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P H Y S I C S

Dipole moment background measurement 
and suppression for levitated charge sensors
Nadav Priel1*, Alexander Fieguth1, Charles P. Blakemore1, Emmett Hough1, Akio Kawasaki1,2†, 
Denzal Martin1‡, Gautam Venugopalan1, Giorgio Gratta1,2

Optically levitated macroscopic objects are a powerful tool in the field of force sensing, owing to high sensitivity, 
absolute force calibration, environmental isolation, and the advanced degree of control over their dynamics that 
have been achieved. However, limitations arise from the spurious forces caused by electrical polarization effects 
that, even for nominally neutral objects, affect the force sensing because of the interaction of dipole moments 
with gradients of external electric fields. Here, we introduce a technique to measure, model, and eliminate dipole 
moment interactions, limiting the performance of sensors using levitated objects. This process leads to a noise-limited 
measurement with a sensitivity of 3.3 × 10−5 e. As a demonstration, this is applied to the search for unknown 
charges of a magnitude much below that of an electron or for exceedingly small unbalances between electron 
and proton charges.

INTRODUCTION
Optical levitation of macroscopic objects in vacuum has recently drawn 
considerable attention due to numerous applications in the fields of 
sensing, quantum physics, and particle physics (1). The versatility 
of this technique stems from the ability to measure and control the 
translation, rotation, charge state, and dynamics of a macroscopic 
object with high precision (2–12), where the thermal and electrical 
isolation of the levitated object from the environment make the 
low-noise conditions possible.

Work with levitated dielectric microspheres (MSs) with masses 
in the range of 0.1 to 10 ng and force sensitivity of  ≃ 1 0   −18  N /  √ 

_
 Hz    

can be applied to the investigation of phenomena beyond the Standard 
Model (BSM) of particle physics, including the search for a fifth force 
at short range (13–16), the breakdown of Coulomb’s law as a probe 
for a dark photon (17), high-frequency gravitational wave detection 
(18, 19), and others (20–23). Each such endeavor is eventually ex-
pected to be limited by spurious electromagnetic interactions, ulti-
mately limiting its sensitivity. Even for electrically neutral levitated 
objects, such backgrounds arise from the coupling between the higher- 
order electric multipole moments of the MS to the electromagnetic 
drive and sensing fields (24, 25), or to minute electric field gradients 
due to patch or contact potentials (14, 15, 26). In the broader context 
of experimental physics, systematic effects from residual interactions 
of nonuniform charge distributions have long plagued precision 
measurements (27–31).

In this work, we develop a model of those minute electromagnetic 
interactions with an optically trapped MS and demonstrate a tech-
nique capable of identifying and eliminating the unwanted contri-
butions. This process enables noise-limited charge sensing at a level 
of 3.3 × 10−5 e for macroscopic objects.

An obvious application of a macroscopic charge sensor with un-
derstood dynamics is to probe the net neutrality of the sensor itself. 

The resulting value can be interpreted two ways with respect to the 
Standard Model of particle physics. First, it can test the equality of 
magnitude of the proton and electron charges, complementing dif-
ferent techniques (32–34). Second, it can probe the existence of 
mini-charged particles (MCPs) (35, 36). Such particles, not includ-
ed in Standard Model, could help answer central questions in phys-
ics, such as how and why charge is quantized (37, 38), and can also 
contribute to solve the dark matter puzzle (39–42).

In more general terms, the new understanding of the electro-
magnetic dynamics presented here significantly enhances the power 
of BSM searches with optical levitation technique by allowing dis-
covery potential. In addition, this approach enables precision studies 
of the dielectric properties, e.g., polarizability, of levitated MSs.

RESULTS
Experimental setup
The centerpieces of the experiment described here are silica (43) MSs, 
with a diameter of (7.52 ± 0.18) mm (44), trapped through optical 
forces exerted by a 1064-nm optical tweezer (45) arrangement in 
vacuum. A schematic of the experimental setup is shown in Fig. 1. 
The position of an MS in the horizontal (xy) plane is obtained by 
measuring the deflection of the transmitted portion of the trapping 
laser beam on a quadrant photodiode, while the vertical (z) position 
is obtained from the phase of the light retroreflected by the MS 
(44, 46). The optical trap is operated inside a vacuum chamber at 
O(10−6 hPa), and active feedback is used to cool the three transla-
tional degrees of freedom of the MS. With this setup, a force sensi-
tivity of  < 1 0   −16  N /  √ 

_
 Hz    has been achieved, which determines the 

ultimate sensitivity to any signal from the measurements presented 
here. The trap is closely surrounded by six identical electrodes shaped 
as truncated pyramids forming a cubic cavity. Each electrode is hol-
lowed out and, on the trap end, terminates with an aperture providing 
optical and mechanical access to the center. Two distinct optical traps 
have been used for the measurements described here. The main dif-
ference between the traps is the separation between the faces of the 
electrodes and, hence, the size of the cubic region where the MS is 
trapped. The first setup, detailed in (46), has the electrodes of 8.6 mm 
apart and an aperture size of 5.3 mm, while the second, described in 
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(44), has electrodes separated by 4 mm and an aperture size of 2 mm. 
Any configuration of voltages can be applied to the electrodes, pro-
ducing specific electric field configurations at the location of the 
MS. The long-term stability of the three-dimensional location is 
measured by an auxiliary imaging system, which is used to compen-
sate for slow drifts in z of the MS, maintaining the initial position 
with submicrometer precision throughout the entire calibration 
procedure and measurement period.

Modeling electrostatic forces on a trapped MS
Consider a trapped MS with a monopole charge q, and permanent 
dipole moment with magnitude p0, subjected to an applied electric 
field Eac oscillating at f0 along the z axis (for rotation in xy), as well 
as a stray DC field Edc that is assumed to be constant in time.

The application of an additional rotating field, Espin, spins the 
sphere in the xy plane (Fig. 1), and given that the rotation frequency 
is much higher than f0, the effective dipole moment is averaged out, 
with a possible remaining effective value, pdc, due to higher-order 
electric moments or imperfect alignment between the electric fields 
and the optical axes of the trap. The resulting force on the MS at f0
can be separated into three distinct terms for individual con-
sideration

  F =     q  E  ac   
⏟

    
Monopole

   +     p  dc   · ∇  E  ac      
Permanent dipole

   +     p  ac   · ∇  E  dc      
Induced dipole

    (1)

with pdc being the time-averaged projection of the residual perma-
nent dipole moment and pac being the oscillating dipole moment 
induced by the applied electric field.

When biasing individual electrodes, the “Monopole” term in Eq. 1 
is expected to have the opposite sign for opposing electrodes because 
Eac is always oriented toward (away from) the electrode producing 
the field when the applied voltage is positive (negative).

The “Permanent dipole” term represents the interaction of the 
permanent dipole moment of the MS with electrical field gradients. 
This interaction has been the principal limitation for using levitated 
MS to search for new physics involving monopole charges (24, 25).

Unlike the monopole response, the contribution from the per-
manent dipole moment with a fixed orientation has the same sign 
for an electric field from each of two opposing electrodes. Hence, a 
new differential measurement scheme in which the permanent di-
pole contribution is dynamically canceled can be introduced. Let F+

(F−) be the force on the trapped MS due to an excitation field Eac
sourced by the z+ (z−) electrodes, respectively, defined explicitly in 
the Supplementary Materials. Let F± be the projections of F± along 
the z axis where the sensing field is applied, so that the permanent 
dipole contribution to F± can be eliminated by constructing a com-
bined response parameter A

  A ≡  F   +  − h  F   −  = 2  qE   +  + ( p ac  
+   − h  p ac  

−   )   
∂  E  dc,z   ─ ∂ z    (2)

with h ≡ ∣∂zE+∣/∣∂zE− ∣ = ∣E+ ∣/∣E−∣, a constant set by the align-
ment of the optical trap to the center of the electrode cube. The 
key point of this construction is the fact that sgn (E+) = − sgn (E−) 
as naïvely expected, but sgn (∂zE+) = sgn (∂zE−), which yields to the 
cancellation of the permanent dipole contribution. The value for h 
used in our analysis is extracted from a finite element analysis (FEA) 
of field gradients for the electrode geometry at the measured posi-
tion of the MS. The position is measured with a submicrometer reso-
lution as explained below. The drift in the position throughout each 
measurement is at submicrometer level as well, which, in turn, 
translates into stability in h at the subpercent level. Therefore, the 
cancellation of the permanent dipole moment is expected to work 
down to the subpercent level as well.

During a measurement sequence, the excitation sinusoidal field 
is sourced first from the z+ electrode for 10 s. This is followed by a 
O(1-s) segment, where Eac is turned off and Espin remains on, re-
aligning the MS dipole moment to rotate within the xy plane, cor-
recting for any excursions that Eac may have introduced. Afterward, 
the oscillating voltage is applied to the opposing electrode, z−, for 
another 10 s, completing a single measurement sequence that is re-
peated for statistical robustness.

The “Induced dipole” term in Eq. 1 is not eliminated by the con-
struction of the combined response parameter A. However, this 

Fig. 1. Schematic of the setup. Schematic of the optical trap setup, with an MS at the center of the electrode cube structure. For clarity, the background and foreground 
electrodes have been omitted. A detail of the xy plane is shown on the left, indicating the driven rotation of the dipole moment at w0 ∼ 2p(100 kHz) using the four hori-
zontal electrodes, x± and y±. A detail of the yz plane is shown to the right, indicating the sensing field applied along the z axis (vertical). This orientation of electric fields is 
given as a specific example, and other orientations (e.g., spinning in yz and sensing along x) are possible and have been implemented here.
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contribution can be evaluated by introducing another construction, 
B, for the combined response at the second harmonic

B ≡  G   +  −  h   2   G   −  = −   1 ─ 2  ( p ac  
+   − h  p ac  

−   )   ∂  E   +  ─ ∂ z    (3)

Here, G+ (G−) is the response amplitude at 2f0, when the z+ (z−) 
electrode is driven. It can be seen that B is proportional to the re-
maining induced dipole component in A. By combining Eqs. 2 and 
3, the monopole response can be isolated

  2  qE   +  ≃ A + 2B   
( ∂  z    E  dc,z  ) ─ 
( ∂  z    E   + )

    (4)

where Edc is the stray electric field in the vicinity of the sphere. As-
suming that Edc is originating from the stray voltages on the elec-
trodes, measured to be on the order of 10 mV, and taking into 
account the nominal values of B (∼5 × 10−16 N), it is found that the 
second term on the right-hand side of Eq. 4 is negligible throughout 
the current measurement. It has to be emphasized that the con-
struction of the parameters A and B is advantageous not only to 
eliminate and describe the contributions of the dipole moments but 
also to isolate those contributions and study them to learn about the 
dielectric properties of individual MSs under the conditions of the 
measurement.

Charge sensing
The measured response of a single MS spinning in the xy plane, and 
driven at f0 along    ̂  z   by the z+ and z− electrodes (one at a time), is 
shown in Fig. 2 (top) (different orientations of electric fields were 
used for different MSs). The response is extracted by fitting a sine 
function to a band-pass–filtered output from the MS’s imaging sys-
tem, where the phase for the fit is extracted from the digitized elec-
trode voltage drive. For the same dataset, the behavior of the combined 
response parameter A for the given responses F+ and F− can be seen 
in Fig. 2 (bottom). The cancellation of the residual permanent di-
pole effect is evident, and A is purely limited by the noise floor.

In addition, correlations between F+ and F− in a dataset collected 
over 90 hours are illustrated in Fig. 3, where the superposed purple 
and blue lines indicate expected signals due to the MS carrying a 

monopole charge and permanent dipole, respectively. One can see 
that most of the measured variation is consistent with a permanent 
dipole moment. This contribution is disentangled and eliminated by 
the combined response parameter A. The deviations from the ori-
gin along the major axis of the ellipse correspond to excursions of 
the rotating electric dipole moment from the xy plane, as well as 
possible higher-order electric moments. ∣〈pdc〉∣, the time-averaged 
value of the residual dipole moment along z, can be estimated by 
using F+ + ∣E+/E−∣F− ≃ 2pdc · ∇E+. For the dataset presented in 
Figs. 2 and 3, this is consistent with a ∣〈pdc〉∣ ≲ 20 e mm. The exact 
value of this contribution in individual 10-s data segments varies 
with a time scale of few hours. The value is, nevertheless, an order 
of magnitude smaller than the typical electric dipole moment of a 
nonspinning MS.

In a similar fashion, G+ and G− can be used to estimate   p ac  
+    and   

p ac  
−    to be 214 and 318 e mm, respectively. The dominant sources of   p  ac  

±    
are the inherent polarizability of the MS, expected to be O(10−2 e mm/
(V/m)), and the oscillations of the dipole moment normal to the 
plane of rotation driven by Eac. Those two sources will be investigated 
in future work, possibly by inducing a change in the polarizability 
due to faster rotation (47) and/or by applying Eac in the plane of 
rotation.

The datasets used for this analysis were taken with three differ-
ent MSs, at distinct electric field amplitudes, frequencies, spin axes, 
and overall integration times, as described in Table 1. The charge 
sensitivity of each MS in the table is estimated by fitting a Gaussian 
to the distribution of A (Fig. 2, bottom right). The mean value of 
each fit is compatible with zero.

To combine the datasets of the three different MSs and to set an 
upper limit on the monopole charge of the sphere, q, we follow the 
likelihood-based procedure outlined in (48). For this purpose, we 
construct a Gaussian likelihood function on the measured charge

   ℒ(q ) =  ∏ 
ij
       1 ─ 

 √ 
_

 2  ps ij  2    
   exp  

{
     
−  [ A  ij   / 2  E i  

+  − q ) ]   2 
  ─ 

2  s ij  2  
   

}
     (5)

Fig. 2. MS response over time. Top: In-phase responses, F+ and F−, of the MS to an 
oscillating electric field, Eac, applied sequentially to the z+ electrode (blue) and the 
z− electrode (red). Each point represents an average value of the response over a 
10-s data segment. The drifts in F+ and F− are dominated by slow drifts in the per-
manent dipole moment. Bottom: Combined response parameter A for the same 
data segments as in the top panel. Both panels also show equally binned histo-
grams projected on the response axis.

Fig. 3. F+ and F− correlation. In-phase force responses, F+ and F−, of an MS, inte-
grated over 10 s. Voltages are applied sequentially to the z+ and z− electrodes, 
respectively. The data have been binned for illustration as indicated by the color 
scale. The dashed purple line represents an expected signal from the sphere carry-
ing a monopole charge. The solid blue line represents the response expected from 
interaction of permanent dipole moments of varying magnitudes, with Eac. Ticks 
on the blue line are separated by 25 e mm.
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Here, the index i is running over the three MSs, and the index j 
is running over all measured A for a given sphere. The SD, sij, is 
estimated using the same fitting algorithm used to extract A but on 
a sideband frequency separated from f0 by 1 Hz, sufficient to exclude 
any contribution from the component at f0. The combined sensitivity 
(±1s) of the measurement is 3.3 × 10−5 e, and the combined result is 
compatible with the no-monopole charge hypothesis. This rep-
resents the first high-sensitivity, background-free search for mono-
pole interactions using optically levitated MSs. The absence of any 
monopole signal can be translated into a limit on the abundance of 
MCP bound to matter that is competitive with the existing state-of-
the-art measurements (24, 25) and complementary to other searches 
for MCPs (49–59). Alternatively, the data can be used to set a limit 
on the neutrality of matter, although with a lower sensitivity com-
pared to (32–34). Details of these two interpretations are presented 
in the Supplementary Materials.

DISCUSSION
The technique illustrated here is only limited by the signal-to-noise 
ratio (SNR) of the current setup. Figure 4 summarizes possible charge 
sensitivity improvements as a function of the two parameters re-
sponsible for the SNR: the strength of Eac and the relative noise sen-
sitivity, normalized to the current setup. The electric field strength 
is now limited by the existing instruments and can be increased with 
careful upgrade of the electrode configuration and vacuum feed-
throughs. The relative noise sensitivity can be increased by extend-
ing the measurement time, assuming the integrability of noise, and 
by reducing the inherent force noise of the system. The expected 
Brownian motion of the MS at the vacuum level achieved, is esti-
mated to be  ∼ 1 0   −18  N /  √ 

_
 Hz   , which is subdominant at this point 

and can be reduced further in the future by improving the vacuum. 
This is also confirmed by the observation that the noise floor is the 
same at different pressures, below 10−5 hPa. The shot noise is sub-
dominant as well and estimated to be even lower than the Brownian 
noise (15, 46). Hence, the observed noise floor is likely technical in 
nature, dominated by pointing fluctuations of the trapping and ref-
erence beams. An enclosure of the input optics, external to the vac-
uum chamber, is expected to lead to an improvement by a factor of 
10 to 100, as demonstrated in (60).

Using parameters that are achievable in the near future, namely, 
an electric field strength of 150 kV/m, an integration time of 
103 hours, force noise of  1 0   −18  N /  √ 

_
 Hz   , and the background rejec-

tion abilities demonstrated in this study, a charge sensitivity of ∼4 × 
10−8 e is expected. Such a sensitivity would be sufficient to improve 

the measurement of the neutrality of matter by about an order of 
magnitude over the current limit. The sensitivity could be further 
enhanced by using larger MS, assuming no degradation of noise 
performance.

Figure 4 also shows the relative noise sensitivity due to the stan-
dard quantum limit (SQL) for a O(10-mm)–sized sphere. At that level, 
a charge sensitivity of O(10−11 e) would be achievable. To bridge the 
gap between the SQL and the current best realized sensitivity (60), 
several classical noise sources have to be mitigated, principal among 
them being gas damping noise that would require reaching pres-
sures of O(10−9 hPa). While a detailed budget of these effects is be-
yond the scope of this paper, the requirements needed to reach the 
SQL are well within the reach of existing technology and have al-
ready been realized by other levitation techniques (61–64).

Table 1. Electric field configuration, where the value of the electric field for analysis is derived from the FEA. The field strength can be approximated as 
∣Exi∣ ∼ 0.65DV/Dxi, with Dxi being the relevant electrode separation. 

Oscillating field

MS Voltage (DV) Frequency (f0) Axis Electrode 
separation Integration time Charge sensitivity

1 20 V 71 Hz x Dx = 8.6 mm 27 hours 4.5 × 10−4 e

2 200 V 71 Hz y Dy = 8.6 mm 28 hours 7.7 × 10−5 e

3 200 V 139 Hz z Dz = 4 mm 92 hours 3.9 × 10−5 e

Fig. 4. Charge sensitivity (color coding) as a function of electric field strength 
and noise sensitivity relative to the presented result. Previous experiments 
(24, 25, 67, 68) have been added as contours of charge sensitivity. In addition, a typical 
signal arising from a permanent dipole moment of the order of O(100 e mm) has 
been added. While the particular magnitude is specific to the gradients in the pre-
sented setup, signals of this order have been observed in all techniques sensitive 
to the dipole moment of a levitated MS (22, 24, 65). On the basis of the presented 
setup and estimated stray fields sourced by contact potentials of O(10 mV), an ex-
pected signal from the induced dipole at the driving frequency has also been add-
ed as a charge sensitivity contour. Once this signal has been properly measured, as 
the contribution was observed to be negligible in the current work, nothing pro-
hibits further extension of the reach of the technique. A future projection of the 
presented experiment is added, where an improvement of the relative noise sensi-
tivity by a factor of 300 and an increase of the electric field by a factor of five have 
been assumed. A measurement with this charge sensitivity could easily improve 
on the existing limits on the measurement of neutrality of matter (dashed line) for 
the given MS. A possible future limitation by the standard quantum limit (SQL) is 
indicated and calculated from the radiation pressure using the same sized MS.
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We have presented the first background-free search for charges 
much smaller than the electron charge e, with an optically levitated 
macroscopic sensor. By modeling and eliminating contributions 
due to the permanent dipole moment interacting with electric field 
gradients, a force noise–limited charge sensitivity of 3.3 × 10−5 e was 
achieved. Measured data from three different MSs have been ana-
lyzed using a profile likelihood method to explore the parameter 
space for MCPs and the overall neutrality of matter. No monopole 
signal excess has been found in the present iteration of the experi-
ment. With modest improvements of the setup, a future iteration of 
the experiment can be competitive with, or improve upon, the cur-
rent leading experiments probing the neutrality of matter and search-
ing for fifth forces. An exciting future prospect lies in applying this 
technique to perform metrology on the electromagnetic properties 
of levitated objects, such as their polarizability and permittivity, in situ. 
This will enable a more detailed understanding of the dynamics of 
such objects, necessary to push the boundaries of the technology 
toward the quantum limit.

MATERIALS AND METHODS
Force calibration and MS dipole stabilization
MSs usually carry a net charge when initially trapped, but their 
charge state can be altered in units of electron charge, by removing 
or adding individual electrons using ultraviolet photons from a xe-
non flash lamp. A O(100-Hz) sinusoidal electric field with O(100-V) 
amplitude is applied with pairs of opposing electrodes, for the pur-
pose of measuring the charge state and calibrating the MS response 
to applied forces. This can be achieved when the charge imbalance 
is of only a few ±1 e, as the charge quantization becomes apparent 
with an exceedingly large SNR (24, 46). The MS is subsequently dis-
charged to apparent net neutrality.

During this calibration procedure, the response of the MS to a 
sinusoidal electric field applied to a single electrode, with all others 
grounded, is also measured. From this, the position of the MS (set 
by the trapping laser) relative to the centers of the three pairs of elec-
trodes can be estimated with a submicrometer resolution (65). This 
is done by comparing the ratio of the response to two opposing elec-
trodes to the expected electric field ratio calculated with FEA. This 
is distinct from the nominal force calibration performed earlier, 
wherein opposing electrodes are driven simultaneously to minimize 
gradients at the trap location.

Next, a rotating electrical field (Espin) is applied (indicated by os-
cillating voltages applied to the x± and y± electrodes in Fig. 1). This 
electric field applies a torque to the electric dipole moment that trapped 
MSs generally appear to carry (7, 14, 65, 66), inducing the MS to rotate in 
the xy plane with an angular velocity set by the frequency of the rotat-
ing field. Typical electric fields have a frequency of ∼100 kHz and an 
amplitude of ∼50 kV/m. The plane of rotation can be set arbitrarily, 
and here, rotation in the xy plane is used as a concrete example.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2361
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