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We present a novel high-field optical quantum magnetometer based on saturated absorption spec-
troscopy on the extreme angular-momentum states of the cesium D2 line. With key features including
continuous readout, high sampling rate, and sensitivity and accuracy in the ppm range, it represents a
competitive alternative to conventional techniques for measuring magnetic fields of several teslas. The
prototype has four small separate field probes, and all support electronics and optics are fitted into a sin-
gle 19-inch rack to make it compact, mobile, and robust. The field probes are fiber coupled and made
from nonmetallic components, allowing them to be easily and safely positioned inside a 7 T MRI scan-
ner. We demonstrate the capabilities of this magnetometer by measuring two different MRI sequences,
and we show how it can be used to reveal imperfections in the gradient coil system, to highlight the
potential applications in medical MRI. We propose the term EXAAQ (EXtreme Angular-momentum
Absorption-spectroscopy Quantum) magnetometry, for this novel method.
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I. INTRODUCTION

High magnetic fields play a critical role in many areas
of science and technology. These include fundamental
physics [1], materials science [2,3], mass spectrometry
[4,5], particle accelerators [6,7], nuclear fusion [8,9], mag-
netic levitation [10–12], chemistry [13,14], and medical
imaging [15,16].

When measuring high magnetic fields, of more than 1 T,
four different conventional techniques can be employed,
each with their own advantages and disadvantages [17–
19]. Nuclear magnetic resonance (NMR) magnetometers,
using protons, deuterons, helions, or heavier nuclei, mea-
sure the scalar magnetic-field magnitude and are superior
in terms of accuracy and sensitivity, but typically func-
tion in a pulsed way and require high field homogeneity
[20–23]. Hall probes provide continuous measurements of
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a vector component of the magnetic field, with high spa-
tial resolution, but with lower sensitivity [24]. Fluxmeters
are very sensitive, but can only provide relative measure-
ments since they measure changes in magnetic fields along
a specific direction and will drift when operated contin-
uously [25–27]. Magneto-optical Faraday rotation mag-
netometers provide fast optical measurements of a vector
component of the magnetic field, but with poor sensitivity
[28,29].

Optical magnetometry based on measuring the Zee-
man shift of alkali D lines provides a fifth alternative
approach. Different implementations have been explored,
but a technically mature solution has yet to be demon-
strated. In Refs. [30–33] pulsed fields up to 500 T
are measured using remote detection with free-space-
emitted light. In Refs. [34,35] a fiber-coupled optical
probe is tested in a pulsed field up to 58 T. And in
Refs. [36–38] magnetic-field-sensing setups are tested in
static fields up to 1.5 T. It is hard to uniquely describe
these methods, as they all demonstrate different advan-
tages and disadvantages, but generally it must be noted
that the sensitivities are low compared to NMR and
Hall probes. In this work we build upon the recent
fundamental advances described in Ref. [39], to realize
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a novel prototype optical cesium magnetometer that
gives a fast and continuous measurement of the scalar
magnetic-field magnitude, with a high accuracy and sen-
sitivity. The nonmetallic, fiber-coupled, optical probes
provide easy and interference-free operation, with mini-
mal electromagnetic disturbances in the measured volume.
Overall, this provides a compelling new technique for mea-
suring high magnetic fields that may prove advantageous
compared to conventional methods for certain applica-
tions, and even enable new ones. Like NMR magnetome-
ters, optical alkali magnetometers are quantum sensors that
achieve absolute accuracy by exploiting the fact that all
atoms of a given species are perfectly identical. This gives
a high robustness against component aging, and ambient
fluctuations.

The method is based on fast tracking of a magnetic-field-
dependent near-infrared transition in cesium, combining
sideband spectroscopy, saturated absorption spectroscopy,
and frequency-modulation (FM) spectroscopy. A similar
approach has originally been proposed in Ref. [40]. Here
we present the first-ever physical realization of such a
device.

We have developed the prototype specifically to moni-
tor the magnetic field inside a magnetic resonance imaging
(MRI) scanner. During an MRI scan, a series of magnetic-
field-gradient pulses are played. By using measured gra-
dient pulses, instead of the nominal pulses, in the image
reconstruction, image quality can in certain situations be
seen to significantly improve [41,42]. This has potential
impact in both medical research and clinical diagnostics.
However, current implementations based on NMR mag-
netometry is limited by the pulsed measurements of such
probes and interference between the MRI scanner hard-
ware and the probes [20,43]. Overcoming these limitations,
using optical probes, could potentially enable a completely
new, and very attractive, approach to MRI. To facilitate
the development and testing of the prototype in a hospi-
tal setting, it has been made to fit into a 19-inch rack,
making it compact, mobile, robust, and easy to quickly
turn on and operate. This has been necessary since the
extreme magnetic-field conditions inside an MRI scanner
are not easily reproduced in a typical lab environment.
The prototype is characterized and tested in a Philips
Achieva 7 T MRI scanner. We benchmark the perfor-
mance in terms of sensitivity and bandwidth, and show
measurements of an echo-planar imaging (EPI) sequence
and a spiral imaging sequence. These measurements lead
to an investigation of clearly detectable nonlinearities and
instabilities in the gradient coil system, indicating that the
prototype already performs at a level where it can serve as
a useful tool for investigating the performance of the MRI
scanner. Finally, we discuss the absolute accuracy of the
method.

With this EXAAQ (EXtreme Angular-momentum
Absorption-spectroscopy Quantum) device being the very

first of its kind, there are numerous opportunities to
further improve its reliability, sensitivity, and accuracy.
While we will continue to develop and improve the proto-
type towards applications in MRI, we note that a modified
design may find applications in other fields. This could
include magnetic diagnostics in steady-state fusion exper-
iments, where the drift of fluxmeters or radiation damage
to Hall probes becomes a problem [44,45]; accurate control
of dipole magnets in particle accelerators, through continu-
ous optical monitoring as originally proposed in Ref. [40];
or quench detection in (high-temperature) superconduct-
ing magnets as an alternative to “quench antennas” or Hall
probe arrays [46].

II. METHOD

A. The optical transition

The magnetometer works by continuously tracking the
frequency shift of the cesium-133 D2 line. Specifically, it
measures the shift �ν+, of the σ+ transition between the
extreme angular-momentum states, shown in Ref. [39] to
have a magnetic-field dependence of

�ν+ = γ1B + γ2B2. (1)

Here γ1 = 13.994 301(11) GHz/T is the linear magnetic
frequency shift of the transition, γ2 = 0.4644(35) MHz/T2

is the quadratic diamagnetic shift of the transition, and B
is the magnitude of the magnetic field. This expression is
modified to

�ν+ = γ0 + γ1ζB + γ2ζ
2B2, (2)

such that B is defined as in the absence of the probe,
by taking into account the probe-induced field shift
ζ = 1 + 0.49(50) × 10−6 [39]. A small frequency-
measurement offset γ0, depending on the measurement
method, is also included in Eq. (2).

With the linear magnetic frequency shift of about
14 GHz/T dominating Eq. (2), we have a frequency shift
of about 98 GHz in the 7 T MRI scanner, where we test the
magnetometer.

B. Setup

A schematic view of the optical setup is shown in Fig. 1.
The probe laser is a Toptica DL Pro, 852 nm, external
cavity diode laser (ECDL). The probe laser light is first
phase-modulated at νFM = 5.32 MHz by an electro-optical
modulator (EOM), which we label EOMFM. This mod-
ulation is necessary for performing FM spectroscopy as
described in Sec. II D. The laser beam is then split in two
paths, and one path is further split into four, for a total of
five different paths. In each path the probe light is again
phase-modulated by an EOM to generate strong sidebands
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FIG. 1. Optical setup. Probe laser light is modulated by EOMFM, split by a free-space beam splitter, and then further split by a
1 × 4 fiber splitter, for a total of five different paths. Each path is again modulated by an EOM, before the probe light is sent to the
reference probe at 0 T and probes 1–4 in the MRI scanner. Colored cables represent optical fibers, and black cables represent the analog
feedbacks realizing the accurate measurement scheme.

for sideband spectroscopy as detailed in Sec. II C. In each
path the light is then sent to a 3D printed probe, con-
taining all the optics for performing saturated absorption
spectroscopy [47] on a laser-heated spectroscopy cell. An
exploded view of the probe assembly is shown in Fig. 2.

FIG. 2. Exploded view of the optical-probe assembly. The
probe light comes from the blue fiber, a polarizing beam split-
ter and a quarter-wave plate prepares σ+ polarization before the
light enters the cesium vapor cell, it is attenuated by an optical
filter and reflected back through the vapor cell, is reflected off
the polarizing beam splitter, and exits through the orange fiber.
High-power laser light from the yellow fiber heats the vapor
cell, to increase the cesium atomic density. The assembled probe
dimensions are 90 × 33 × 10 mm3.

Apart from the input fiber for the probe light, the probes
also have an input fiber for the heating laser beam, and an
output fiber for returning the probe light to a photodetector.
The fibers are 19 m long allowing the rack to be placed at
a safe distance from the measurement points.

The probes are labeled “probes 1–4”, and “reference” as
seen in Fig. 1. Probes 1–4 are used to measure at four dif-
ferent positions inside the MRI scanner, and the reference
probe is placed in a magnetic shield in the rack. Probes 1–4
are all configured with σ+ polarized probing light, whereas
the reference uses linearly polarized light to prevent the
transition frequency from shifting in small residual field
fluctuations inside the magnetic shield. The optical probes
are exactly the same as the ones used in Ref. [39] and are
thoroughly described therein.

Each of probes 1–4 are heated with 1.2 W of optical
power to a temperature of about 44 °C and uses about
180 μW of probing light. The reference is heated with
250 mW to a temperature of about 35 °C and uses about
220 μW of probing light.

C. Frequency-shift measurement

With the reference in the magnetic shield at 0 T, and the
four probes in the MRI scanner at 7 T, we initialize the
magnetometer using a two-step procedure.
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In the first step, the probe-laser frequency is stabilized
97.5 GHz above the relevant transition as measured with
the reference in the magnetic shield at 0 T. This is achieved
by driving the modulator in the reference path, EOM0,
with a frequency ν0 = 19.5 GHz and power optimized for
the fifth optical sidebands. The laser frequency is adjusted
such that the lower fifth sideband is resonant with the tran-
sition, and the laser is then stabilized at this frequency by
an electronic feedback to the laser current controller. Feed-
back methods are described in Sec. II D. The fifth sideband
is used here, since the bandwidth of the synthesizer and
EOM0 is limited to 20 GHz. Faster components would
allow for the use of a lower-order sideband, with more
relative optical power.

In the second step, the modulator EOMi, in each of the
four probe paths i = {1, 2, 3, 4}, is used to modulate the
probe light with a frequency of about νi = 0.5 GHz and
power optimized for the first sidebands. The modulation
frequency is fine tuned such that the first upper sideband
is resonant with the transition at 7 T, and it is then stabi-
lized using an electronic feedback to the voltage-controlled
oscillator (VCO) driving EOMi. Now the total frequency
shift from Eq. (2) can be found as

�ν+ = 5 × ν0 + νi, (3)

as shown in Fig. 3. A measurement of νi then corresponds
directly to a magnetic-field measurement through Eqs. (2)
and (3).

The feedback will, once initialized, ensure that the mod-
ulation frequency νi follows changes in the resonance
frequency, corresponding to changes in the magnetic field,
such that Eq. (3) remains valid at all times, except for a
small possible error due to the finite speed of the feedback.
Each of the four probes in the MRI scanner has its own
feedback, so that an independent measurement is made by
each probe.

The VCOs used to drive EOM1–4 can produce frequen-
cies νi, in the range from 320 to 760 MHz, giving the
magnetometer a dynamic range of about ±15 mT. With

FIG. 3. The sideband-spectroscopy frequency-shift measure-
ment scheme is illustrated. The probe-laser frequency νL is stabi-
lized 97.5 GHz above the relevant transition, as measured at 0 T,
by spectroscopy with the lower fifth sideband of ν0 = 19.5 GHz
using the reference probe. For each of the probes i = {1, 2, 3, 4},
a first upper sideband of about 0.5 GHz follows the transition as
measured in the 7 T MRI scanner. The total frequency shift, �ν+,
is then found as 5 × ν0 + νi.

the probes at a distance of 15 cm from the MRI magnet
isocenter, this allows for measurements of magnetic-field
gradients up to 100 mT/m, which is more than most MRI
gradient coil systems can produce. A compelling feature of
this method is that the system can easily be reconfigured to
measure around a completely different field strength, e.g.,
for 3 T or 1.5 T MRI scanners, by simply changing ν0.

D. Feedback

A saturated absorption spectroscopy signal is symmetric
around the resonance frequency, and as such is not directly
useful in a feedback. To make a feedback, an asymmet-
ric error signal must be generated from the probe laser
light, such that positive and negative frequency detun-
ings are easily distinguished. This is achieved using FM
spectroscopy [48]. In FM spectroscopy, the probing light
is modulated at a frequency similar to the linewidth of
the transition. The sidebands and carrier pick up different
phase shifts and interfere to give a light intensity that oscil-
lates at the modulation frequency with phase and ampli-
tude depending on the sign and magnitude of the detuning.
The probe laser light is modulated at νFM = 5.32 MHz,
using EOMFM, since this frequency is similar to the tran-
sition linewidth of 5.2 MHz [49,50]. Also, etalon fringes,
in the probe transmission spectrum, created by the slightly
reflective end faces of the 19 m optical fibers, have a free
spectral range of 5.32 MHz, and they are therefore sup-
pressed in the FM-spectroscopy signal by choosing this as
the modulation frequency.

Each photodetector is designed as a parallel RLC cir-
cuit with a resonance of νFM and a Q factor of about 15,
to reduce sensitivity outside the relevant narrow frequency
band. The signal from the photodetector is sent to a lock-
in amplifier, consisting of an analog mixer and a 1.9 MHz
low-pass filter (LPF), to produce the error signal ei. The
error signal is a voltage, which is positive for negative
detunings, and negative for positive detunings. The error
signal is sent to an integrator, which controls the VCO with
a voltage Ui, to produce a frequency νi, which is sent to
EOMi. This is all shown in Fig. 4.

Photo-
detector

Lock-in Amplifier

Mixer LPF Integrator VCO

νi

νFM ei Ui

FIG. 4. The analog feedback used to control the frequencies of
EOM1–4. The signal from the frequency-selective photodetector
is passed through a lock-in amplifier, to generate the error signal
ei. This is integrated by an analog op-amp integrator, to produce
a voltage Ui, controlling a VCO, producing a frequency νi, which
is sent to EOMi.
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As an example, we examine what happens when the
magnetic field suddenly increases at the position of probe
i, resulting in a negative detuning of the first upper EOMi
generated sideband. This will give a positive ei, which will
be integrated to give a rising Ui, increasing νi until the neg-
ative detuning is fully compensated, and ei is again zero.
This corresponds to the first upper EOMi generated side-
band again being on resonance with the atomic transition,
and Eq. (3) again being valid.

The laser-frequency stabilization using the reference
probe at 0 T and a fixed ν0 is similar, except that there
is no VCO. In this case, the integrator directly controls the
laser current, compensating, e.g., mechanical disturbances
and temperature fluctuations, to keep the laser frequency
constant at all times.

Equation (3) can be generalized to situations where the
field is rapidly changing, and the first upper sideband is not
exactly on resonance. In this case we have

�ν+ = 5 × ν0 + νi − ei/si, (4)

where si is the slope of the error signal as a function of
detuning. Using Eq. (4) the chosen controller for the feed-
back is unimportant, and the only requirement is that it
keeps the detuning within the linear region of the error
signal, as detailed in Sec. III B.

For the measurements presented in the following, νi is
found from Ui, using a voltage-to-frequency mapping of
the VCOs. The VCOs behave as low-pass filters with a
time constant of about 4 μs, corresponding to a bandwidth
of about 40 kHz. These numbers also include response
times of photodetectors and lock-in amplifiers.

III. RESULTS

A. 19-inch rack integration

To make a compact device that can be operated in a hos-
pital setting, the setup is divided into several modules and
mounted in a 19-inch rack. This also makes it easy to move
around and close off, when not in use. To make it robust,
all optical parts of the setup are directly connected by
fibers; except for the beam splitting after EOMFM, which is
realized with free-space optics, to allow for optical power
adjustments. The device is shown in Fig. 5.

During measurements, the device is placed in the control
room of the MRI scanner, the probes enter the radio-
frequency (rf) shielded scanner room through a waveguide,
and are placed in the bore of the scanner in a 3D-printed
plastic grid, with a precision of about 1 mm.

B. Calibration and sensitivity characterization

With the laser frequency stabilized, and the probes in the
MRI scanner bore, the error signal slopes si, from Eq. (4),
are determined. This is done by sweeping the VCO control
voltage Ui, and thereby the frequency νi, while recording

1

2
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4

5

6

7

8

9

10

FIG. 5. EXAAQ magnetometer prototype. (1) On-off switch.
(2) Toptica DLC Pro laser controller. (3) Cable reels with 19 m
fibers and probes. (4) Optical breadboard with free-space beam
splitting, synthesizer and amplifier for ν0, EOM0, and magnetic
shield with reference. (5) 1 × 4 fiber splitter, amplifiers for ν1–4,
and EOM1–4. (6) VCOs. (7) Lock-in amplifiers and integrators
for probes 1–4. (8) Subrack with photodetectors and heating
lasers. (9) Probe laser, EOMFM, and lock-in amplifier and inte-
grator for reference. (10) Oscillators for νFM and VCO voltage
scanning.

the error signal ei. A straight line is fitted to the linear
region around resonance, as shown in Fig. 6, to find the
slopes si.
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FIG. 6. Error signals ei, recorded as a function of νi. This range
of frequencies is produced by sweeping Ui about 2 V. A fit to the
linear region around resonance, ei = 0, returns the slopes si.

To calibrate the probes in absolute terms, we first mea-
sure the magnetic field in the MRI scanner by NMR mag-
netometry. Placing a spherical sample of ultrapure water
in the scanner and measuring a free induction decay fol-
lowing nuclear excitation, we find the magnetic field in
the center of the scanner to be 7.000 066 T [39,51]. We
then measure �ν+ as defined in Eq. (4), with each of the
four probes for 1 s. We assume that the high magnetic field
generated by the superconducting MRI coil is completely
unchanged during all measurements. Using Eq. (2) we then
calculate a γ0 for probes 1–4 of 0.07, 0.19, −0.26, and
−0.19 MHz, respectively. Using these values we measure
example magnetic-field traces as shown in Fig. 7. Here a
sampling rate of 40 kHz is used, corresponding to a highest
detectable (Nyquist) frequency of 20 kHz. Noise common
among the probes is likely due to imperfections in the
frequency stabilization of the probe laser.

Once the probe feedbacks are initialized, the VCO fre-
quencies νi are continuously regulated so that Eq. (4)
remains valid as long as the error signals ei stay within
the approximately linear region of about ±1.5 MHz.

Over a 1 s measurement we measure traces with stan-
dard deviations of 5.0, 4.3, 4.3, and 3.9 μT, respectively.
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FIG. 7. Example measurements, in the magnetic field of the
MRI scanner. The sampling rate is 40 kHz. The field is assumed
to be a perfect 7 000.066 mT. Colors blue, red, green, and yellow
correspond to probes 1–4, respectively. Probe 4 is the one that
has the least noise, with a standard deviation of 3.9 μT, over a 1 s
measurement. Noise common among the probes is attributed to
imperfect frequency stabilization of the probe laser.

This constitutes a sub-ppm resolution of the magnetometer.
We calculate the power spectral density (PSD) as shown
in Fig. 8 for the measurement with probe 4, which is
the one that performs the best, and note that the noise is
worst below 3 kHz. The sensitivity can be calculated as
the square root of the PSD, and has a root-mean-square
value of 28 nT/

√
Hz in the 0–20 kHz band. It is worth not-

ing that the noise of the oscilloscope used for measuring
Ui, also shown in Fig. 8, corresponds to a standard devi-
ation of 2.5 μT, so this is currently a limiting factor for
the sensitivity. After a 20 min period, the measurements
have drifted by 23, 17, 34, and 24 μT, respectively. Probe
3, which shows the most instability, has a maximum drift
of 44 μT after about 13 min. In other words, the stability is
about 6 ppm, on a timescale relevant for MRI experiments.

C. MRI sequence measurements

We demonstrate the functioning of the prototype by
measuring the field in four different positions inside the
MRI scanner while scanning. During an MRI scan three
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FIG. 8. The PSD of a measurement with probe 4. The shaded
lower area shows the noise of the oscilloscope, used for measur-
ing Ui, with disconnected input channels.

orthogonal gradient coils are playing a sequence of care-
fully controlled spatial magnetic-field (magnitude) gradi-
ents. Here we investigate typical 2D MRI sequences: First
a slice-selecting gradient in one direction is played during
nuclear rf excitation. This is followed by a series of gra-
dients in the orthogonal plane, producing changing spatial
nuclear-spin phase rolls in the excited slice. These chang-
ing phase rolls determine the trajectory though k-space
during inductive readout of the nuclear rf signal. During
the final image reconstruction, the acquired k-space image
is Fourier transformed to give the actual image [52].

We define the coordinate system (x, y, z) of the MRI
scanner with x-axis along the down-up direction, y-axis
along the left-right direction, and z-axis along the field

direction. The origin (0, 0, 0) corresponds to the isocen-
ter of the MRI scanner. The probes 1–4 are placed in
positions (15 cm, 0, 0), (0, 15 cm, 0), (0, 0, 15 cm), and
(0, 0, 0), respectively. In this way probes 1 and 2 measure
the (x, y)-gradients defining the k-space trajectory, probe 3
measures the slice selecting z-gradient and probe 4 should
ideally measure a constant field.

To demonstrate that the technique works well, even for
rapidly changing fields, an EPI sequence with maximum
gradient strength (39.87 mT/m) and maximum slew rate
(198.38 mT/m/ms) is played on the MRI scanner while
measuring with the four probes. The measured ei/si and
νi, and the magnetic fields B, calculated using Eqs. (2) and
(4), are shown in Fig. 9. Importantly, it is seen here that the
error signals stay within the approximately linear region,
demonstrating that even for the fastest gradient switch-
ing, that the MRI scanner can produce, the method still
works.

The trajectory through k-space is given by the inte-
gral of the gradients, so the EPI sequence covers k-
space through a zigzag line-by-line trajectory. Different
sequences use (among other things) different k-space tra-
jectories to adjust, e.g., tissue contrast, field of view, or
scan duration. In Fig. 10 we show a recording of a spiral-
imaging sequence, which covers k-space in an outwards
spiraling trajectory, by playing out-of-phase oscillating x-
and y-gradients with increasing amplitude.

These two examples clearly illustrate that the proto-
type works well and represents a valuable tool for the
MRI scientist who needs a direct measurement of the
magnetic-field magnitude inside the scanner.

e i
/
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FIG. 9. Magnetic-field measurements during an EPI sequence with probes 1–4, in colors blue, red, green, and yellow, respectively.
In the upper plot are shown the differences between the first upper sidebands and the atomic resonances. In the middle plot are shown
the VCO frequencies. In the lower plot are shown the magnetic fields calculated using Eqs. (2) and (4). The reader familiar with MRI
sequence development will recognize slice selection, prewinder, k-space coverage, and spoiler [52].
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FIG. 10. Magnetic-field measurements during a spiral imaging sequence with probes 1–4, in colors blue, red, green, and yellow,
respectively.

D. Gradient imperfection detection

Since the k-space trajectory is determined by the field
gradients, inaccurate knowledge of the gradients will result
in an inaccurate k-space image. Errors in the k-space image
will, in turn, translate into artifacts or blurring in the
Fourier transformed actual anatomical image. For this rea-
son, accurate measurements of the magnetic-field gradients
during an MRI sequence, can be used for k-space trajectory
corrections, which ultimately can lead to improved MRI
image quality.

Many different factors may contribute to deviations from
the desired magnetic field during a sequence: crosstalk
among the coils and other nearby conducting mate-
rial—i.e., eddy currents, imperfect design of the coil sys-
tem and the associated current controllers, heating of the
coils during extended operation, etc.

Two observations in the obtained MRI-sequence data
warrant further investigation: For probe 2 in the EPI-
sequence measurement, we calculate a maximum gradient
strength, which is about 200 μT higher than expected.
For probe 2 in the spiral-sequence measurement, decay-
ing oscillations, with amplitudes up to about 10 μT, are
observed immediately after the sequence has finished,
where the field should ideally be completely stable. These
observations are not visible in the zoomed-out views of
Figs. 9 and 10. To further investigate and clearly display
these disagreements we reposition probes 1–4 to posi-
tions (0, −15 cm, 0), (0, −7.5 cm, 0), (0, +7.5 cm, 0), and
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FIG. 11. A small section of the EPI sequence shown in Fig. 9,
recorded with the probes distributed along the y-axis. Blue, red,
green, and yellow traces correspond to positions −15, −7.5,
+7.5, and +15 cm respectively.

(0, +15 cm, 0), respectively, and play the two sequences
again.

With the new probe positions we first have a closer
look at the two first maximum gradient pulses in the EPI
sequence in Fig. 11. In Fig. 12 we plot the magnetic-field
values at the first gradient plateau for the four probes along
with the field of an ideal 39.87 mT/m gradient. We also
plot the residuals between the data and the idealization,
and what is seen is a clear nonlinearity of the magnetic
field generated by the y-gradient coil.

To have nonlinearities like this is expected, and the order
of magnitude—about 4% at 15 cm from the isocenter—is
comparable to what is, e.g., found in Ref. [53].

For the spiral sequence we start by looking at the field
during the first 16 ms after the sequence in Fig. 13. Clear
oscillations are seen. The highest amplitudes are seen for
probes 1 and 4, which are the farthest away from the
isocenter, and opposite amplitudes are seen for probes 1
and 2 compared to probes 3 and 4. This indicates an oscil-
lating gradient along the y-axis. We calculate this magnetic
field gradient using the measurements of probes 1 and 4,
as shown in Fig. 14. A spectral analysis of this signal, also
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FIG. 12. Nonlinearity in the magnetic field of the y-gradient
coil. In the upper plot, the magnetic-field values of the first gradi-
ent plateau in Fig. 11 are shown, along with an ideal 39.87 mT/m
gradient. In the lower plot, the residuals between the measured
field and the ideal gradient are shown. At ±15 cm we see
deviations of about 4%.
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FIG. 13. Measurement of the first 16 ms after the spiral
sequence shown in Fig. 10, recorded with the probes distributed
along the y-axis. Blue, red, green, and yellow traces correspond
to positions −15, −7.5, +7.5, and +15 cm respectively. Oscillat-
ing eddy currents are clearly seen. Notice how the measurements
have drifted about 20–30 μT, since the calibration done 15 min
earlier.

displayed in Fig. 14, shows how the signal clearly contains
a strong component of about 1.071 kHz and a weaker com-
ponent of about 1.263 kHz. These same two frequencies
are found in the eddy-current compensation (ECC) system
of the MRI scanner. So what we see here are the remaining
oscillations that the ECC system has not managed to fully
compensate. Such oscillating instabilities have their origin
in mechanical vibrations of the MRI scanner, excited by
the strong forces from the switching gradient coils. In Ref.
[54] they are described as “vibrational eddy currents.”

IV. DISCUSSION

A. Accuracy

If we assume an error-free determination of γ0 and ν+,
then we can find B from Eq. (2) with an accuracy of 13 μT
at 7 T. This is the scientific limit given by the best avail-
able data for the optical transition, and it is completely
dominated by the uncertainty in γ2.

A virtually error-free determination of γ0 and ν+ is
however not realized, as measurement drifts up to 44 μT
are observed. This corresponds to a frequency drift of
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FIG. 14. Magnetic-field gradient along the y-axis calculated
using the measurements by probes 1 and 4, shown partly in
Fig. 13. In the upper plot, the time-domain signal is shown start-
ing directly after the spiral sequence has finished and ending
45 ms later when the decaying oscillations are no longer visi-
ble. In the lower plot the corresponding spectrum is shown. The
dashed lines show the known oscillations that the ECC system
tries to compensate.

0.62 MHz, i.e., about 10% of the natural linewidth of
the transition. The initially determined γ0 for the four
probes have a spread of similar magnitude. The difference
between the lowest and the highest γ0 is 0.45 MHz, con-
firming that this is the level of accuracy achievable with
the current hardware.

One possible explanation for such measurement drifts is
temperature changes of the VCOs. The temperature depen-
dence of the VCOs is reported to be up to 0.14 MHz/°C,
which means that several degrees of temperature changes
would significantly change the measurement. After being
switched on, the rack is allowed at least an hour to warm
up, and settle on a temperature before measurements, for
this reason.

A second explanation for drifts is associated with the
laser-frequency stabilization. In the absorption spectrum,
the saturation peak of the reference is located at a sloped
background due to the other Doppler-broadened nearby
hyperfine transitions. This means that the zero cross-
ing of the (FM-spectroscopy) error signal is shifted to a
higher frequency. This also means that the zero cross-
ing depends on the optical probe power, so small power
fluctuations from, e.g., fiber couplings will cause fluctua-
tions in the laser frequency. The laser frequency is locked
slightly above the zero-crossing, for this reason, but the
effect cannot be completely eliminated, for larger power
fluctuations.
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A third explanation is that etalon fringes created by
reflective surfaces in the optical setup, cause slow spuri-
ous signals when the path lengths are changing due to, e.g.,
small temperature fluctuations.

A fourth explanation is simply that the oscilloscope has
drifting offsets for the voltage measurements.

Finally it should be noted that when we consider the full
dynamic range of the magnetometer extra care must be
taken, since carrier and higher-order sidebands in probes
1–4 will probe the Doppler background, and nearby hyper-
fine transitions, to give small spurious signals. Similarly,
light shifts from carrier and higher-order sidebands might
give systematic errors across the full dynamic range. This
could impact the conclusions drawn from Fig. 12. To check
that this is not the case, recordings were made with reduced
gradient amplitudes of 75%, 50%, and 25%, which all
showed similar relative nonlinearities. Future work should
aim at characterizing and compensating such infidelities,
to give a reliable measurement across the entire dynamic
range. Alternatively, modulation frequencies νi of about 10
GHz (and correspondingly lower ν0) could be employed:
this would greatly reduce light shifts and eliminate spuri-
ous signals from carrier and higher-order sidebands, since
the group of hyperfine transitions spans about 9 GHz [39].
In this work, frequencies νi of about 0.5 GHz are chosen
for practical and economic reasons.

All the above aside, it should be noted that assigning an
absolute accuracy to a prototype sensor, is a rather spec-
ulative task. The probe lock-in oscillator phase needs to
be set upon each power up, and fiber couplings need reg-
ular readjustment for consistent performance. Ultimately,
several highly stable plug-and-play devices should be man-
ufactured and calibrated at a certified metrology lab, before
a meaningful absolute accuracy can be claimed.

B. Comparison with NMR probes

The impressive line of research and innovation that
started with Refs. [20,41,42,55–58] uses NMR probes
for k-space trajectory correction, and MRI magnet char-
acterization. This has evolved into a mature solution
now deployed in different branches of MRI research
[43,59–62].

This technology has the advantage of very high sensi-
tivity and accuracy, but suffers from issues related to rf
interference and short measurement pulses that are even
shorter in strong gradient fields [20,43]. Also, NMR probes
are electronically tuned for a specific field strength, and can
therefore not be used for, e.g., both a 7 T scanner and a 3 T
scanner.

Optical probes as described in this work, do not suf-
fer from any of these problems, and could—when further
developed—provide a much more convenient solution for
k-space trajectory correction in MRI. The disadvantages of

the optical approach are currently the lower sensitivity and
accuracy, which needs to be improved.

C. Sensitivity and bandwidth limits

With the oscilloscope currently limiting the sensitiv-
ity of the magnetometer, it is clear that there is room for
improvement. Future work should seek to approach and
investigate the fundamental limits of this technology. Ulti-
mately the quantum shot noise of the probing light will
be an inevitable barrier. Modifications to the optical setup
could perhaps bypass even this limit by using squeezed
probe light [63]. After all, the task is to determine the
center frequency of the optical transition, which has a nat-
ural linewidth of 5.2 MHz [49,50]. The 3.9 μT resolution
achieved in this work corresponds to an optical frequency
resolution of 0.055 MHz, i.e., about 1% of the natural
linewidth.

In the measurements presented here we have used a sam-
pling rate of 40 kHz, which is slow enough that we do
not need to worry about the response time of the VCOs,
and synchronization of recorded error signals and VCO
voltages. We note that the upper bandwidth limit for this
method will be the FM modulation frequency, which must
be similar to the linewidth of the transition. This is equiva-
lent to recognizing that measuring a magnetic-field change
much faster than the 30 ns decay time [49] of the atomic
transition is not possible.

V. CONCLUSION

We have presented a novel quantum sensor—the
EXAAQ magnetometer. The prototype is a fairly robust
and compact device, despite being the very first demon-
stration of this technology. We have found the resolution
of the sensor to be sub-ppm, and the accuracy to be below
10 ppm. We note that this accuracy is already much better
than the best commercially available Hall probes [17,24],
which are limited to around 100 ppm. We have identi-
fied a number of simple limitations in the setup, leaving
straightforward opportunities for future improvements.

This type of magnetometer can be configured to work
at different field strengths and the number of probes can
be chosen as necessary. It can readily be used for any
high-field measurement application where low interfer-
ence, high sensitivity and accuracy, and high bandwidth
are of importance.

We have tested the sensor in a 7 T MRI scanner and
found that it already works well enough to be used as
a nice tool for probing the MRI scanner. We have only
shown measurements of short sequences, to make details
visible, but we emphasize that a key feature of the tech-
nology is that it can measure uninterrupted, e.g., during
entire MRI sequences of many minutes. While the imper-
fections of the MRI scanner revealed in this work are no
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surprise and could also have been uncovered using cali-
bration sequences of the MRI scanner, or external NMR
probes, it should be appreciated that they have been found
using a completely novel approach.

The fact that vibrational eddy currents can clearly be
resolved with the prototype, highlights the potential for
this technology. An updated calibration of the ECC sys-
tem would likely reduce the eddy currents, but it would
only be a matter of time before this calibration again would
be outdated. It should also be noted that the eddy-current
characteristics depend on the temperature of the gradient
coil system, and hence change during operation [41]. With
a permanently installed optical magnetic-field-monitoring
system such time-consuming calibrations could in the
future be unnecessary, and optimal performance of the
MRI scanner would always be ensured.

VI. OUTLOOK

In the continuation of this work, we will work to
improve the prototype towards an even more mature
device, with less drift and high fidelity across the entire
dynamic range. A number of steps can be taken to improve
the current design. To deal with the temperature-dependent
VCOs, different solutions could be employed: temperature
stabilizing the VCOs; measuring the output frequencies
instead of the control voltages; or replacing the VCOs
with digital synthesizers. The last two options would also
remove the problem of the noisy oscilloscope, as the mea-
sured or programmed frequency would be used directly.
For use in MRI systems with faster gradient slew rates
[64], the integrator may be replaced with a proportional-
integral-derivative (PID) controller, to increase the speed
of the feedback, so that the detuning still stays within the
linear region of the error signal during gradient switching.

While, on the one hand, working to improve the pro-
totype, we will also start exploring k-space trajectory
correction using the measured field data. A number of tech-
nical challenges must be solved in this regard: the sampling
rate should ideally be increased to a couple of hundreds
of kilohertz, accurate spatial localization of the probes
should be realized, and measurements should be precisely
synchronized with the MRI acquisition [20,41,60].

For applications beyond MRI we note that reducing the
probe size should be possible, since no particular attention
has been paid to miniaturization, beyond what was neces-
sary for installation in the MRI scanner bore. Expanding
the dynamic range to several teslas could be realized using
modulation frequencies νi in the microwave range. For
applications where only a very narrow dynamic range is
necessary, the probe feedback can be omitted—equivalent
to setting νi = 0—to increase the sensitivity and accu-
racy, and reduce the complexity of the setup. It should be
noted that measurements below 0.5 T could be challeng-
ing due to the high density of different transitions [39].

Optical pumping on the D1 line could be a solution. Also,
σ− and π transitions could cause spurious signals below
1 T, for imperfect circular probe polarization, or probes not
perfectly aligned with the field direction.

The data sets and scripts for the analysis and calculations
underlying this work are openly available from Ref. [65].
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