used as a correction such that the ion is restored to the RF node. We fit the region of interest to a phenomenological model, an inverse Gaussian, to find the respective minima. The two methods sample different projections of the micromotion, which leads to the differences in the minima observed in part (A) However, both methods can be used to minimize the negative effects due to micromotion and both methods result in the same respective compensation field (as shown in part (b)).
We verify our resolved sideband measurements with a parametric resonance technique. The Doppler cooling light is detuned from the resonant frequency by ΩRF. While cooling the ion, an additional RF frequency is added to the RF electrodes (typically using an RF coupler) that resonates with the ion’s motion and displaces the ion further from equilibrium. The increase in ion motion causes an increase in the detuned detection signal due to the resulting Doppler shift. Thus a peak can be observed when the additional drive frequency is equal to the secular frequency (Ibaraki et al., 2011). The peak of this detuned signal can be compared to various applied RF fields, increasing in fluorescence as the ion is pulled further away from the RF node. As in the previous method, we use the field offset terms Hy and Hz to minimize the height and compensate the ion, comparing across different offset field values. An example of using this technique on one ion is also shown as the red curves in Figure 2.
These two methods rely on different lasers (Raman vs Doppler) which have different angles with respect to the RF axis resulting in slightly differing values of the measured micromotion which is sensitive to the laser propagation. However, both methods result in similar compensation fields, which is shown in Figure 2B, demonstrating that either method can be an effective tool in minimizing micromotion. Parametric resonance scans have been shown to be reliable in probing out of plane micromotion without direct laser access, due to the direct parametric excitation of the motion (Ibaraki et al., 2011). Resolved sideband measurements, though requiring laser overlap in the motional direction, result in the same compensation values, showing it can be an equally effective tool, but faster than and less prone to ion loss than the parametric scan. In the unfortunate case where there are out-of-phase RF fields in the experiment, the parametric resonance approach will only place the ion at a pseudopotential minimum while the resolved sideband approach minimizes micromotion, so there could be slightly different compensation points. However, in the case where there is no RF pickup on the compensation electrodes or spatially-dependent noise sources (the likely source of ion chain tilt here), these two approaches result in the same compensation minima, as is the case for these measurements. A full analysis of different micromotion methods, including those we use in experiments here, and their ion position resolution can be found in (Eltony, 2010).
3 RESULTS: COMPENSATION OF A ROTATED ION CHAIN
In the case of ion chains, stray fields can have a complex effect on the individual ion positions. Our voltage solutions enable us to minimize the micromotion across an entire chain, while correcting for offsets and rotations, thus mitigating some of these effects. Though the parametric resonance technique described in Section 2.2 directly probes the motional sidebands, it can be time consuming to implement and a principal axis rotation is required. Additionally, a chain of ions has a dense secular frequency mode structure that makes driving a specific mode more challenging and can lead to exciting ions out of the trap. We, therefore, use the parametric resonance measurements only for validation but show full radial micromotion compensation on a chain of five ions using resolved sideband spectroscopy for different rotations of principal axes, thus showing that any amount of overlap with the laser propagation allows for this method to be useful.
Figure 3 demonstrates the use of micromotion compensation in a chain of 5 ions, and using resolved sideband spectroscopy, and based on the data, we measure a slight tilt in the ion chain with respect to the chain axis. As seen in Figure 3A, at a principal axis rotation of 15°, we first probe the micromotion sideband and find the relative excitation of each of the ions at a particular Hy offset. The height of these peaks are then compared at different Hy offset fields as depicted in Figure 3B in order to find a minima in the excitation for each ion. Ideally, all ions’ micromotion should be minimized at one local field offset minimum and remain at that same local minimum regardless of the specified principal axis rotations. However, as seen in Figure 3B, we see a break in this symmetry, leading to the conclusion that there is a tilt in the chain.
[image: Figure 3]FIGURE 3 | 5 ion compensation data for a 15° principal axis rotation. Part (A) shows micromotion sideband peaks for a chain of five ions at a particular shim field in the y-direction. This scan is performed at various shim values as shown in Part (B). This shows an example scan where each ion’s micromotion sideband peak is not minimized at the same shim value, indicating a rotation along the chain of ions. The Hy Field offset (from part b) can be fit with uncertainties less than 1 V/m.
Using the voltage solutions described in Section 2.1, we demonstrate precise control over the chain rotation and repeat these measurements at different chain rotation angles until all ions’ micromotion minima occur at the same value of applied field offset. Figure 4 demonstrates this technique for two different principal axes rotations, each one requiring a different rotation angle to reach an overlap of each ion’s potential. At 5° of principal axis rotation in Figure 4A, the ions measure best overlap at −0.4° chain rotation, which corresponds to a 0.008 kV/m Hy offset field correction. Likewise, at a 15° principal axis rotation in Figure 4B, the point of best overlap is at 0.4°, requiring 0.013 kV/m Hy offset field correction. Despite the fact that our experiment requires different sets of compensating offset fields for two different principal axis rotations, this discrepancy is not an issue for most ion trap experiments since the principal axis usually stays fixed. One could argue that because the field offsets are different for different principal axes rotations, we have not fully corrected for the tilt in the chain. However, we suspect that the discrepancy may be due to an error in the eigenvalues for g(k). If the applied ωi do not match the measured secular frequencies, then there may be residual trace resulting in a rotation that impacts other factors of the potential. Another source of the discrepancy may found on the hardware-level, whether that be from fabrication imperfections or imperfect voltages applied to the electrodes. In this case, the necessary micromotion compensation correction would add a unique offset to the needed rotation angle for each principal axis rotation. Additionally, there could be an error in the calibration that results in an over- or under-rotation of the chain; however, this is unlikely as principal axis solutions are symmetric about the axis of the ion chain. The overall slope of the fits in Figure 4 is likely due to a stray field along the x-axis, and could be minimized with compensation in that direction. Though micromotion compensation is more commonly used to correct for various background electric fields, the added level of precise control from our unique set of voltage solutions allows us to correct for the tilt in the chain caused by stray fields as well as other anomalous effects.
[image: Figure 4]FIGURE 4 | 5 ion chain compensation data. The micromotion sideband measurements shown in Figure 3 are scanned over chain rotations performed around the z-axis. Correcting for small rotations in the chain allow for a single Hy field offset to minimize the micromotion (correcting for a tilt of the chain due to background fields). This was performed at both a 5° principal axis rotation Panel (A) and a 15° principal axis rotation Panel (B). The optimal chain rotation is determined using the mean intersection of the linear fits, and thus the necessary compensation rotations are determined as −0.4° and 0.4° for a 5° and 15° principal axis rotation, respectively.
4 DISCUSSION
While employing resolved sideband spectroscopy, and verifying our results with parametric resonance measurements, we demonstrate that a chain of five ions can be compensated within 0.1° rotation with a single applied field correction based on the uncertainty between the linear fits, minimizing the micromotion of all five ions. This ability to rotate the chain with such precision affords the simultaneous compensation of field offsets. With trapped ions as one of the leading quantum computing platforms, it is important to have the voltage control and stability over ion chains of increasing length, as more qubits are needed to realize quantum advantage (Grover, 1996; Shor, 1997). However, up to this point, there have been no reported methods that create a voltage control necessary to manipulate ion chains while simultaneously efficiently measuring and compensating for micromotion. Surface ion traps in particular provide a platform that allows for large numbers of electrodes and therefore requires higher levels of control. In addition to having sufficient degrees of freedom provided by the number and size of electrodes, techniques for measuring and eliminating varying electric fields along a chain are needed. Here, we describe and demonstrate the utility of a voltage solution for linear ion traps that defines electric field curvature terms in conjunction with field offsets that confine the ion chain in all three dimensions while still allowing for full manipulation and precise rotations. These voltage solutions are the critical tool necessary to realize this level of control over chains of ions in surface electrode traps and furthermore, provide a platform to negate tilts and correct for micromotion in larger trapped-ion quantum processors.
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