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Motivation

• Low-SWAP
• FPGA demodulation

• Unshielded
• No extra coils
• Single-beam
• Double-resonance

• >50 µT
• Noise-robust

• Polarimeter

• Dead-zones?

• Heading systematics?
• φDEMOD → f0
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VCSEL
133Cs vapour cell

Polarimeter



Dead-zones

• S = 0 if BRF parallel to B0 (z-axis  in this case)

• m ∝ projection of mEQ onto mPUMP
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TABLE I. Uncertaint ies in coil calibrat ion parameters from

final calibrat ion fit for |B 0 | = 200 nT . The result ing tolerances

in ~B 0 magnitude and orientat ion are δ|B 0 | = 54 pT and δ✓=
0.27 mrad.

Coil axis δa (10− 5) δ✏(pT)

x 7.2 11
y 10.0 14

z 9.7 14

φ1 f
0

φ2 f
0

FIG. 5. Observed and ( inset ) calculated dist ribut ions of

on-resonance signal phase with variat ion of ~B 0 orientat ion

over full solid angle. Top: first -harmonic phase φ1f
0 . Bot-

tom: second-harmonic phase φ2f
0 . Calculated dist ribut ions

are found using Equat ions 12 - 13.

from uncompensated second-order field inhomogeneity

and can be seen in the dipolar dist ribut ion of residuals

in Figure 4, we can st ill be confident that the orientat ion

of ~B0 can be set with fidelity in the mrad range.

A 1 f

A 2 f

FIG. 6. Observed and ( inset ) calculated dist ribut ions of on-

resonance signal amplitude with variat ion of ~B0 orientat ion
over full solid angle. Top: first -harmonic amplitude A1f . Bot-

tom : second-harmonic amplitude A2f . The polarimeter re-
sponse to opt ical rotat ion is 55.6 V/ rad for small rotat ions.

Calculated dist ribut ions are found using Equat ions 10 - 11.

V ECT OR FI EL D M EA SU R EM EN T S

Equat ions 10 - 13 indicate a st rong dependency be-

tween the on-resonance signal components and the orien-

tat ion of ~B0. Using the calibrated field cont rol described

above, automated scans of ~B0 were carried out . Each

scan consists of 1646 orientat ions of ~B0, spread over the

full solid angle with approximately even angular dist ribu-

t ion. At each ~B0 orientat ion, a magnet ic resonance mea-

surement was carried out , and a fit to the result ing data

using Equat ions 6 - 9 used to obtain best -fit values and

uncertaint ies for φ1f
0 , φ2f

0 , A1f and A2f . The results of this

measurement areshown in Figures5 - 6. Good agreement

was found between the on-resonance signal components

in the measured data and Equat ions 10 - 13.
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and the equilibrium magnet isat ion m̄RW
k,q is aligned with

the stat ic field vector ~B0 (i .e. m̄RW
k,q = m̄ for q = 0,

m̄RW
k,q = 0 otherwise). The magnitude of m̄ is propor-

t ional to the project ion of mRW
2,0 onto mPUM P

2,0 , where

mPUM P
k,q are defined in a frame where the quant isat ion

axis is parallel to the polarisat ion axis of the pump light .

Steady-state ṁRW
2,q = 0 solut ions for mRW

2,q can be

found, and so m2,q(t) found by rotat ion [24]. Subst i-

tut ion into (3) yields f (t), with terms in e0·i ! R F t , e1·i ! R F t

and e2·i ! R F t . Similarly to [23], we write the amplitude R

and phase φ of the oscillat ing responses to ~BRF in the

following form;

R(! RF ) =
A1f x2(1− 2S2 + 4x2)2 + (1 + S2 + 4x2)2

1
2

(1 + S2 + x2)(1 + 4S2 + 4x2)
(6)

φ(! RF ) = φ1f
0 + arctan

x(1− 2S2 + 4x2)

1 + S2 + 4x2
(7)

R(2 · ! RF ) =
A2f 9x2 + (1 + S2 − 2x2)2

1
2

(1 + S2 + x2)(1 + 4S2 + 4x2)
(8)

φ(2 · ! RF ) = φ2f
0 + arctan

3x

1 + S2 − 2x2
. (9)

Theon-resonanceamplitudeA and phaseφ0 of thesignal

vary with ✓L and ✓V as given in Equat ions 10-13.

A2
1f = m̄2S2 (cos✓V cos✓L )2 + (cos2✓V sin✓L )2 (10)

A2
2f = m̄2S4

⇣
1
2

sin 2✓V sin✓L
2

+ (sin✓V cos✓L )2
⌘

(11)

tanφ1f
0 =

− m̄S cos✓V cos✓L

m̄S cos2✓V sin✓L

(12)

tanφ2f
0 =

2m̄ sin✓V cos✓L

− m̄ sin 2✓V sin✓L

(13)

T EST SY ST EM

In order to obtain accurate data on the relat ion

of double-resonance signal phase to ~B0 orientat ion, a

shielded test system wasused, reducing thee↵ect of back-

ground magnet ic field noise and allowing fine control of
~B0 orientat ion. The use of magnet ic shielding also al-

lowed us to operate in a low-field regime(|B0| ⇡ 200 nT),

in which non-linear Zeeman split t ing, which leads to sys-

temat ic shifts in theobserved magnetic resonance, isneg-

ligiblecompared to the natural linewidth of themagnet ic

resonance.

FIG. 2. Schemat ic of the experimental system, showing ex-
ternal cavity diode laser (ECDL), Glan-Thompson linear po-

lariser (GT), magnetometer cell, five-layer mu-metal shield,
three-axis Helmholtz coils, half-wave plate (λ/ 2), polaris-

ing beam split ter (PBS), di↵erent ial photodetector (DPD),
low-noise coil driver (LNCD) and data acquisit ion system

(DAC/ ADC). The coordinate basis is shown in the top left
hand corner and shares the same axes as Figure 1. The data
acquisit ion system is cont rolled using a PC (not shown).

Figure 2 shows the test system used, and a detailed

hardware descript ion can also be found in [27]. A spher-

ical room temperature cell of 28 mm diameter contain-

ing 133Cs [28] is contained within a five-layer mu-metal

shield. The cell contains no bu↵er gas, but the walls

are paraffin coated, extending the atomic spin lifet ime to

> 100 ms. Opt ical access is via a 10 mm diameter axial

port and the local stat ic magnet ic field at the cell ~B0 is

controlled using three pairs of Helmholtz coils driven by

six independent software-controlled current supplies. A

Helmholtz coil pair on the z-axis is used to apply the

oscillat ing perturbat ion field ~BRF . A 1.4 MHz 16-bit

DAC/ ADC (Nat ional Instruments PCIe-6353) is used to

generate ~BRF and digit ise the di↵erent ial photodetector

signal. Demodulat ion is carried out in software.

An external-cavity diode laser (New Focus Vortex

6800) provides opt ical pump/ probe light resonant with

the 62S1/ 2 (F = 4) to 62P1/ 2 (F = 3) t ransit ion of an

external 133Csreferencecell. Thisbeam hasa total power

of 10 µW, a diameter of 1.2 mm, and is linearly polarised

along the x-axis prior to the magnetometry cell using a

Glan-Thompson polariser. We note that the modest op-

t ical power requirement would make it possible to replace

this commercial laser system with a compact integrated-

cavity laser in pract ical applicat ions.

A singlemagnet ic resonancemeasurement isconducted

as follows; following the establishment of the desired
~B0 using the calibrated coil system, an RF modulat ion

signal is generated using the digital-analogue converter.

The RF modulat ion frequency ! RF is chirped in finite

steps. The detector signal response to the modulat ion

signal is synchronously digit ised, and a sample segment
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FIG. 7. Measured and set magnet ic field magnitude and orientat ion for a wide range of ~B 0 orientat ions. Observed values and
uncertaint ies for ✓V and ✓L are calculated from φ1f

0 and φ2f
0 using Equat ions 15 and 16. Uncertaint ies in |B 0 |, ✓V and ✓L are

displayed as error bars, which in the case of |B 0 | are smaller than the marker. The point of best angular resolut ion is measured
at (|B 0 | = 199.8445(17) nT , ✓V = 100.986(27) ◦ , ✓L = 118.198(24) ◦ ). The inset in the lower left corner shows the contour

described by successive ~B A P P orientat ions, plot ted using the same project ion as Figures 5 and 6.

We note the dependence of the first - and second-

harmonic on-resonance signal phases φ1f
0 and φ2f

0 on the

orientat ion of ~B0. From Equat ions 12 - 13 we can derive

Equat ions 15 - 16 for ✓V and ✓L .

tan2 ✓V = 1−
tanφ2f

0

tanφ1f
0

(15)

tan✓L =
− cos✓V

cos2✓V tanφ1f
0

(16)

Using Equat ions 15 and 16, the on-resonance phase of

first - and second-harmonic signal responses to the RF

field can be used to calculate✓V and ✓L and, along with

the fit ted Larmor frequency, make a full-vector measure-

ment of ~B0.

Figure 7 shows calculated ✓V and ✓L for a range of ~B0

orientat ions defined using the calibrated Helmholtz coil

system. The range of orientat ions is shown as an inset

to Figure 7 and was chosen to scan over the zone of high

signal amplitude around the light polarisat ion (x-) axis.

At each point the first - and second-harmonic resonance

responses are measured for a range of ! R F and fit ted us-

ing Equat ions 6 - 9. The on-resonance phasesφ1f
0 and φ2f

0

are free parameters in this model, and the fit uncertain-

t ies are propagated through Equat ions 15 - 16 to give the

uncertaint ies in ✓V and ✓L . Thepoint of highest observed

angular resolut ion has uncertaint ies of δ|B0| = 1.7 pT,

δ✓V = 0.027◦ , δ✓L = 0.024◦ , giving an overall angular

resolut ion at this point of δ✓= 0.036◦ (0.63 mrad).

CON CL U SI ON S

The measurement of complementary field orienta-

t ion informat ion using a hitherto-scalar double-resonance

magnetometry techniquehas clear potent ial for impact in

pract ical measurements of arbit rarily oriented fields. Ex-

ist ing three-axis magnetometer data is often t ransformed

to derive data on field magnitude, declinat ion and incli-

nat ion. In this work we demonst rate a scheme for inde-

pendent measurement of the field vector in this spherical

polar basis, while also exploit ing the precise and accurate

measurement of field magnitudepossiblewith thedouble-

resonance technique. The demonstrated system, with its

single-beam, thermal atomic vapour and RF-modulat ion,

is an imminent ly suitable model for scalable, portable de-

vices.

Phase Relations

• π-polarised light

• BRF z-axis

• 1st and 2nd harmonics
• Unique, invertible mapping to 

θL, θV
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TABLE I. Uncertaint ies in coil calibrat ion parameters from
final calibrat ion fit for |B 0 | = 200 nT . The result ing tolerances

in ~B 0 magnitude and orientat ion are δ|B0 | = 54 pT and δ✓=

0.27 mrad.
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0

FIG. 5. Observed and ( inset ) calculated dist ribut ions of

on-resonance signal phase with variat ion of ~B 0 orientat ion
over full solid angle. Top: first -harmonic phase φ1f

0 . Bot-

tom : second-harmonic phase φ2f
0 . Calculated dist ribut ions

are found using Equat ions 12 - 13.

from uncompensated second-order field inhomogeneity

and can be seen in the dipolar dist ribut ion of residuals

in Figure 4, we can st ill be confident that the orientat ion

of ~B0 can be set with fidelity in the mrad range.

A 1 f

A 2 f

FIG. 6. Observed and (inset ) calculated dist ribut ions of on-

resonance signal amplitude with variat ion of ~B0 orientat ion

over full solid angle. Top: first -harmonic amplitude A1f . Bot-
tom : second-harmonic amplitude A2f . The polarimeter re-

sponse to opt ical rotat ion is 55.6 V/ rad for small rotat ions.
Calculated dist ribut ions are found using Equat ions 10 - 11.

V ECT OR FI EL D M EA SU R EM EN T S

Equat ions 10 - 13 indicate a st rong dependency be-

tween the on-resonance signal components and the orien-

tat ion of ~B0. Using the calibrated field control described

above, automated scans of ~B0 were carried out . Each

scan consists of 1646 orientat ions of ~B0, spread over the

full solid anglewith approximately even angular dist ribu-

t ion. At each ~B0 orientat ion, a magnet ic resonance mea-

surement was carried out , and a fit to the result ing data

using Equat ions 6 - 9 used to obtain best -fit values and

uncertaint ies for φ1f
0 , φ2f

0 , A1f and A2f . The results of this

measurement areshown in Figures5 - 6. Good agreement

was found between the on-resonance signal components

in the measured data and Equat ions 10 - 13.
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2,q = 0 solut ions for mRW

2,q can be

found, and so m2,q(t) found by rotat ion [24]. Subst i-

tut ion into (3) yields f (t), with terms in e0·i ! R F t , e1·i ! R F t

and e2·i ! R F t . Similarly to [23], we write the amplitude R

and phase φ of the oscillat ing responses to ~BRF in the

following form;

R(! RF ) =
A1f x2(1− 2S2 + 4x2)2 + (1 + S2 + 4x2)2

1
2

(1 + S2 + x2)(1 + 4S2 + 4x2)
(6)

φ(! RF ) = φ1f
0 + arctan

x(1 − 2S2 + 4x2)

1 + S2 + 4x2
(7)

R(2 · ! RF ) =
A2f 9x2 + (1 + S2 − 2x2)2

1
2

(1 + S2 + x2)(1 + 4S2 + 4x2)
(8)

φ(2 · ! RF ) = φ2f
0 + arctan

3x

1 + S2 − 2x2
. (9)

The on-resonance amplitude A and phaseφ0 of the signal

vary with ✓L and ✓V as given in Equat ions 10-13.

A2
1f = m̄2S2 (cos✓V cos✓L )2 + (cos2✓V sin✓L )2 (10)

A2
2f = m̄2S4

⇣
1
2

sin 2✓V sin✓L
2

+ (sin✓V cos✓L )2
⌘

(11)

tanφ1f
0 =

− m̄S cos✓V cos✓L

m̄S cos2✓V sin✓L

(12)

tanφ2f
0 =

2m̄ sin✓V cos✓L

− m̄ sin 2✓V sin✓L

(13)

T EST SY ST EM

In order to obtain accurate data on the relat ion

of double-resonance signal phase to ~B0 orientat ion, a

shielded test system wasused, reducing thee↵ect of back-

ground magnet ic field noise and allowing fine cont rol of
~B0 orientat ion. The use of magnet ic shielding also al-

lowed us to operate in a low-field regime (|B0| ⇡ 200 nT),

in which non-linear Zeeman split t ing, which leads to sys-

temat ic shifts in the observed magnet ic resonance, is neg-

ligible compared to the natural linewidth of the magnet ic

resonance.

FIG. 2. Schemat ic of the experimental system, showing ex-
ternal cavity diode laser (ECDL), Glan-Thompson linear po-

lariser (GT), magnetometer cell, five-layer mu-metal shield,
three-axis Helmholtz coils, half-wave plate (λ/ 2), polaris-

ing beam split ter (PBS), di↵erent ial photodetector (DPD),
low-noise coil driver (LNCD) and data acquisit ion system

(DAC/ ADC). The coordinate basis is shown in the top left
hand corner and shares the same axes as Figure 1. The data

acquisit ion system is cont rolled using a PC (not shown).

Figure 2 shows the test system used, and a detailed

hardware descript ion can also be found in [27]. A spher-

ical room temperature cell of 28 mm diameter contain-

ing 133Cs [28] is contained within a five-layer mu-metal

shield. The cell contains no bu↵er gas, but the walls

are paraffin coated, extending the atomic spin lifet ime to

> 100 ms. Opt ical access is via a 10 mm diameter axial

port and the local stat ic magnet ic field at the cell ~B0 is

cont rolled using three pairs of Helmholtz coils driven by

six independent software-cont rolled current supplies. A

Helmholtz coil pair on the z-axis is used to apply the

oscillat ing perturbat ion field ~BRF . A 1.4 MHz 16-bit

DAC/ ADC (Nat ional Instruments PCIe-6353) is used to

generate ~BRF and digit ise the di↵erent ial photodetector

signal. Demodulat ion is carried out in software.

An external-cavity diode laser (New Focus Vortex

6800) provides opt ical pump/ probe light resonant with

the 62S1/ 2 (F = 4) to 62P1/ 2 (F = 3) t ransit ion of an

external 133Csreferencecell. Thisbeam hasa total power

of 10 µW, a diameter of 1.2 mm, and is linearly polarised

along the x-axis prior to the magnetometry cell using a

Glan-Thompson polariser. We note that the modest op-

t ical power requirement would make it possible to replace

this commercial laser system with a compact integrated-

cavity laser in pract ical applicat ions.

A singlemagnet ic resonancemeasurement isconducted

as follows; following the establishment of the desired
~B0 using the calibrated coil system, an RF modulat ion

signal is generated using the digital-analogue converter.

The RF modulat ion frequency ! RF is chirped in finite

steps. The detector signal response to the modulat ion

signal is synchronously digit ised, and a sample segment
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FIG. 7. Measured and set magnet ic field magnitude and orientat ion for a wide range of ~B 0 orientat ions. Observed values and

uncertaint ies for ✓V and ✓L are calculated from φ1f
0 and φ2f

0 using Equat ions 15 and 16. Uncertaint ies in |B 0 |, ✓V and ✓L are
displayed as error bars, which in the case of |B 0 | are smaller than the marker. The point of best angular resolut ion is measured

at (|B 0 | = 199.8445(17) nT , ✓V = 100.986(27) ◦ , ✓L = 118.198(24) ◦ ). The inset in the lower left corner shows the contour

described by successive ~B A P P orientat ions, plot ted using the same project ion as Figures 5 and 6.

We note the dependence of the first - and second-

harmonic on-resonance signal phases φ1f
0 and φ2f

0 on the

orientat ion of ~B0. From Equat ions 12 - 13 we can derive

Equat ions 15 - 16 for ✓V and ✓L .

tan2 ✓V = 1−
tanφ2f

0

tanφ1f
0

(15)

tan✓L =
− cos✓V

cos2✓V tanφ1f
0

(16)

Using Equat ions 15 and 16, the on-resonance phase of

first - and second-harmonic signal responses to the RF

field can be used to calculate✓V and ✓L and, along with

the fit ted Larmor frequency, make a full-vector measure-

ment of ~B0.

Figure 7 shows calculated ✓V and ✓L for a range of ~B0

orientat ions defined using the calibrated Helmholtz coil

system. The range of orientat ions is shown as an inset

to Figure 7 and was chosen to scan over the zone of high

signal amplitude around the light polarisat ion (x-) axis.

At each point the first - and second-harmonic resonance

responses are measured for a range of ! R F and fit ted us-

ing Equat ions 6 - 9. The on-resonance phasesφ1f
0 and φ2f

0

are free parameters in this model, and the fit uncertain-

t ies are propagated through Equat ions 15 - 16 to give the

uncertaint ies in ✓V and ✓L . Thepoint of highest observed

angular resolut ion has uncertaint ies of δ|B0| = 1.7 pT,

δ✓V = 0.027◦ , δ✓L = 0.024◦ , giving an overall angular

resolut ion at this point of δ✓= 0.036◦ (0.63 mrad).

CON CL U SI ON S

The measurement of complementary field orienta-

t ion informat ion using a hitherto-scalar double-resonance

magnetometry techniquehas clear potent ial for impact in

pract ical measurements of arbit rarily oriented fields. Ex-

ist ing three-axis magnetometer data is often transformed

to derive data on field magnitude, declinat ion and incli-

nat ion. In this work we demonst rate a scheme for inde-

pendent measurement of the field vector in this spherical

polar basis, while also exploit ing the precise and accurate

measurement of field magnitudepossiblewith thedouble-

resonance technique. The demonstrated system, with its

single-beam, thermal atomic vapour and RF-modulat ion,

is an imminent ly suitable model for scalable, portable de-

vices.

Vector Magnetometry

17/10/2018 Stuart Ingleby SIS-OPM 2018 5
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Highest resolution
δB = 1.7 pT

δθ = 0.63 mrad



Applications

• Focus on unshielded applications
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UnshieldedShielded

Healthcare
• Veterinary MCG
• Clinical triage by MCG

Security
• UXO detection
• Maritime defence
• Nuclear threat 

reduction
• GPS-denied navigation

Geophysical
• Portable survey 

instruments
• Low-drift base station 

& calibration devices
• Directional drilling



QuBeat: Portable veterinary 
MCG
• IUK feasibility 

study
• Peacock 

Technologies
• Ice Robotics

• QuSpin QTFM
• 1 pT.Hz-1/2

• Smart agriculture
• Mastitis 

diagnosis
• Automated herd 

monitoring 
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QuBeat Results

• ECG agreement
• Kruuse Televet 100
• Einthoven 

configuration

• New information on 
signal amplitudes
• Broad agreement 

with human MCG
• 200 pT/mV*

• Further work on 
sensor locations
• Diagnostic 

algorithms

17/10/2018 Stuart Ingleby SIS-OPM 2018 9
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Conclusions
• Successful proof-of-concept → applications

• Geophysical base station
• Inclination/declination sensor
• MCG diagnostic information

• Bandwidth & sensitivity
• X(fRF), Y(fRF) sample time 2 s

• Need φ and δf simultaneously

• Self-oscillating → fLARMOR

• Broadened cells

• Laser power

• Elliptical polarisation
• Dead-zones
• Phase-angle relations
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Using on-resonance 
amplitudes & Mz signal?

Spectrum analysis?

Microwave field dressing?

Orthogonal modulations?


