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Testing Atom and Neutron Neutrality with Atom Interferometry
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We propose an atom-interferometry experiment based on the scalar Aharonov-Bohm effect which
detects an atom charge at the 10−28e level, and improves the current laboratory limits by 8 orders of
magnitude. This setup independently probes neutron charges down to 10−28e, 7 orders of magnitude
below current bounds.
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Introduction. Charge quantization and atom neutral-
ity in the Standard Model (SM) are mysteries which are
automatically solved when the theory is embedded in a
Grand Unified group. Even then, Witten has shown [1]
that in the presence of CP non-conservation magnetic
monopoles acquire an electric charge that is proportional
to the amount of CP violation, a non-quantized quantity.
This suggests that we have to rethink our notion of atom
neutrality even in the presence of a unifying group.

The first experiments to test charge cancelation be-
tween the constituents of the atom came at the turn of
the twentieth century [2]. These experiments placed a
bound on e+p

e
of 10−21, a value that is only an order of

magnitude larger than the bound set by recent experi-
ments [2, 3]. Experiments to detect individual neutron
charges independently required different technology, took
longer to develop, and have eventually reached a sensi-
tivity of 10−21e, similar to that of atom neutrality exper-
iments [2, 3]. Over eighty years after the first precision
experiment on atom neutrality was performed, atom in-
terferometry pushes the precision frontier, and provides
a new tool for testing fundamental physics by measur-
ing effects on individual atoms [4]. An experiment to
test the equivalence principle and modifications of grav-
ity is already under construction [5]. In this Letter, we
propose a modification of that experiment based on the
scalar Aharonov-Bohm effect [6] that can detect atom
and, independently, neutron charges down to 10−28e.

Because of the topological nature of the Aharonov-
Bohm effect, the atoms are under the influence of pure
gauge electromagnetic potentials; all electric and mag-
netic fields are zero. As a result, there are ideally no
forces acting on the atoms, and systematics from the fi-
nite atom polarizability are avoided. If the atom carries
a small charge ǫe, its wave-function will acquire a phase
ǫe
h̄

V t, where e is the electron charge, t is the time spent
in the region of electric potential V , and ǫ is the ratio of
atom charge compared to the electron charge.

We begin with the experimental setup, and analyze
possible systematics as well as the ultimate sensitivity of
the experiment with different upgrades. We end with a
discussion on the theoretical motivation behind infinites-
imally charged atoms.
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FIG. 1: The experimental set-up including particle trajecto-
ries. The upper and lower electrode tubes are operated at
potentials V/2 and −V/2 respectively, as described in the
text.
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FIG. 2: The atom wave-function trajectories as a function
of time. The areas in dark and light gray indicate when the
fast and slow atom wavefunctions are traveling in a region
of voltage V/2 and -V/2, respectively. Below are shown the
trajectories for a second atom cloud launched at the same
time, in order to control systematics from laser phase noise.

Experimental Setup. The proposed apparatus is based
on a 10 m interferometer designed to test the equiva-
lence principle [5]. Evaporatively cooled 87Rb atoms are
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launched vertically with an initial velocity vL ∼ 10 m
s
. A

series of laser pulses (π
2
− π −

π
2

sequence) acts as beam-
splitters and mirrors for the atoms, splitting the atom
wave-function into a superposition of space-time trajec-
tories with momentum difference h̄keff, and then recom-
bining them in order to interfere. This momentum dif-
ference also sets the maximum spatial separation of the
wave-packets at the maxima of their trajectories. Within
the next few years, the application of Large Momentum
Transfer (LMT) beamsplitters [7, 8, 9] in atom interfer-
ometry will likely be realized. With LMT, a velocity
splitting of h̄keff

matom
∼ 1 m

s
may be possible and would re-

sult in a separation of 1.07 m between the fast and the
slow wave-function component at the highest points of
their trajectories.

Taking advantage of this large spatial separation, we
can introduce regions of potential V/2 and −V/2 in the
trajectories of the fast and slow components respectively,
as illustrated in Fig. 1. Both the fast and slow trajecto-
ries extend vertically along the axis of the lower cylindri-
cal electrode of radius r. Only the fast-component trajec-
tory extends upwards into a second cylindrical electrode
of radius r. An axial gap d separates the two cylindri-
cal electrodes, and the trajectory of the slow-component
does not extend into the gap region. Assuming d ∼ cm,
strong electric fields of order V/d ∼ 107 V

m
are present in

the gap. To avoid these, the voltage is applied only when
the atoms are well inside the electrode tubes.

Sensitivity. If the atom carries a small charge ǫe, the
phase difference between the fast and slow component of
the atom wave-function is:

ǫe

∫
V

h̄
dt. (1)

For V = 105 Volts and an interaction time of 0.7 s, the
phase shift becomes ∼ 1020ǫ. With 106 atoms, assuming
shot-noise limited phase sensitivity of 10−3 rad per trial
and integrating over 106 trials, the experiment can probe
phase shifts of 10−6 rad and measure atom charges down
to ǫ ∼ 10−26. These bounds are usually expressed in
terms of the average charge per nucleon, η ≡

ǫ
A

, where A
is the total number of nucleons in the atom. In this lan-
guage, the experimental reach is η ∼ 10−28. The current
laboratory limit is η = 10−22 [3].

Future prospects for atom interferometry involve in-
creasing the number of atoms per trial to 107

−108 and/or
using entangled states of atoms. In experiments with en-
tangled atoms, the atom phases add coherently in each
shot and the sensitivity becomes Heisenberg-limited [10].
These prospects combined could allow an improvement
of at least two orders of magnitude, bringing the experi-
mental reach down to η ∼ 10−30.

A measurement of ǫ determines a linear combination
of the proton, electron and neutron charges. An indepen-
dent bound on the charge of the neutron can be placed
by performing a differential measurement between 87Rb

and 85Rb atoms in the same atom cloud. In this case,
the ultimate sensitivity is 10−28e, an approximate 7 or-
ders of magnitude improvement on current bounds. This
experiment, combined with the measurement of the indi-
vidual Rb atom charges, will give independent measure-
ments of the neutron charge and the sum of the proton
and electron charges. Measuring the charges of different
atoms will improve the neutron charge measurement, but
is always sensitive to the sum of the proton and electron
charges.

To obtain the desired experimental sensitivity, other
stochastic sources of interferometer phase noise must be
kept below the fundamental atom noise limit. Examples
of such sources include laser phase noise and the fluc-
tuating initial positions zi of the atomic clouds, which
couple to gravity gradients Tzz and lead to a phase shift
−keffT 2Tzzzi ≈ 7 rad

mm
, where T = 1.16 s is the inter-

rogation time of the experiment, the time interval be-
tween the laser pulses in the π

2
− π −

π
2

sequence. To
suppress laser phase noise, we consider operating a sec-
ond interferometer in the same tube, vertically separated
from the primary interferometer by approximately 2 me-
ters to avoid the high voltage electrodes, and subject to
the same laser pulses. We then compare the differential
phase shift between the two interferometers as a func-
tion of the tube voltage in the primary interferometer;
laser phase noise is the same for both interferometers and
cancels as common mode. For the neutron charge mea-
surement, the differential measurement is between the
two collocated Rb isotopes and there is no need for the
additional interferometer. Assuming the local gravita-
tional gradient can be reduced to 10% by an engineered
local mass distribution, the initial position fluctuations
between the interferometers must be controlled at the
1 µm level to allow shot-noise-limited sensitivity, and at
the 10 nm level for a Heisenberg-limited interferometer.
Also, variations in the initial launch velocity can con-
tribute to the noise through a gravity gradient phase shift
−keffT 3TzzvL ≈ 104 rad. The launch velocity vL must
therefore be maintained consistent at the level of 1 µm

s

for shot-noise limited sensitivity and 10 nm
s

to reach the
Heisenberg-limit.

Systematics. The potential is a control parameter
that distinguishes the scalar Aharonov-Bohm effect from
other systematic phase shifts. Assuming stochastic noise
sources can be controlled at the shot-noise level, only
systematic phase shifts that depend on the voltage can
potentially limit sensitivity. Such an effect comes from
the electric field gradient near the openings of the tube
electrodes, which induces a dipole force on the atoms. To
reduce this effect below detection, the voltage is turned
on when the atoms are at least 10 radii inside the tube
electrodes. Since the atoms spend most of their time at
the highest point of their trajectories, this procedure does
not significantly affect the experimental sensitivity.

Turning the potential on and off involves transient cur-



3

rents which result in transient magnetic fields. We con-
sider a linear voltage ramp to V0 = 100 kV in a time
τ = 0.1 s. For a 1-meter long electrode of radius r = 1
cm surrounded by the coaxial grounded tube of radius
2r, the transient current flowing during the charging
process is approximately 8 × 10−5 A. Any asymmetry
in the transient currents creates a magnetic field inside
the tube. Assuming complete asymmetry the magni-
tude of the field along the axis of the tube is at most
Btr ∼

µ0

2r
Itr ∼ 50 µG. Since the atoms are in the mF = 0

state along the z axis, they interact to second order with
magnetic fields along z: −

1
2
αm

~B2 = −
1
2
αm( ~Btr + ~B0)

2,

where ~B0 = (1 mG) ẑ is a constant bias magnetic field
used to define the axis of quantization for the atoms. The
transient field produces an additional acceleration along
the direction of motion:

a = αm

∂z(2 ~Btr ·
~B0 + ~B2

tr)

m
∼ 10−11 m

s2
, (2)

assuming significant variation of the transient field over
1 cm and αm = 2π × 575 Hz

G2 for 87Rb.
One of the advantages of the aforementioned voltage-

symmetric (V/2 and −V/2) design is that, as long as both
the fast and slow atoms experience similar transient field
gradients, the induced magnetic phase shift will partially
cancel. To make a quantitative estimate, we separately
consider the following set of magnetic fields and their gra-
dients: the background bias field B0, the additional tran-
sient magnetic fields present in the upper (V/2) and lower
(−V/2) electrodes while the voltage is being ramped up
(Bt1 and Bt2, respectively), and the additional transient
magnetic field present in the upper and lower electrodes
while the voltage is being brought back to ground (Bt3

and Bt4, respectively).
To properly estimate the transient field effects we con-

duct the full phase calculation, as [12]:

∆φtotal = ∆φpropagation + ∆φlaser + ∆φseparation. (3)

The primary voltage-dependent contributions to the
phase shift are listed in Table I. Terms of order 10−4

rad may persist even with perfect upper-lower symme-
try and equal ramp times. These terms may be present
even when using two collocated Rb isotopes, since their
respective αm values are significantly different.

Both the symmetric and non-symmetric terms are sup-
pressed by reducing the ramp times τi, and improving the
symmetry of the electrode geometry so that the transient
fields Bti and their gradients are reduced. The tran-
sient magnetic fields vanish for current flow uniform on
the tube surface and parallel to the tube axis during the
charging process. In our estimate appearing in Table I we
have maximally exaggerated the asymmetry to demon-
strate the most conservative case. We estimate that it
is possible to reduce asymmetries in the current flow as
well as the geometry of the configuration to the level of

Aharonov-Bohm Signal phase shift(rad) Scaling

ǫeV (toff − ton)/h̄ 1020ǫ V

Systematic phase shift(rad) Scaling

Magnetic (symmetric)

−
1

3h̄
gtoffvLαmτ 3

2 ( ∂Bt4

∂z
)2 −1 × 10−3 V 2τ2

1

3h̄
gtoffvLαmτ 3

2 ( ∂Bt3

∂z
)2 1 × 10−3 V 2τ2

1

6h̄
g2t2offαmτ 3

2 ( ∂Bt4

∂z
)2 7 × 10−4 V 2τ2

−
1

6h̄
g2t2offαmτ 3

2 ( ∂Bt3

∂z
)2 −7 × 10−4 V 2τ2

−
1

3h̄
gtonvLαmτ 3

1 ( ∂Bt2

∂z
)2 −5 × 10−4 V 2τ1

1

3h̄
gtonvLαmτ 3

1 ( ∂Bt1

∂z
)2 5 × 10−4 V 2τ1

Magnetic (non-symmetric)

−
1

3m
gkeff(toff − ton)αmτ 3

1 ( ∂Bt1

∂z
)2 −5 × 10−5 V 2τ1

−
1

m
B0keffαmτ 2

1

∂Bt1

∂z
−9 × 10−5 V B0τ1

Electric polarizability 10−14 V 2

TABLE I: Estimated voltage-dependent signal and systematic
phase shifts. V is the voltage applied on the tubes. ton and toff
are the times when the voltage is turned on and off, respec-
tively. The magnetic systematics are divided into terms that
vanish for perfect upper-lower symmetry (∂zBt1 = ∂zBt2,
∂zBt3 = ∂zBt4) and equal ramping times (τ1 = τ2) and terms
that do not.

a few percent. In any case, even though the systematic
effects of transient fields may be significant, we can re-
move them from the analysis using their scaling with ex-
perimental control parameters. Most of these systematic
contributions are proportional to ~B2

tr and scale with V 2

and τ , which is different from the Aharonov-Bohm effect
scaling. The only systematic effect which scales linearly
with V also depends on ~B0 and can therefore be removed
from the analysis as well. Finally, an inner layer of mag-
netic field shielding can be used to further mitigate these
effects.

There is another potential source of voltage dependent
systematics: the walls of the high-voltage tube electrode
experience a small deformation that depends on voltage
due to electrostatic pressure. This deformation affects
the diffraction of the laser from the walls of the tube and
creates a small spurious voltage dependent phase shift.
This systematic can be pushed below the Heisenberg
statistics sensitivity level, by reducing the laser beam
waist below 5 mm for an electrode tube of 1 cm radius.

An earlier proposal to test matter neutrality [13] al-
ready employs the scalar Aharonov-Bohm effect. The
apparatus is based on a Mach-Zehnder atom interferom-

eter and the design sensitivity is η ∼
10−21

√
Hz

, compared to

η ∼
10−27

√
Hz

for the current proposal.

Theoretical motivation. This experiment’s thirty deci-
mal reach pushes precision measurements in a new regime
and may probe effects of Planck scale physics. But is
there a framework that predicts tiny atomic charges,
while maintaining the success of gauge coupling unifica-
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tion and approximate charge quantization? Recent devel-
opments suggest that topological shifts of the SM electric
charges, similar to the Witten effect [1], occur when ordi-
nary particles carry quantum hair under massive higher
spin fields[14]. For example, if the electron carries a mag-
netic charge under these fields and they have a CP vio-
lating mixing to EM, the electron charge is shifted by
an amount proportional to its magnetic charge and the
CP violation. If the higher spin fields are in the bulk of
an extra dimensional model while the SM particles are
localized on the brane boundary, these fields’ couplings
to the SM get volume diluted and the resulting charge
shifts are naturally small.

Violations of charge quantization are also expected
when the photon has a small mass, mγ . If the photon
is massive, SM charges no longer need to satisfy gauge
anomaly cancellation relations. The charge shift should
be proportional to

mγ

M
, where M is the cutoff for the mas-

sive photon theory. If the scale M is identified with the
weak scale, then photon masses down to mγ = 10−19 eV
can be probed, 4 orders of magnitude below present lim-
its [15].

In a more conventional framework, the charges of ordi-
nary particles can be shifted by a small family-universal
amount with all gauge anomalies cancelled (in the pres-
ence of right-handed neutrinos), if these shifts are pro-
portional to the particles’ Baryon-Lepton (B-L) number:
all baryon EM charges are shifted by ǫ and all lepton EM
charges by −ǫ. As a result, the proton and the electron
still have equal and opposite charges, while the neutron
and the neutrino acquire small opposite charges. This is
dynamically realized when B-L is an extra SM U(1) gauge
symmetry that is broken at high energies by a Higgs Φ
that has a small hypercharge ǫ. The EM photon acquires
a small component of the B-L gauge boson, and the par-
ticle EM charges are shifted as described above by an
amount proportional to ǫ.

In these models gauge coupling unification is accom-
modated in a deconstructed group, such as SU(5) ×

SU(3)×SU(2)×U(1)Y ′ ×U(1)B−L [16, 17]. In this case,
SU(5)×SU(3)×SU(2)×U(1)Y ′ is broken diagonally to
the SM gauge group. If the SU(5) gauge coupling is much
weaker than those of the SU(3)×SU(2)×U(1)Y ′ group,
the Grand Unified values of the SM gauge couplings is
determined by the SU(5) gauge coupling and unification
is preserved. Φ has charge ǫ under U(1)Y ′ and avoids
the forbidding constraints from charge quantization in a
non-abelian group. More minimal deconstructed groups,
such as SU(5) × U(1)Y ′ × U(1)B−L, are also possible.

A higher dimensional realization of this scenario puts
SU(5) × U(1)Y ′ × U(1)B−L in the bulk. When U(1)Y ′

is localized in the extra dimension [18] close to the SM
brane, its coupling will appear large compared to that
of the SU(5), that remains flat and gets diluted by vol-

ume effects. In addition, if Φ lies away from the localized
U(1)Y ′ gauge symmetry, its Y’ charge will be exponen-
tially suppressed, dynamically explaining the smallness
of ǫ.

The above examples are under study [19], and show
that atom neutrality should not be taken for granted.
Charge quantization in the SM model can be violated in
a way that preserves gauge coupling unification. Detec-
tion of an infinitesimal atom charge would be a powerful
indication of new physics far above the TeV scale.
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