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Absolute static-field magnetometry, magnetic gradiometry, and vector electrometry
with circular Rydberg atoms
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Helium atoms in pulsed supersonic beams have been prepared in the circular Rydberg state with principal
quantum number n = 55 using the crossed-fields method. High-resolution microwave spectroscopy of the transi-
tion from this state to the n = 56 circular state, at frequencies close to 38.5 GHz, was performed to measure static
magnetic and electric fields along the axis of propagation of the beams with quantum-state-selective detection by
pulsed-electric-field ionization. Magnetic fields of between 1.3 and 1.6 mT were measured to a relative precision
of ±900 nT by rf spectroscopy and ±1.3 µT by microwave spectroscopy, with absolute calibration, accounting
for Doppler shifts and effects of weak stray electric fields to ±2.0 µT and a spatial resolution of ±0.87 mm.
Magnetic-field gradients could be determined to a precision of ±1.49 µT/mm (±53 nT/mm) over a baseline of
1.74 mm (35 mm). To perform these measurements, static electric fields and contributions from the motional
Stark effect were minimized, and residual electric fields in each of the three spatial dimensions in the apparatus
were measured to an absolute precision of between ±85 and ±750 µV/cm. The methods used in this work can
be transferred to experiments with other atoms or molecules. They are therefore well suited for applications
in minimally invasive, absolute static-field magnetometry and electrometry, for example, at hybrid interfaces
between Rydberg atoms and superconducting circuits; in tests of bound-state QED or the weak equivalence
principle with atomic or molecular hydrogen, antihydrogen, or positronium; and in measurements of the absolute
neutrino mass by cyclotron radiation emission spectroscopy.
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I. INTRODUCTION

Atoms in Rydberg states with high principal quantum
number n can act as sensitive microscopic probes of static
magnetic and electric fields that cause minimal disturbance
to their local electromagnetic environment. Rydberg-atom
magnetometers have been demonstrated with rubidium atoms,
which allowed single-shot detection of static magnetic fields
as small as 13 nT [1]. Measurements of static electric fields
to a precision of 20 µV/cm have been performed by high-
resolution millimeter-wave spectroscopy of Rydberg-Rydberg
transitions in krypton [2]. Rydberg atoms can also be em-
ployed to measure time-varying electromagnetic fields. They
are widely used in the implementation of optical quantum
sensors for radio-frequency, microwave, and terahertz radia-
tion [3,4]. In all of these cases, absolute field strengths can
be determined without regular calibration. This is because the
energy-level structure and Zeeman and Stark shifts, including
ac Stark shifts, of the Rydberg states can be accurately calcu-
lated to high precision.
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Since all atoms and molecules with a stable ion core
possess Rydberg states, methods for magnetometry and elec-
trometry involving these states can in general be readily
transferred from one species to another. This is most evident
for measurement schemes involving circular Rydberg states.
These states have maximal electron orbital angular momen-
tum and magnetic quantum numbers � and m�, respectively,
for a particular value of n, i.e., |m�| = � = n − 1 [5,6]. Atoms
in circular Rydberg states have long lifetimes (greater than
30 ms for values of n > 50), strong electric dipole transitions
at radio and microwave frequencies (greater than 1000ea0

for �n = +1 transitions between circular states with val-
ues of n > 50), low static electric dipole polarizabilities, and
comparatively large magnetic dipole moments (greater than
49 μB for values of n > 50). The restrictions imposed by the
selection rules for single-photon electric dipole transitions
involving one individual Rydberg electron, i.e., that �� = ±1
and �m� = 0,±1, and parity must change, mean that pairs
of circular Rydberg states which differ in their values of n by
1 can act as quasi-two-level systems. Because of this, these
states are of importance in microwave cavity quantum elec-
trodynamics experiments [7,8], high-precision spectroscopy
[9–11], and the development of new techniques for quantum
sensing [1,12] including by matter-wave interferometry [13].
Work is also currently underway to implement quantum sim-
ulators with atoms in circular Rydberg states [14].

The reason the properties and characteristics of circular
Rydberg states do not depend strongly on atomic species
is that the centrifugal barrier, experienced by the single
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excited electron in such a state, is sufficiently large that it
inhibits penetration into the region close to the ion core.
Consequently, deviations of the charge distribution of the
core from a pure Coulomb potential at short range do not
significantly perturb the electron. The experimental methods,
sensitivity, and measurement precision achieved in magne-
tometers and electrometers based on circular Rydberg states
can therefore be directly transferred from one species to an-
other. This allows optimal species to be selected to match the
requirements, or constraints, of any particular measurement
environment.

In the high-vacuum, and often cryogenic, environments
of hybrid cavity QED experiments with Rydberg atoms and
superconducting circuits [15,16]; precision spectroscopy ex-
periments directed toward tests of bound state QED or the
weak equivalence principle with atomic [17,18] or molecular
hydrogen [19], antihydrogen [20] or positronium [21–23];
or in experiments to measure the absolute neutrino mass by
electron cyclotron radiation emission spectroscopy (CRES)
following beta decay of tritium atoms [24,25], it is essential
to avoid introducing contaminants into the apparatus, e.g.,
polarizable, heavy rare-gas atoms, alkali-metal atoms, or po-
lar molecules, that could be adsorbed on cold surfaces and
become a source of stray electric fields that change over time
[26]. In these settings, the optimal atomic quantum sensors for
magnetometry and electrometry are those already present in
the apparatus for the measurements, or species that are inert
or will cause minimal contamination, and will not freeze on
the cryogenic surfaces, e.g., atomic hydrogen or helium. By
allowing beams of these atoms, prepared in circular Rydberg
states, to propagate in a controlled way through the part of
the experimental apparatus in which the magnetic and electric
fields are to be characterized, high-precision absolute sensing
can be performed.

The absolute in situ measurement of static electric fields,
to a precision better than the 1 mV/cm reported here and
required for many of the above applications, cannot be
easily performed with sensors other than Rydberg atoms.
High-precision absolute, i.e., ±46 nT, measurements of static
magnetic fields could be carried out by alternative means, e.g.,
by 3He nuclear magnetic resonance methods [27]. However,
this can be challenging to implement over a large measure-
ment volume within a cryogenic apparatus and cannot be
exploited to measure electric fields which is crucial, for ex-
ample, in experiments to determine the absolute neutrino mass
by CRES. The opportunity to use atoms in circular Rydberg
states for combined electric- and magnetic-field sensing there-
fore makes this approach appealing in restrictive experimental
environments.

Here we report measurements of absolute static magnetic
fields, including magnetic-field gradients, and electric fields
using helium atoms in circular Rydberg states. The particular
states used had principal quantum numbers n = 55 and 56.
Measurements were performed by high-resolution microwave
spectroscopy of transitions between these circular states at
frequencies close to 38.5 GHz and radio-frequency (rf) spec-
troscopy of the �n = 0 and �m� = −1 transition from the
n = 55 circular state at a frequency close to 22 MHz. The
experiments were carried out in a pulsed mode. This allowed
fields at a range of positions, over a distance of approximately

35 mm along the axis of propagation of the atomic beams, to
be mapped by recording spectra at a range of delay times after
Rydberg state laser photoexcitation.

The remainder of this article is structured as follows. The
apparatus and methods used in the experiments are described
in Sec. II. This is followed in Sec. III by a description of
the energy-level structure and Stark and Zeeman shifts of the
Rydberg states used for magnetometry and electrometry, and
the spectral line shapes encountered in the analysis of the
experimental data. In Sec. IV the results of the absolute mea-
surements of static magnetic and electric fields are presented.
This includes the determination of magnetic-field gradients
and the x, y, and z components of stray electric fields. Finally,
a summary is given and prospects for future developments
and refinements to the measurement schemes are discussed
in Sec. V.

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental apparatus is
shown in Fig. 1(a). Supersonic beams of He were gener-
ated using a water-cooled pulsed valve operated at 290 K.
A dc discharge was implemented at the exit of the valve
to populate the metastable 1s2s 3S1 level [28]. The resulting
atoms propagated in the y dimension with a longitudinal speed
of 1745 ± 50 m/s. After passing through a 2-mm-diameter
skimmer and an electrostatic filter to remove charged particles
generated in the discharge, the atoms entered a region between
two parallel polished copper electrodes E1 and E2 separated
in the x dimension by 13.46 ± 0.03 mm. These electrodes
were mounted at each corner with ceramic spacers from four
aluminium posts. To mitigate the effects of charge buildup on
the spacers, there was no line of sight from them to the mea-
surement region. In this part of the apparatus, a magnetic field
of �B � (0, 0, 1.6) mT acting in the z dimension was generated
by a pair of solenoids located outside the vacuum chamber and
operated in a Helmholtz-type configuration with a current of
12 A. These solenoids each comprised 30 windings of 2.25-
mm-diameter multistrand copper wire. They had inner (outer)
diameters of 160 mm (180 ± 2 mm). The distance between
their inner (outer) edges in the z dimension was 153 ± 3 mm
(250 mm).

Between E1 and E2, the atoms crossed two copropagat-
ing, frequency-stabilized cw laser beams with wavelengths
of 388.975 and 786.755 nm. These had full width at half
maximum (FWHM) spectral widths below 5 MHz, were fo-
cused to FWHM beam sizes of less than 100 µm, and drove
the two-color two-photon 1s2s 3S1 → 1s3p 3P2 → 1sns/1snd
excitation scheme [29]. To prepare atoms in the n = 55, � =
54, and m� = +54 circular Rydberg state (|55c〉) using the
crossed fields method [30,31], photoexcitation was carried
out in an �F = (3.21, 0, 0) V/cm electric field acting in the
x dimension. This allowed efficient and selective excitation
of the atoms to the �- and m�-mixed Stark state that evolves
adiabatically to the |55c〉 state in zero electric field [32]. The
excitation electric field was generated by applying a pulsed
potential of Vex = 4.32 V to E2 for a time Tex = 1 µs with
E1 set to 0 V [see Fig. 1(b)]. After this, the potential on E2
was reduced to an offset value Voff close to zero in a time
of �toff = 1.25 µs to adiabatically transfer the excited-state
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FIG. 1. (a) Schematic diagram of the experimental apparatus.
(b) Sequence of pulsed electric potentials and microwave or rf fields
used for circular state preparation (E2), microwave or rf spectroscopy
(Iμ,rf ), and Rydberg-state-selective pulsed-electric-field ionization
(E3). (c) Rydberg-Rydberg transitions employed for (i) precision
sensing, (ii) characterization of residual uncanceled stray electric
fields, and (iii) absolute magnetic-field calibration with minimal first-
order Doppler contributions.

population into the |55c〉 state in zero electric field with an
efficiency approaching 100%.

After circular state preparation, the Rydberg atoms were
exposed to a sequence of microwave or rf pulses that drove
the �n = +1 single-photon circular-to-circular state transi-
tion, i.e., the |55c〉 → |56c〉 transition, or the �n = 0 and

�m� = −1 transition from the |55c〉 state as depicted in
Fig. 1(c). The microwave radiation required to drive the
|55c〉 → |56c〉 transition propagated into the measurement
region from an antenna located outside the vacuum chamber.
Although this field entered the chamber from the direction
perpendicular to the axis of propagation of the atomic beam,
reflections from the electrode structures onto the beam axis
meant that contributions from first-order Doppler shifts could
not be neglected. The rf field required to drive the �n = 0 and
�m� = −1 transition was generated by modulating the poten-
tial applied to electrode E1. Single-pulse Rabi spectroscopy
and double-pulse Ramsey spectroscopy were performed to
minimize stray electric fields, cancel the motional Stark effect,
and determine transition frequencies to high precision. Mea-
surements were performed at time delays between tμ = 3.15
and 23.15 µs after laser photoexcitation [see Fig. 1(b)] to
characterize fields over a distance of approximately 35 mm
along the axis of propagation of the atomic beam.

Following microwave interrogation between E1 and E2,
the Rydberg atoms traveled a further 10 cm downstream to
the detection region of the apparatus between electrodes E3
and E4. There, Rydberg-state-selective detection was carried
out by ionization in a slowly rising pulsed electric field ori-
ented parallel to the background magnetic field. This field was
generated by applying a pulsed negative potential to E3 at the
time tion = 75 µs. In this detection geometry, the ionization
rate of the |55c〉 (|56c〉) state exceeded 108 s−1 for fields above
98 V/cm (91 V/cm) [33]. Ionized electrons were accelerated
through a 13-mm-diameter aperture in the grounded electrode
E4 and collected at a microchannel plate (MCP) detector.

III. ENERGY-LEVEL STRUCTURE
AND SPECTRAL LINE SHAPES

A. Frequency intervals and transition moments

In the experiments reported here single-photon electric
dipole transitions between the |55c〉 and |56c〉 states in He
were probed by high-resolution microwave spectroscopy at
frequencies close to ν55c,56c = 38.489 GHz [Fig. 1(ci)] and
transitions between the |55c〉 state with m� = +54 and the
|n, m�〉 = |55,+53〉 state were measured at radio frequen-
cies around νrf = 22 MHz [Fig. 1(cii)]. These transitions
have electric dipole transition moments of |〈56c|μelec|55c〉| =
2148eaHe and |〈55,+53|μelec|55,+54〉| = 606eaHe, respec-
tively (e is the electron charge and aHe is the Bohr
radius corrected for the reduced mass of He). These transi-
tions, along with the electric dipole forbidden single-photon
1s56s 3S1 → 1s57s 3S1 (|56s〉 → |57s〉) transition at a fre-
quency of ν56s,57s = 37.062 GHz [Fig. 1(ciii)], allowed the
atoms to be exploited as microscopic probes of magnetic
and electric fields, and systematic frequency shifts caused
by residual uncanceled stray electric fields, and the Doppler
effect, to be determined.

Transitions between pairs of circular Rydberg states are
well suited for absolute atomic magnetometry because the
frequencies at which they occur in the absence of exter-
nal fields can be calculated to high precision and they do
not have significant fine-structure splittings. For example,
the spin-orbit splittings of the |55c〉 and |56c〉 states used
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here are below 1 kHz [34,35]. The Zeeman energy shifts
of transitions involving circular Rydberg states can there-
fore be described analytically to high accuracy, allowing for
the straightforward determination of magnetic-field strengths
from measured resonance frequencies. The Stark energy shifts
of circular Rydberg states in weak electric fields can also be
accurately calculated, and if appropriate sets of complemen-
tary measurements are made, contributions from Stark and
Zeeman shifts can be distinguished.

The measured |55c〉 → |56c〉 transition frequencies νmeas

can be expressed in a general form as

νmeas = ν55c,56c + �νZ + �νS + �νD, (1)

where �νZ, �νS, and �νD are the Zeeman, Stark, and Doppler
shifts, respectively. If �νS and �D are minimized and residual
contributions accurately accounted for, the absolute magnetic-
field strength B can be determined directly from νmeas.

B. Effects of static electric fields

1. n-changing microwave transitions

In a magnetic field �B = (0, 0, Bz ), the Stark shift of a
circular Rydberg state depends on the relative orientation of
the electric field �F with respect to the magnetic field. For an
electric field oriented perpendicular to the magnetic field, i.e.,
�F = (Fx, 0, 0) or �F = (0, Fy, 0), the combined Zeeman and
Stark energy shifts of a circular state in a hydrogenic system
with principal quantum number n in weak electric fields can
be expressed as [30,36]

�E (perp)
Z,S = m�

√
(μBBz )2 + (

3
2 neaHeFx

)2
. (2)

For m� = +(n − 1) the resulting shift is positive and depends
quadratically on Fx in weak electric fields. The correspond-
ing shift in the |55c〉 → |56c〉 transition frequency, �νS, in
a magnetic field of 1.6 mT, as encountered in the experi-
ments reported here, is displayed in Fig. 2(a). In this figure,
�νS = +1 kHz (+10 kHz) when Fx or Fy = 1.15 mV/cm
(3.65 mV/cm).

The Stark shifts of circular Rydberg states in an electric
field �F = (0, 0, Fz ) oriented parallel to a background mag-
netic field are significantly smaller than those in perpendicular
fields. In this case the combined Zeeman and Stark energy
shifts are quadratic, negative, and given to second order
by [37]

�E (para)
Z,S = m�μBBz + · · ·

− 1

16
n4

(
17n2 − 9m2

� + 19
) e2a2

He

2hcRHe
F 2

z , (3)

where RHe is the Rydberg constant corrected for the reduced
mass of He and h and c are the Planck constant and speed of
light in vacuum, respectively. The Stark shift of the |55c〉 →
|56c〉 transition in a 1.6-mT magnetic field and parallel elec-
tric fields up to 20 mV/cm is seen in Fig. 2(b). In this case,
�νS = −1 kHz only when Fz = 49.6 mV/cm.

The accuracies with which the analytic expressions in
Eqs. (2) and (3) can be used to determine the Zeeman and
Stark shifts of the |55c〉 → |56c〉 transition in He were tested
by comparison with the results of numerical calculations

FIG. 2. Stark shift of the |55c〉 → |56c〉 transition in weak elec-
tric fields (a) perpendicular and (b) parallel to a background magnetic
field of 1.6 mT

of the eigenvalues of the corresponding Hamiltonian matrix
accounting for the nonzero quantum defects of the nonhydro-
genic low-� states [34], but excluding spin-orbit contributions.
These calculations were performed in an |n, �, m�〉 basis with
values of n from 54 to 57 inclusive and all corresponding val-
ues of � and m� [32]. From this comparison, the Stark shifts of
this circular-to-circular state transition in a magnetic field of
1.6 mT calculated using the analytic expressions were found
to deviate from the numerical results by less than 0.3 kHz for
electric fields up to 20 mV/cm. The residual electric fields
encountered in the following are all below this value. For
reference, a frequency shift on this scale would correspond
to an error in the determination of a magnetic-field strength of
20 nT.

2. m�-changing radio-frequency transitions

Measurements of the �n = 0 and �m� = −1 transition
from a circular state within a single n manifold allow the static
electric dipole moments, and therefore the linear Stark shift,
of the m� = +(n − 2) sublevels in weak electric fields �F =
(0, 0, Fz ) oriented parallel to a background magnetic field to
be exploited to enhance the electric-field sensitivity of the
measurements. In this situation, the Stark shift in a hydrogenic
system is given to first order by the expression [37]

�E (para)
Z,S = 3

2 nkeaHeFz, (4)

where the index k is the difference between the quantum num-
bers n1 and n2 associated with the solution of the Schrödinger
equation in parabolic coordinates [38,39]. For each set of
possible values of n and m�, the values of k range from −(n −
|m�| − 1) to +(n − |m�| − 1) in intervals of 2. For a circular
state with m� = n − 1, k = 0 and there is no first-order Stark
shift. However, for a state with m� = n − 2 the possible values
of k are ±1. The Stark splitting of the |55c〉 = |55, m� =
+54〉 → |55,+53〉 transition under these conditions can be
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FIG. 3. Stark shift of the |55c〉 = |55, m� = +54〉 → |55, +53〉
transition in an electric field (a) perpendicular and (b) parallel to a
background magnetic field of 1.6 mT.

seen in Fig. 3(b). In this case, a splitting of 1 kHz (10 kHz)
is encountered for an electric field of 5 µV/cm (47 µV/cm).
The Stark shift of this rf transition in a perpendicular electric
field can be determined using the expression in Eq. (2) and
is displayed in Fig. 3(a). In this situation, �νS = +1 kHz
(+10 kHz) when Fx or Fy = 2.00 mV/cm (6.34 mV/cm).

The accuracy with which the Zeeman and Stark shifts of
�n = 0 and �m� = −1 transitions in He are described in
weak electric fields by the analytic expressions in Eqs. (2)
and (3) was also evaluated by comparison with numeri-
cal calculations. For a magnetic field of 1.6 mT, the Stark
shifts calculated using the analytic expressions remain within
0.15 kHz of the results of the numerical calculations for elec-
tric fields up to 50 mV/cm.

C. Spectral line shapes

The transitions employed in the work reported here were
probed using microwave or rf pulse sequences comprising a
single pulse with a duration τ = 1 µs or pairs of pulses each
with a duration τ = 100 ns and separated by a free-evolution
time Tμ = 800 ns. For atoms initially in the |55c〉 state,
the single-pulse measurements resulted in spectral features,
recorded, e.g., by monitoring population transfer to the |56c〉
state, P56c(νμ), described by a sinc-squared or Rabi line-shape
function [40]

P56c(νμ) = A
sin2(�τ/2)

(�τ/2)2
, (5)

where � = 2π × (νμ − ν0), with νμ and ν0 the frequency of
the microwave field and the resonance frequency, respectively,
and A is a constant that depends on the Rabi frequency at
which the transition is driven.

Neglecting the effects of decoherence, spectra recorded
with pairs of microwave pulses separated by the free-evolution

time Tμ exhibit a Ramsey line shape given by [41]

P56c(νμ) = B
sin2 (�τ/2)

(�τ/2)2
cos2

(
�Tμ

2

)
, (6)

where B is a constant. In the Ramsey spectra reported here,
minor contributions from decoherence of the atomic super-
positions states in the free-evolution time between the pairs
of microwave pulses were evident. This slightly reduced the
contrast of the Ramsey fringes represented by the cos2 term
in Eq. (6) to below unity. To account for this in the line-shape
function, an exponential damping with a coherence time con-
stant Tcoh was introduced such that

P56c(νμ) = C
sin2(�τp/2)

(�τp/2)2
× · · ·

×
{[

cos2

(
�T

2

)
− 1

2

]
e−T/Tcoh + 1

2

}
. (7)

To determine resonance frequencies from the measured
spectra, the appropriate line-shape functions were fit to the
experimental data using least-squares methods. For the fixed
total interrogation time of 1 µs in all measurements, chosen
to maintain a balance between the absolute precision with
which electric and magnetic fields could be determined and
the achievable spatial resolution and hence sensitivity to field
gradients, resonance frequencies were determined with the
smallest uncertainties of ±1.5 kHz in the Ramsey spectra
performed at microwave frequencies. The broader features in
the single-pulse Rabi spectra yielded uncertainties down to
±3.7 kHz.

IV. RESULTS

To determine absolute static magnetic-field strengths us-
ing atoms in circular Rydberg states, it was first necessary
to characterize and where possible minimize electric fields
in the measurement region. The procedure implemented to
achieve this is presented below. This is followed by a de-
scription of the process employed to identify contributions
from Doppler shifts and achieve absolute calibration. Finally,
a one-dimensional absolute magnetic-field map is presented
to demonstrate the capabilities of the technique.

A. Electric-field cancellation

To precisely measure magnetic fields along the axis of
propagation of the atomic beam in Fig. 1(a), at each mea-
surement position, i.e., at each value of tμ, it was necessary
to cancel stray electric fields and the motional Stark effect.
These stray fields were caused by imperfections, adsorbates,
and patch potentials on the surfaces of electrodes E1 and
E2. The motional Stark effect [42], for which the effective
motional electric field �Fmot = �v × �B, with �v the velocity of
the atoms and �B the external magnetic field, was maximal
in the geometry in which the experiments were performed
since �v is perpendicular to �B. However, because the atomic
beam had a well-defined velocity and a narrow longitudinal
velocity spread �vz � ±50 m/s, the motional Stark effect
could be compensated through the application of appropriate
offset electric fields between E1 and E2 [32,43].
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FIG. 4. Microwave spectra of the |55c〉 → |56c〉 transition in a
magnetic field of approximately 1.6 mT (small data points). The
spectral intensities, corresponding to the integrated |56c〉 electron
signal, are normalized so that the intensity maximum in each spec-
trum is equal. The offset potential applied to electrode E2 when
recording each spectrum is indicated on the left axis and represented
by the vertical offset. The large points beneath each feature indicate
the resonance frequency obtained from a least-squares fit of Eq. (5)
(solid curves) to the experimental data. The quadratic function fit
to these measured resonance frequencies to determine the offset
potential required for optimal electric-field cancellation, in this case
Voff = −8.52 ± 0.11 mV, is indicated by the black dashed curve.

The electric-field cancellation procedure involved record-
ing single-pulse Rabi spectra of the |55c〉 → |56c〉 transition
with a range of offset potentials applied to electrode E2.
Examples of these can be seen in Fig. 4. For each of these
measurements, the atoms were initially prepared in the |55c〉
state and a 1-µs-duration pulse of microwave radiation was ap-
plied at tμ = 3.15 µs while monitoring population transfer to
the |56c〉 state. From these data, the Stark shift of the transition
could be determined by fitting the Rabi line-shape function
in Eq. (5) using least-squares methods. The corresponding
resonance frequencies were determined to a minimum uncer-
tainty of ±3.7 kHz and are indicated by the large solid points
beneath each intensity maximum. In this figure, the spectra
are normalized such that the intensity maximum of each fit
function is equal, and each spectrum is offset on the vertical
axis by an amount proportional to the value of Voff . Each
of these spectra represents the average of three consecutive
loops over the measurement frequency range. Within each of
these loops, the individual measurements at each microwave
frequency (the average of 150 cycles of the experiment) were
made in a random order to minimize systematic contributions
from slow drifts in the experimental conditions.

The offset potential required to cancel the motional Stark
effect and minimize electric fields in the x dimension in the
measurement region was determined by fitting a quadratic
function, reflecting the Stark shift of the |55c〉 → |56c〉

transition, to sets of resonance frequencies such as those
associated with the spectra in Fig. 4 (black dashed curve).
The value of Voff at the turning point of this function, in this
example −8.52 ± 0.11 mV, was then considered the optimal
cancellation potential and applied in the experiments when
recording higher-resolution Ramsey spectra. With this cancel-
lation potential applied to E2, stray electric fields acting in the
x dimension were reduced to ±85 µV/cm.

B. Characterization of residual uncanceled electric fields

The geometry of the electrodes in the measurement region
of the apparatus meant that the procedure described above
only allowed cancellation of the motional Stark effect and
static electric fields acting in the x dimension. The edges of
electrodes E1 and E2 are far from the position of the atoms
(greater than 35 mm in each of the y and z dimensions). How-
ever, weak uncanceled stray electric fields, including fringe
fields, acting in these dimensions can persist. To determine
absolute magnetic-field strengths from the spectra of circular-
to-circular state transitions, it was necessary to account for
contributions from these stray fields. This was done by first
recording spectra of a single-photon electric dipole forbidden
transition between two Rydberg states in a range of weak
electric fields applied in the x dimension and from each mea-
surement determining the amplitude of the observed spectral
line. A linear least-squares fit could then be made to the
dependence of this spectral intensity on the square of the offset
potential dVoff applied to generate the fields, to extrapolate to
zero intensity and determine the magnitude of the uncanceled
fields [35,44]. For the precision required in the current ex-
periments, this method is superior to determining the Stark
shift of the absolute frequency of a microwave transition be-
tween Rydberg states because it is not affected by Doppler
shifts.

The most convenient single-photon electric dipole forbid-
den transition to use to characterize residual stray electric
fields in this way was that from the 1s56s 3S1 (|56s〉) level
to the 1s57s 3S1 (|57s〉) level. This occurs at ν56s,57s =
37.061 950 GHz in the absence of external fields. The |56s〉
state can be populated using the same excitation and electric-
field-switching scheme as for circular state preparation, by
making a small, approximately −75 mV/cm adjustment to
the excitation electric field and changing the infrared laser
frequency by +345 MHz. These changes caused minimal
disturbance to the phase-space properties of the bunch of
excited atoms and their environment. Examples of spectra of
the |56s〉 → |57s〉 transition recorded in this way with a single
pulse of microwave radiation applied at tμ = 3.15 µs and with
a duration τ = 1 µs are presented in Fig. 5(a). The Rabi line-
shape function in Eq. (5) was fit to these data to extract the
spectral intensity on resonance. For the weak fields employed
in these measurements, the spectral intensity of the transition
changes quadratically with the offset potential dVoff . This can
be seen from the blue points in Fig. 5(b). A line fit to these data
using least-squares methods is shown as the red solid curve
in this figure. Although the component of the field in the x
dimension is minimized when dVoff = 0 (see Fig. 4), for the
conditions under which the spectra in Fig. 5 were recorded
this is not commensurate with the transition exhibiting zero
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FIG. 5. (a) Single-photon electric dipole forbidden |56s〉 →
|57s〉 transition recorded in weak electric fields acting in the x dimen-
sion and generated by applying the offset potentials dVoff indicated
to E2. (b) Dependence of the measured spectral intensity in (a) on
dV 2

off (blue points). A linear least-squares fit to the experimental data
is presented as the red solid curve.

spectral intensity. This is because of the presence of residual
uncanceled electric fields in the y and z dimensions. The mag-
nitudes of these fields were determined by linear extrapolation
of the measured spectral intensities to the value of dV 2

off for
which the intensity reached zero. From the value of dV 2

off =
433.60 ± 42.32 (mV)2, i.e., dVoff = 20.82 ± 1.02 mV, at this
intercept in the figure, and the 13.46-mm separation between
E1 and E2, this yielded a residual uncanceled electric field in
the y and z dimensions of 15.47 ± 0.75 mV/cm.

C. Radio-frequency spectroscopy

Further information on effects of electric fields in the mea-
surement region, in particular those acting in the z dimension,
parallel to the magnetic field was obtained by radio-frequency
spectroscopy of the single-photon �n = 0 and �m� = −1
transition from the |55c〉 state within the n = 55 manifold. In
a 1.6-mT magnetic field, this transition occurs at a frequency
close to 22 MHz. It was driven by an oscillating electric
field linearly polarized perpendicular to the magnetic field by
applying a sinusoidal perturbation to the potential on electrode
E1. This transition is sensitive to Stark and Zeeman shifts,
but because of the low frequency at which it occurs, and the
geometry of the experimental apparatus first-order Doppler
shifts are negligible. Population transfer in the measurements
was monitored by depletion of the |55c〉 electron signal fol-
lowing pulsed-electric-field ionization. In the parallel electric

FIG. 6. Radio-frequency spectrum of the single-photon
�n = 0, �m� = −1 transition from the |55c〉 state. This spectrum
was recorded in depletion with a τ = 1 µs rf pulse applied to E1 at
trf = 3.15 µs. The red solid curve represents a Rabi line-shape fit to
the experimental data (points) using least-squares methods.

and magnetic fields of the detection region, atoms in the |55c〉
state ionized, i.e., the tunnel ionization rate exceeded 108 s−1,
in a field of approximately 98 V/cm. Because of the linear
components to their Stark shifts in this configuration of fields,
the �-mixed m� = +53 Stark states ionized in different fields,
between 95 and 98 V/cm, which were on average lower than
the ionization field of the |55c〉 state. These fields were suf-
ficiently different from the ionization field of the |55c〉 state
to allow detection of the rf transition to be carried out by
monitoring the depletion of the |55c〉 electron signal.

An rf depletion spectrum, recorded for tμ = 3.15 µs using
an rf pulse with a nominal duration of τ = 1 µs, is presented in
Fig. 6. The resonance frequency obtained by fitting the Rabi
line-shape function to these data was νrf = 22.2188 MHz ±
11.1 kHz. The FWHM resonance width determined through
this fitting procedure was 834 ± 19 kHz. This corresponds
to the Fourier transform limit of a rectangular pulse with a
duration of 1.06 ± 0.03 µs.

This �m� = −1 transition to a state which is not circular
has an enhanced sensitivity to stray electric fields oriented
parallel to the background magnetic field, i.e., in the z di-
mension, when compared to the |55c〉 → |56c〉 transition.
This is because of the static electric dipole moment, and
hence linear Stark shift, of the m� = n − 2 sublevel given by
Eq. (4), in weak electric fields. Because of this behavior, if the
residual uncanceled electric field of 15.47 mV/cm obtained
from Fig. 5 had equal magnitude components in the x and
z dimensions, i.e., Fx = Fz = 10.94 mV/cm, the spectrum in
Fig. 6 would contain two features separated in frequency by
2.310 MHz. However, because only a single narrow resonance
with a FWHM spectral width commensurate with that ex-
pected solely from the Fourier transform of the rf pulse is seen
in Fig. 6, it is concluded that no significant spectral broaden-
ing occurred because of uncanceled electric fields acting in the
z dimension. The uncertainty of approximately ±20 kHz with
which the measured FWHM was determined could therefore
be used to place an upper bound on the electric field in this
dimension of Fz = 100 µV/cm.
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FIG. 7. (a) Ramsey spectrum of the |55c〉 → |56c〉 transition
recorded for tμ = 3.15 µs in a magnetic field of approximately
1.6 mT. The Ramsey line-shape [Eq. (7)] fit to the experimental
data using least-squares methods is displayed as the red solid curve.
(b) Residuals resulting from the least-squares fit to the experimental
data in (a).

Based on this interpretation of the data in Fig. 6, the
dominant contribution from the residual uncanceled 15.47
mV/cm electric field obtained from the measurements of the
single-photon electric dipole forbidden |55s〉 → |56s〉 tran-
sition in Fig. 5 must therefore act in the y dimension. The
total stray electric field at the position of the atoms when
tμ,rf = 3.15 µs was therefore �Fstray = (±85 µV/cm, 15.47 ±
0.75 mV/cm,±100 µV/cm). The effect of the nonzero y
component of this stray field on the �n = 0 and �m� = −1
rf transition from the |55c〉 state can be accounted for using
Eq. (2) to allow a determination of the magnetic-field strength
with negligible contributions from Doppler shifts. This pro-
cess yielded a magnetic-field strength of 1.5832 mT ± 900
nT. This magnetic-field strength and the residual uncanceled
electric field in the y dimension of 15.47 ± 0.75 mV/cm
were then used together with the expression in Eq. (2) and
the |55c〉 → |56c〉 transition frequencies obtained from high-
resolution Ramsey spectra to accurately determine Doppler
shifts and perform absolute calibration of the Rydberg-atom
magnetometer.

D. Ramsey spectroscopy of the |55c〉 → |56c〉 transition

Ramsey spectroscopy was performed at microwave fre-
quencies to precisely measure the |55c〉 → |56c〉 transition
frequency and determine with high relative precision and
good spatial resolution the magnitude of magnetic fields at a
range of positions in the apparatus. These measurements were
implemented with pairs of τ = 100 ns duration microwave
pulses separated by a free-evolution time of Tμ = 800 ns. To
maximize the signal-to-noise ratio, the output power of the
microwave source was set to achieve 80%–90% population
transfer on resonance. A Ramsey spectrum recorded in this
way for tμ = 3.15 µs is presented in Fig. 7(a).

FIG. 8. Measured |55c〉 → |56c〉 transition frequencies recorded
at tμ = 3.15 µs and a range of microwave source output powers (blue
points). The red solid line fit to the experimental data using least-
squares methods has a slope of −0.042 ± 0.386 MHz/µW.

To determine the |55c〉 → |56c〉 transition frequency from
the spectrum in Fig. 7(a), the Ramsey line-shape function in
Eq. (7) was fit to the experimental data using least-squares
methods (red solid curve). The suitability of this line-shape
function to describe the experimental data can be seen from
the residuals in Fig. 7(b). These have a mean of −1.18 × 10−9

and a standard deviation of 0.0255. This process yielded a res-
onance frequency of ν55c,56c = 38.511 401 8 GHz ± 1.5 kHz
and a coherence time of Tcoh = 5.40 ± 0.47 µs. This finite
coherence time was the source of the below-unity contrast in
the Ramsey fringes seen most clearly at relative frequencies
close to zero.

In the absence of stray electric fields, the ±1.5-kHz un-
certainty in the |55c〉 → |56c〉 transition frequency obtained
from the Ramsey spectrum in Fig. 7 would correspond to a
relative uncertainty in magnetic-field strength of ±110 nT.
However, in the presence of the residual uncanceled Fy =
15.47 ± 0.75 V/cm electric field, this relative uncertainty
increases to ±1.3 µT. To use spectra of the kind in Fig. 7
to precisely determine absolute magnetic-field strengths, it
was also necessary to account for the systematic contribu-
tions from the Doppler effect. Comparison of the measured
transition frequency with that expected for the |55c〉 → |56c〉
transition in the 1.5832-mT magnetic field determined without
Doppler contributions by rf spectroscopy and the residual
uncanceled electric field in the y dimension of 15.47 ±
0.75 mV/cm, yielded a Doppler shift of �νD = 50.91 ±
21.65 kHz. With this systematic correction and hence absolute
calibration applied, magnetic fields were therefore determined
by Ramsey spectroscopy of the |55c〉 → |56c〉 transition to an
absolute precision of ±2.0 µT.

As a final test of the absolute calibration of this Rydberg-
atom magnetometry scheme, a set of Ramsey spectra were
recorded at tμ = 3.15 µs, with τ = 100 ns, Tμ = 800 ns, and
a range of output powers of the microwave source to iden-
tify any systematic contributions from ac Stark shifts. The
resulting dependence of the measured resonance frequency
on the microwave power is displayed in Fig. 8. The high-
precision Ramsey spectrum in Fig. 7(a) was recorded with
a source output power of 12.5 µW (rightmost data point in
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FIG. 9. Ramsey spectrum recorded at tμ = 3.15 µs over a re-
duced frequency range compared to that in Fig. 7, to determine the
|55c〉 → |56c〉 transition frequency with high precision using only
the central spectral fringes.

Fig. 8). A least-squares fit of a straight line to these data
yielded a slope of −0.042 ± 0.386 MHz/µW. Since the ac
Stark shift represented by this function, −0.5 ± 4.8 kHz, is
consistent with zero, it is concluded that ac Stark shifts do
not significantly affect the absolute precision of the magnetic-
field determination under the current experimental conditions.
Therefore, to ensure a maximal signal-to-noise ratio, for all
further measurements discussed below the output power of
the microwave source was set to 12.5 µW. This corresponded
to an intensity of the microwave field at the position of the
atoms of approximately 1.7 × 10−8 W/cm2 as determined by
time-domain measurements of Rabi oscillations.

E. Magnetic-field mapping

To map magnetic fields along the axis of propagation of the
atomic beam, Ramsey spectra of the |55c〉 → |56c〉 transition
were recorded for values of tμ between 3.15 and 23.15 µs.
Over this range of times, the position of the atoms extended
in the y dimension from 8.55 mm to 41.27 mm from the
position of laser photoexcitation [nominally the midpoint of
the pair of solenoids; see Fig. 1(a)]. This set of measurements
therefore allowed magnetic fields to be mapped over a dis-
tance of approximately 35 mm with a spatial resolution of
±0.87 mm.

To record the sets of Ramsey spectra required for magnetic-
field mapping efficiently while maintaining high precision, it
was sufficient to cover shorter frequency ranges than that in
Fig. 7 but with slightly smaller frequency intervals between
the measurement points. An example of such a shortened
spectrum is seen in Fig. 9. This covers the frequency range
around the central three fringes in Fig. 7(a). From the least-
squares fit of Eq. (7) to these data, using the coherence time
Tcoh = 5.40 µs obtained in Sec. IV D, resonance frequencies
were determined to a precision of ±1.5 kHz. Spectra similar
to that in Fig. 9 were subsequently recorded after cancel-
lation of the motional Stark effect for each selected value
of tμ.

The one-dimensional map of the absolute magnetic-field
strength obtained by following this procedure, with all

FIG. 10. One-dimensional map of the magnetic field on the axis
of propagation of the atomic beam. The experimental data (blue
points) have an absolute magnetic-field uncertainty of ±2.0 µT.
The relative uncertainty in the measurement positions is ±0.87 mm.
The blue solid curve represents a least-squares fit of a quadratic
function to the data. The red shaded region corresponds to the result
of a finite-element calculation of the magnetic field for the solenoid
geometry used in the experiments. The red dashed curve is the mean-
calculated field strength (red solid curve) offset by +105 µT (see the
text for details).

corrections for residual stray electric fields and Doppler shifts
accounted for, is presented as the blue points in Fig. 10.
The uncertainty in the field at each individual measurement
position is ±2.0 μT and smaller than the size of points.
The ±0.87-mm spatial resolution, set by the longitudinal
spread of the bunch of circular Rydberg atoms, is indi-
cated by the horizontal bar associated with each point. Over
the range of positions encompassed by the measurements,
the field exhibits a quadratic dependence on the position in
the y dimension. This is evident from the blue solid curve
which represents a least-squares fit of such a function to
the experimental data. The set of measurements in this map
were made in a random order over the course of 8 h. Be-
cause the solenoids were not temperature stabilized, slow
drifts in the magnetic field occurred. The deviations of the
data points by more than the measurement uncertainty from
the fit function are attributed to this slow time variation of
the field.

The experimental data in Fig. 10 have been compared
to the results of finite-element calculations for the solenoid
geometry detailed in Sec. II. Upper and lower bounds on
the calculated magnetic-field strength were determined from
the uncertainties in the solenoid dimensions. These bounds
are denoted by the red shaded band in the figure. The red
dotted curve in the middle of this region represents the mean
calculated field strength at each position.
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In general, the measured magnetic-field distribution in
Fig. 10 follows the form of the calculated distribution. The
field is larger close to the middle of the solenoids where y = 0
and reduces quadratically with distance from this point. How-
ever, because stray magnetic fields were not actively canceled
in the apparatus and the measurement region was not shielded
from fields other than that to be measured, the finite-element
calculations do not provide a complete picture of the mag-
netic environment. Consequently, the absolute magnetic-field
strength can only be determined accurately from the experi-
mental data.

The discrepancy between the results of the calculations and
the experimental data can be estimated from the red dashed
curve, which represents the mean calculated field distribution
(red dotted curve) offset by +105 µT. Because the current
in the solenoids was set to a nominal precision of approxi-
mately 10−4, this discrepancy of more than 10−2 between the
measured and calculated field strengths must be dominated by
other sources. A contribution of +45 µT is attributed directly
to the effect of the Earth’s magnetic field. This was 49.01 µT
in London, UK on 17th November 2022 when the experiments
were performed and was directed at an angle of 24◦ with
respect to the applied magnetic field in the z dimension in the
apparatus [45]. The remaining ∼ 60 − µT difference is on the
scale of fields measured using a Hall probe to originate from
weakly magnetized components of the vacuum chamber and
surrounding laboratory infrastructure.

From the ±0.87-mm spatial resolution of the magnetic-
field map in Fig. 10 and the ±1.3-µT relative precision with
which the magnetic fields were measured, it is concluded
that magnetic-field gradients could be determined using this
measurement scheme to a precision of ±1.49 µT/mm over the
minimal achievable baseline of 1.74 mm or ±53 nT/mm over
the maximal baseline of 35 mm covered in the experiments.

V. CONCLUSION

We have demonstrated the use of atoms in circular Rydberg
states for (i) the absolute determination of static magnetic
fields to a precision of ±2.0 µT with a spatial resolution
of ±0.87 mm, (ii) the measurement of static magnetic-field
gradients to a precision of ±1.49 µT/mm (±53 nT/mm) over
a 1.75-mm (35-mm) baseline, and (iii) the measurement of
the x, y, and z components of weak static electric fields to a
precision of between ±85 and ±750 µV/cm. The uncertainty
in the measured magnetic fields was dominated by contri-
butions from residual uncanceled electric fields and Doppler
shifts. Nevertheless, these results set a baseline standard for
absolute static-field magnetometry, magnetic-field gradiome-
try, and vector electrometry with atoms in circular Rydberg
states.

In the future, the measurement techniques described here
could be extended to three-dimensional magnetic and electric-
field mapping with the addition of an imaging MCP detector
located on the axis of propagation of the atomic beam [46].
This will allow spatially resolved detection of electrons pro-
duced following state-selective pulsed electric-field ionization
in the dimensions transverse to the beam propagation direc-
tion. To allow the reliable determination of circular Rydberg
state populations by ionization in an electric field oriented

parallel to the background magnetic field, such a measurement
scheme will be most effectively implemented if the atomic
beam is arranged to propagate along the axis of the solenoid(s)
used to generate the magnetic field to be mapped.

Improvements in the absolute precision with which mag-
netic fields can be determined in these types of measurements
will be obtained if stray electric fields are actively minimized
in all three x, y, and z, spatial dimensions. The magnetic-field
measurement precision in the work reported here approaches
the limit associated with the inhomogeneity of the magnetic
fields across the ensemble of excited Rydberg atoms. In a
homogeneous field, the coherence time of Tcoh = 5.40 µs ob-
tained from the measured Ramsey spectra would permit an
improvement in measurement precision by a factor of at least
5. With appropriate electric-field control this would allow
magnetic fields to be determined to a relative precision on
the order of ±10 nT. Future refinements and improved spatial
resolution, particularly in more inhomogeneous fields, will
benefit from the use of smaller bunches of atoms prepared by
photoexcitation with more tightly focused nanosecond pulsed
lasers and more slowly moving atomic beams. The latter can
be generated by cooling the source. To maximize the measure-
ment precision while maintaining short interrogation times,
to allow good spatial resolution, the Ramsey spectroscopy
technique could be implemented using the frequency offset
separated oscillatory fields approach [47]. This has recently
been very successfully employed at microwave frequencies
for measurements of the 1s2p 3PJ fine structure in He [48] and
the Lamb shift in atomic hydrogen [49].

The use of atoms in circular Rydberg states for mapping
stronger magnetic fields, in excess of 0.1 T, could be per-
formed with similar absolute precision at lower values of n,
i.e., in the range from n = 25 to 30. This will ensure that
diamagnetic contributions which scale with n4 are minimal
[50,51]. At these lower values of n the circular state lifetimes
range from 0.9 to 2.1 ms and �n = +1 circular-to-circular
state transition frequencies range from 400 to 230 GHz. In
a cryogenic environment, these lifetimes could allow high-
precision measurements with a spatial resolution of 1 mm,
over distances approaching 1 m.

With refinements of these kinds it is anticipated that the
techniques presented here could be extended to allow abso-
lute determination of static magnetic and electric fields to a
precision of at least ±100 nT and ±10 µV/cm, respectively,
with a spatial resolution approaching ±100 µm. This set of
specifications is well suited to the magnetometry, magnetic
gradiometry, and vector electrometry requirements of hybrid
cavity QED experiments with Rydberg atoms and super-
conducting circuits, tests of bound state QED in one- and
two-electron atoms and molecules, tests of the weak equiva-
lence principle by electric Rydberg-atom interferometry with
positronium atoms, and experiments to determine the absolute
neutrino mass by CRES.
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