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The magnetic coordinate system: , ,
Various types of magnetic measurements:

X (North) Can measure directions, D and I

\ D (D o chnatl on) Can measure the total field, |F|

Can measure the components, (X, Y, Z)

Y (East) Sensors are either total field or vector.

I (Inclination)
Can measure only the high frequency

| variations (variometers).
K |
|

Z. (down)



Magnetometers:

Torsion fiber magnetometers: Early observatory and low-power field instruments.
Nuclear precession (PPM, Alkali Vapor, Overhauser): Total field, intrinsic calibration.
Fluxgate: Vector, low frequency.

Induction coil: Vector, high frequency.

Theodolite/fluxgate: High precision observatory measurements of D and 1.



Torsion fiber magnetometers:

angular change 1n the declination (in
minutes of arc) which produces a
deflection of one millimeter on the
photographic recording drum 1s given

A magnet with moment m will
experience a torque L in a magnetic

field B g1 b
e given by by
L=mxDB
G 3438
Sp =
M 2R
torsion fiber Cylilndrical G 1s the torsion coeftficient, M 1s the
H S magnetic moment (3438 = number of
arc-minutes 1n a radian
Q - Mﬂ recording )

drum
mirrored  1ens L
maagnet
J O

light source



Torsion fiber magnetometers:

D)

L=mxB

1
T =2
7T\/mB

Period of oscillation 7" given by the moment of inertia 7 of
the magnet divided by the torque.
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Torsion fiber magnetometers:

Were used 1n the field until early 1980°s -
advantage of low power.
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Nuclear precession magnetometers: Lamor precession frequency fis
proportional to the magnitude of the

Proton precession magnetometer (PPM) magnetic field B
A proton has a magnetic A strong polarizing magnetic  Upon removal of the W = /YPB
moment as well as spin field aligns the proton at a polarizing field, the proton y
angular momentum high angle to Earth's field precesses about Earth's field f _ P B
27T
BEarth BEarth
> >
Ly "
QO
The gyromagnetic ratio of the proton 1s the ratio of vy = I 675 X 108 radians T 1 g 1

magnetic moment to spin angular momentum:

Brarth = 27f /7, (23.4859 nT/Hz)

7/



Nuclear precession magnetometers - PPM:

The PPM 1s simple and gives an intrinsically calibrated measurement
of total field. However, it 1s power hungry, it takes about several
seconds to integrate a signal, and has a resolution of around 1 nT.

polarization current

ﬁ ” Lamor signal

U

U | U ~ 2+ seconds




Nuclear precession magnetometers:

We can estimate the gyromagnetic ratio by considering the charge on the
spinning proton or electron as being distributed 1n a circular circuit:

The current 1n this circuit 1s then charge times velocity divided by circumference:

L

27T




Nuclear precession magnetometers:

We can estimate the gyromagnetic ratio by considering the charge on the
spinning proton or electron as being distributed 1n a circular circuit:

The current 1n this circuit 1s then charge times velocity divided by circumference:

U
i
27T
The magnetic dipole of a single loop 1s current times area:
U
Dy = IA = 7y
27T
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Nuclear precession magnetometers:

We can estimate the gyromagnetic ratio by considering the charge on the
spinning proton or electron as being distributed 1n a circular circuit:

The current 1n this circuit 1s then charge times velocity divided by circumference:

U
i
27T
The magnetic dipole of a single loop 1s current times area:
U
Dy = IA = 7y
27T

Cancelling pi-r and multiplying by m/m where m 1s the mass of the proton or electron:

Dy = imm‘
2m
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Nuclear precession magnetometers: U

We can estimate the gyromagnetic ratio by considering the charge on the
spinning proton or electron as being distributed 1n a circular circuit:

The current 1n this circuit 1s then charge times velocity divided by circumference:

U
i
27T
The magnetic dipole of a single loop 1s current times area:
U
Dy = IA = 7y
27T

Cancelling pi-r and multiplying by m/m where m 1s the mass of the proton or electron:

Dy = imm‘
2m

The second term mvr 1s just angular momentum, so the ratio of dipole moment to angular momentum 1s

Dy q
p— ’y I
muor 2m
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Nuclear precession magnetometers: U

We can estimate the gyromagnetic ratio by considering the charge on the

spinning proton or electron as being distributed 1n a circular circuit:

The current 1n this circuit 1s then charge times velocity divided by circumference:

U
i
27T
The magnetic dipole of a single loop 1s current times area:
U
Dy = IA = 7y
27T

Cancelling pi-r and multiplying by m/m where m 1s the mass of the proton or electron:

Dy = imm‘
2m

The second term mvr 1s just angular momentum, so the ratio of dipole moment to angular momentum 1s

Dy q
p— ’y I
muor 2m

This gets you close - the estimate of off by the g-factor, 5.58 for the proton and 2.002 for the electron. These are

quantum mechanical effects that are sorta predictable.
13



Nuclear precession magnetometers: e = 1761 x 1 011 radians T~ 1le—1

Alkali vapor magnetometers use Zeeman splitting.

+1/2
/
Cesium p 1
\
-
T 1
Rubidium

Energy level deplopulated E = hf
/\/\/ by optical pumping

+ 1/2

A 4 Energy level repopulated B

/2 to magentic field

no external field f L 7/27"3
-1/2

>

iIncreasing field strength
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Nuclear precession magnetometers:

+ 1/2
2|:)1/2
-1/2
o0 O +1/2
S

1/2

A A @®— -1/2

Electrons divided equally
in the ground states.

hf N\

2p

1/2

-1/2

+ 1/2

°S

1/2

—Q0 000 0 -1/2

+1/2 energy level deplopulated
by optical pumping. Polarized
light only couples to +1/2.

Cell goes transparent.

N\

@ +1/2
A
’P

1/2

-1/2

O ’—‘7+1/2

S, , AFE = hv.B

—0 @ -1/2

+1/2 level repopulated

by RF signal proportional

to magentic field. Cell starts
absorbing light and goes
dark.
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Nuclear precession magnetometers:

Rather than sweep through the radio frequencies, cesium magnetometers are run as a feed-back circuit.

filter polarizer (Gas Cell

L amp | l\\\\\‘ Photocell
-0 :

H, Coil

90 Phase

Shift

Qutput
9
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Ge,J., Dong, H., Liu, H., “Overhauser Geomagnetic Sensor Based on the
Dynamic Nuclear Polarization Effect for Magnetic Prospecting,,” Sensors,

Nuclear precession magnetometers - Overhauser: 16.6),806 (2016, hps:ldoiory/ 10 3390/ 6060806

Figure 2. Scheme of the Overhauser geomagnetic sensor.

Uses Overhauser coupling

Figure 1. Four-level energy diagram for an electron spin S = 1/2 coupled to a  H proton Polarization Coil Shell Pick-up Coil
spin / = 1/2.
L between proton and electron. .
a,p, N Level 1 \\ o DC Pulser
: W -
| 1= =P . .
\ v aa,  Chemical free radicals supply N ' S
i . RF \ \ AN F
S electrons to a PPM fluid. osciliaior | 1 ey
p : :
. Electrons are polarized using an =N Sample (oreanic solvent rich
KrTE \ RF signal, and couple to the \)ﬁ in protons and free radical)
w - T+ . .
| —L——pa,  protons, enhancing magnetic
Figure 4. Workflow of the Overhauser sensor.
moment. A 90° narrow pulse
rMﬁMM M(dozensof
milliseconds)
Figure 3. Enhancement and deflection of proton magnetization. (a) Initial state; (b) U u u u u u u J E

enhancement; (c¢) deflection; (d) rotating.

Measurement 1s then FID signal

made as for a PPM, but

—— ——— — —— — — — — — ————— —————— — ——— —

A using lower power and i =4 VAV, T
By B . | : : I
4 higher accuracy. | SRRy y ;
] ] I SN :
g y ” :< RF >': i< R Receive Larm0r>;
(a) (b) polarization Wait (several signal

(0.2-1 second) milliseconds)


https://doi.org/10.3390/s16060806

Helmbholtz coils:
¢ oltz coils The field at the center 1s

> X

3/2
— R B—(2 " uon
N 5 R
' and only varies by about 1% 1n the central half of the
\\\\\\ R volume.
Adding a third coil 1n the center improves uniformity and 1s
J l* called a Maxwell coil.
— ’ | \ 4

(Copyright by Technical University of Denrmar k]

Winding an infinite
number of turns on a
sphere exactly produces
a uniform field inside.
Sometimes called a
Backus coil.

L,

By Ansgar Hellwig - created with Povray 3.5, Corel Draw 11 and The Gimp 2.2, CC BY-SA
3.0, https://commons.wikimedia.org/w/index.php?curid=193184




Nuclear precession magnetometers:

Observatories turn proton precession instruments into vector instruments by using a reversed pair of bias fields +B and -B
using a pair of Helmholtz coils. Here we show just H, but three sets of coils allows one to measure all 3 components.

F?=(H+B)+272°=F*+B*>+2HB
+B -B

— ) F? =(H—-B)’+Z°>=F*+B”—-2HB
H Subtracting:
- b F? — F?
4B

Adding the same two equations:

F , F2 + F2 = 2(F? + B?)
= F-\ g1Iving
B =\/(F? + F2 — 2F2)/2
SO

F? — F*

H =
2\/2(17_% + F2 — 2F?)

19



Induction coil magnetometers:

Induction coil magnetometers. Vector instruments, low power, highly
sensitive at higher frequencies (above 0.1 Hz). But large and heavy.

amplifier
> ouput

vvivvvvvvvvyvvvy vy vy vy Yy Y VY VY VYV VY WV VYV VWV VY

__—— ~—=assmm pecrmalloy bar

AuuAumuuuuumuuuu

windings

20



Induction coil magnetometers:

Pressure

An application of Faraday’s Law:

%E-dl: %
. dt

A loop of wire of area A will generate a voltage

dt Permeable

but 1t 1s not very big. We make it bigger by winding
N turns (tens of thousands) and adding a permeable
bar which multiplies the flux:

dB dH
V=-NA— = -—-NAu—
dt T

4_ Underwater connector

21



Induction coil magnetometers:

Magnetic susceptibility:

Introducing the magnetizing field H the internal magnetization in a material 1s

M = vH
But the external magnetic field B can be written as
B =u.H

SO

B =jio(H+M) =p(H+yH) =uH

where the material permeability 1s

[ = Mo(l i X) Mu-metal and permalloy can have

relative permeabilities of ~100,000
which can also be written as a relative permeability

Ly = I / Lo Metglass ~1,000,000

22



V2 — 4kTRAf effective

Induction coil magnetometers:

\ core permeability permeability
Induction coils are made long and thin. You want to increase the A /
number of windings, N, but increasing the diameter increases resistance 105 +u U= (L,
noise 1n the windings, so winding along the core is better.
1
- ‘ >
1 104 +
- > _
A — material
Hr= permeability
iB . 1 10° -
V = —McN Ad— I D, | D
t - — ' ~- U =107
107 -
Y U =10°
. . . 21 /D.
The effective flux magnification depends on the coil geometry, and | , ; >
increases for long coils: 107 10° 103 10*
o geometry factor
a lc
He =— where (Q — —
In(2a) — 1 D;

Increasing length increases the core permeability, but only up to the point where the relative permeability of core takes
over. By staying on the effective permeability curve, you are not sensitive to temperature and age induced changes in

material properties.
23 (Tumananski, 2007)



Induction coil magnetometers: - -

The output and SNR are both increased by making the core long.

The output 1s increased by making the wire diameter small (this maximizing the
number of turns), but the noise 1s determined by the Johnson noise of the wire
resistance, which goes up just as fast as the output does, so 1s SNR 1s independent
of wire diameter. Effectively, SNR 1s proportional to weight of copper.

At high frequencies, coil makers laminate the core to reduce eddy currents, and
worry about capacitance in the windings.

A vaBj The capacitance of the coil creates a resonant circuit. This 1s usually
- loaded with a resistance to flatten the response curve.
oa=R/R,
20 1 / _ (Y'Y Y\ .- o .
\ L R c,

& @ C o — R,
a,>Q, | ;
=8 / H
* o— o |
/i I 7f, e e e e e e

I i i i -
001 el . i (Tumananski, 2007 )
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Copper, by the way, 1s awfully hard to beat as a conductor. Only silver 1s better. Aluminum 1s pretty good and
a lot lighter 1f weight 1s an issue.

Periodic Table of the Elements
Electrical Conductivity (MS/m)

Group
Period]l |2 3 2 56 |7 |8 |9 |10 |11 |12 |13 |14 [15 |16 |17 |18
1 He
5 B |[C N
P
3 le-
4 Sc [Ti [V [Cr Mn Co ||Ni Zn |Ga As
15264 (79 05 17.9/14. 18 38
5 Y |Zr NbMo (Tc |[Ru |Rh Cd ||In Sb
18(2.3(6:6(17.3[0.001 14.9 23 34 26
6 La Hf W |[Re [Os |Ir Tl Bi
193.4B1l[182/58 ([12.3/21. 56 48 09
7 Ac|Rf (Db (Sg |Bh ||Hs |Mt ||[Uun Uuu|Uub
. CePr Nd [Pm |Sm [Eu Gd Tb Dy [Ho [Er [Tm (Yb |[Lu
Lanthanides 74115 16 2 (1.1 [1.1 08 09 11 [11 |12 13 7 |15
|
. ThPa U |Np Pu |[Am
Actinides 33156 (36 (08 07 |07 < Bk €I |Es Fm 'Md iNo /Lr

LO



Induction coil magnetometers:

Induction coil noise sources:

Environmental noise (power, trains, cathodic protection)
Sensors - thermal resistance noise in windings

Instrument - Amplifiers (1/f), ADC, noise from other
CIrCcults

\\\ | ' ft

Sensor motion N g el S —

E m“‘h l FiIAN .-- 7 e, ' "' z‘-"*':‘_ “il Ty el Wa’_‘ .‘?

Noise floors ~0.01 pT

1L
N
<
NH - 1 nRad =1 mmin 1,000 km
=
Qo
n 104
= 10
Z.
. i
E
S 108}
»Q»Q | - -
S | Earth'sfield BF-4
=
10'12 I I I I I
107 107 1 10

Frequency, Hz



Fluxgate magnetometers:

Fluxgates rely on the hysteresis curve of soft magnetic materials.

Residual M Saturation
magnetization

27



Fluxgate magnetometers:

Fluxgates generate a time varying flux B by creating a time varying (i,

Recall from our induction coil: V=—-NAu,—

dt

We could write this in terms of the magnetizing field H

dB dH
V=—NAu.,— = —NAu.u,— where

He i fetlo™ a1
Imagine a time varying permeability V= _NAp, d_B

instead of a time varying field:

dt

28

B = u,H




Fluxgate magnetometers:

This can done by saturating the core with an excitation coil, since a saturated core has zero effective
permeability. Excitation frequencies ~ kHz

. L. T Current in Primary
Primary circuit

Magnetlzatlon no external field

T

agnetization in an external field

AAA LN
Jua

Total induction

DAARN T "

HERRN il\

Voltage in secondary

dnm

Secondary
—
circuit

Permeable cores

29



Fluxgate magnetometers:

Most good fluxgates are ring-cores operated at a null using feed-back.

feedback coil ol Il —p H M
excitation coil il

/\V/\V . _
permeable core e

pickup coll

L
The etfective permeability of the core 1s approximately diameter divided by thickness e E
Fluxgates are good between DC and a few Hertz, but are power hungry and the excitation signal can create noise 1n

electric field measurements.
30



Fluxgate magnetometers:

The limiting source of noise for a fluxgate 1s individual magnetic domains being magnetized.

AM Fluxgates are, by design, DC measurements, but
can be operated at several hundred hertz

Noise floors ~0.01 nT

V=

/

Barkhausen noise

31



Magnetic observatories:

Locations of currently operating
geomagnetic observatories

http://www.geomag.bgs.ac.uk/education/earthmag.html

Great Storm of 1989, College Station, Alaska,

"

Time

40 50 60 /0 80
in hours after midnight 3/2/89

90

32



HUANCAYO MAGNE 116 OHSERVA TORY
s AP JANUARY 1, 20014

Magnetic observatories: s

Hartland, UK Huancayo, Peru

=Senzor Protan
Burnnger M-234

T S ———

Damingn BEnsalas  domisgol@oxil igp gnbopa
Silvann Onkuala.  zpl@axil igp gab pa
Enck Vidal ewvidal@axil.igp.gob.pe

https://www.intermagnet.org/images/photos/hua.jpg

http://www.geomag.bgs.ac.uk/operations/hartland.html B oulder, USA

Theodolite,
Boulder, USA

Azimuth mark, Absolutes building and Coil building at Boulder magnetic observatory. Zeiss Jena 010B Theodolite for making absolute measurements at Boulder magnetic observatory.(Public domag’ig)



Magnetic observatories:

Started with torsion magnetometers.
measurements

Now use PPM (absolute calibration), fluxgates, and direction

34



Magnetic observatories:

Fluxgates are temperature sensitive, need mounts that
won’t move with soil, and need careful calibration.

They are often operated as feed-back sensors.

35






Magnetic observatories:

Declination and inclination are measured using a 1-axis
fluxgate mounted on a non-magnetic theodolite.

The theodolite 1s leveled (/) or pointed to an azimuthal
reference.

It 1s then rotated vertically and horizontally until the
fluxgate reads zero. It 1s then perpendicular to that field
component. Precision 1s measured in arc-seconds.

37



(Copyright by Technical University of Denmar k)

Magnetic satellites:

Cover the whole globe.

Use both fluxgates, oriented
by star cameras, and total field
Instruments.

Need to distance the sensors
from the satellite.

Mix space and time.

Overhauser
Magnetometer

GPS POD Antenna

leti

Optical bench with
Fluxgate Magnetometers Star sensors
and Star Sensors

Accelerometer (inside the
spacecraft at center of mass)

Overhauser v
Magnetometer Digital Ion Driftmeter \
and Langmuir Probe S-Band Antenna



Magnetic satellites:

Magsat 5

N — Vector Magnetometar, Sun Sensor, e

- . Cesium Vapor Scalar Magnetometer ™« i
Nov 1979 — June 1930 - and mirror for aftitude transformation = S
Altitude 450 — 350 km ' -
Rt S A i
6 m deployable boom
Period 90 min _ NN ,
Inclination 97° ' ] 12NN U '
, Direction of flight \ ; N \
. <" -J

Fixed local time (dawn/dusk) , , i

i

Star Tracker (2 x)

| Magsét ‘ ..

39



Magnetic satellites:

Orsted

Feb 1999 — 2005
Altitude 649 — 865 km
Period 100 min
Inclination 96 .48°

Time drift 0.91 min/day

40



Magnetic satellites:

CHAMP

July 2000 — Sept 2010
Altitude 454 — 280 km
Period 93 min

Inclination 87.3°

Time drift 5.45 min/day




Magnetic satellites:

SWARM
Nov 2013 — today

Altitude 1 @ 530 km
Altitude 2 @ 450 km

Inclination 87.3°
Inclination 88°

Variable time drift

(credit: ESA)

https://www.esa.int/Applications/Observing_the_Earth/Swarm



Electric field:

Electric field measurements. Simple in theory...

| =

[

For high frequencies, metal electrodes can be used, but they suffer from polarization and corrosion
noise.

43



Electric field:

<« Contact point

NOn-pOlal’iZing EIECtrOdES: Saturated electrolyte \ /‘/ Insulating stopper

Metal rod

=% «—— Porous material (ceramic)
l.

Electrodes of the first kind (metal in electrolyte):
M=M"+e"
e.g. copper - copper sulphate

Electrodes of the second kind (metal coated with Underwater connector

insoluble metal salt): j SﬂV/er rod
M+A" = MA +e™ If
7 va
Epoxy seal Porous jacket AgCl buffer

e.g. silver - silver chloride, lead - lead
chloride

Ag’ + ClI™ = AgCl+ e~

44



Electric field: Amplifiers

Johnson, or thermal noise, found in all resistors, thermal motion of e V* = 4kTRAf

Shot noise 1s caused by quantization of charge during current flow. Poisson variance: o 201 A f

For a current flowing though a resistor /% = 201 RA f

2 &

R°A
7 /

1/f noise is a ubiquitous and poorly understood property of semiconductors: V'

Alpha 1s about 10-4 and depends on semiconductor quality.

The low frequency limit of 1/f has not been found, but must exist.

45



Electric field: Amplifiers

Chopper amplifiers move low frequencies to a higher part of the 1/f noise spectrum:

VAR inverter
2 kHz clock » ’ .
ﬂ 1 [ 1 N | I ) ﬂ

WUUUMHHNUUUW— ”U“l ‘““UL 1-pole
low-cut

/\ 1:4.5 | to ADC
MOSFET | |

bridge amplifier synchronous amplifier
detector/
T demodulator

<

electrode 1

<
electrode 2

transformer
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Electric field:

E-field noise sources:

Cultural noise (cathodic pipeline protection, power systems etc.)

Electrodes: 1/f2 (?)

Instrument: Amplifiers (1/f), ADC, noise from other circuits

Streaming potentials, instrument motion, wave action, currents
E =v x B where B 1s magnetic field, v 1s water velocity

Johnson noise limit

47
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These plots show MT signals
compared to sensor noise.

Fluxgate/induction coil noise
crosses at about 500 s.



International Council of Science (ICSU)

International Astronomical International Union of International Union of 29 others
Union Geodesy and Geophysics Geological Science
|
| | | | | |
IAG IASPEI IAVEI IAGA IAMAP IAHS IAPSO
| | | | | |
Division | Division |l Division lll Division IV Division V Division VI
Internal magnetic Aeronomic Magnetospheric Solar Wind and Geomagnetic Electromagnetic
fields Phenomena Phenomena Interplanetary Field Observatories, Induction in the Earth
Surveys and and Planetary Bodies
Main field Photochemistry Magnetosphere Solar wind Analyses .
Magnetic anomalies Auroral processes Particles Plasmas | Induction
Paleomagnetism Ionsophere Magnetic storms Observatories Electrical properties
Rock magnetism Other planets Instruments SUTVeys

Magnetic indices
Data exchange

Planetary interiors
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