
!
Local	'mes	provided	by	orbits	on	days	1,	9,	18	and	27,	

illustra'ng	the	full	LT	coverage	a	LEO	60°	inclina'on	orbit	
would	provide	in	36	days		

!
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•  Sensor	head	:	
Polariza)on	of	the	laser	signal	and	of	the	radio-frequency	excita)on	field	is	
now	achieved	using	a	liquid	crystal	polariza)on	rotator	and	two	orthogonal	
RF	coils	(right,	in	the	figure	below)	to	avoid	having	to	rely	on	complex	mobile	
structure	and	a	piezoelectric	motor	(as	in	the	Swarm	ASM,	led):	

	

	
This	 allows	 a	 reduc)on	 of	 the	 size	 of	 the	 sensor	 head,	 while	 maintaining	
similar	performances,	compared	to	Swarm.	
	
	
	
	
	
	

Swarm	ASM	
sensor	head	

Miniaturized	ASM	
sensor	head	
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•  Orbits	of	the	three	Swarm	satellites	only	cover	four	local	
)mes	 (LT)	 each	 day	 (accoun'ng	 for	 the	 ascending	 and	
descending	orbits,	and	for	the	fact	that	two	satellites	orbit	
side-by-side),	 with	 a	 LT	 separa'on	 that	 reached	 6h00	 in	
April	 2018,	 and	 a	 global	 LT	 driF	 (of	 2,7	 h/months)	 that	
provides	 a	 coverage	 of	 all	 LT	 in	 4,4	 months.	 In	 August	
2021,	 orbits	 will	 again	 be	 in	 a	 co-planar	 configura'on	
(counter-rota'ng	orbits),	and	LT	coverage	will	degrade.		

•  A	circular	LEO	(at	~500	km)	with	60°	inclina)on	for	a	first	
NanoMagSat	 would	 provide	 a	 complete	 LT	 coverage	 in	
only	one	month	(36	days)	between	la'tudes	-60°	and	60°	
(and	 useful	 )es	 points	 crossing	 at	 60°	 angle),	 most	
beneficial	 for	 magne'c	 field,	 ionospheric	 and	 lightning	
whistler	inves'ga'ons.	

•  Addi)onal	copies	of	NanoMagSat	could	also	be	launched	
to	 complement/replace	 the	 LEO	 Swarm	 orbits	 (with	
complementary	 polar	 coverage	 and	 slowly	 driding	 LT	
characteris'cs).		

•  Burst	mode	sessions	run	during	commissioning	of	Swarm	revealed	the	ability	of	 the	ASM	Burst	mode	to	detect	 ionospheric	signals	 related	to	plasma	
bubbles	and	whistlers	within	 the	20-120	Hz	 frequency	 range.	Burst	mode	data	are	now	regularly	acquired	and	have	become	a	new	Swarm	L1b	data	
product.	A	study	has	been	funded	by	ESA	to	take	advantage	of	these	data	to	produce	derived	products	about	the	state	of	the	 ionosphere	below	the	
satellites.	The	MAM	instrument	could	provide	even	beRer	data	(up	to	1	kHz)	for	such	studies,	which	could	also	benefit	from	the	high-frequency	even	
more	sensi've	magne'c	vector	HFM	instrument,	as	well	as	the	high	frequency	m-NLP	Langmuir	probe,	also	planned	on	the	NanoMagSat	payload	(Box	6).				
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Thanks	to	the	successive	Oersted,	Champ	and	Swarm	missions,	the	
Earth’s	magne'c	field	 has	 been	 con'nuously	monitored	 from	 LEO	
orbits	 since	 1999,	 complemen'ng	 ground-based	 observatory	 data	
by	providing	accurately	calibrated	scalar	and	vector	measurements	
with	the	global	coverage	needed	for	inves'ga'ng	the	many	sources	
of	 this	 field.	 The	 three	 satellites	 of	 the	 ESA	 Swarm	 mission	 are	
currently	planned	to	remain	in	opera'on	up	to	hopefully	2024,	and	
possibly	more	 for	 the	higher	satellite.	Further	monitoring	 the	field	
from	 space	 with	 absolute	 magnetometry	 beyond	 that	 date,	
however,	 is	of	cri'cal	 importance	for	 improving	our	understanding	
of	the	very	rich	dynamics	of	the	various	components	of	this	field.	In	
this	 poster,	we	 report	 on	 our	 ongoing	 efforts	 to	 achieve	 this	 goal	
with	the	help	of	nanosatellites,	focusing	on	the	NanoMagSat	project	
that	plans	to	take	advantage	of	an	advanced	Miniaturized	Absolute	
scalar	and	self-calibrated	vector	Magnetometer	(MAM)	based	on	a	
concept	 (ASM)	 successfully	 tested	 on	 the	 Swarm	 mission.	 The	
development	of	 this	MAM	instrument	 is	now	well	advanced	and	a	
prototype	 of	 this	 sensor	 is	 currently	 under	 construc'on.	
NanoMagSat	 first	 aims	 at	 an	 ~60°	 inclina'on	 circular	 500	 km	
al'tude	 orbit	 before	 the	 demise	 of	 Swarm	 to	 allow	 for	 orbit	
crossing	and	a	quick	local	'me	coverage,	compensa'ng	for	the	slow	
local	 'me	 coverage	 of	 the	 Swarm	 constella'on.	 Addi'onal	 similar	
low-cost	nanosatellites	could	also	be	launched	to	form	the	basis	of	
a	 constella'on	 of	 mul'ple	 high-precision	 nanosatellites	 for	
permanent	monitoring	of	the	Earth’s	magne'c	field	and	ionospheric	
environment	from	space.		
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Principle	of	the	Swarm	ASM	magnetometers	

Want to learn more ? 
http://swarm-mission.cnes.fr 

ASM MAIN MISSION  
As the magnetic reference of the ESA Swarm mission, ASM shall provide absolute 
measurements of the Earth’s magnetic field strength, with unequaled 
performances, independent of the field modulus, the spatial position and 
orientation :  
- Measurement range: [15 µT - 65 µT], 
- Scalar bandwidth / sampling rate : 

- Standard mode:  [0 – 0,4 Hz]  / 1 Hz 
- Burst mode :  [0 – 100 Hz] / 250 Hz 

 - for ambient noise level measurement  
 - may also have a scientific interest ? 

- Scalar resolution / precision :    
-  Resolution < 1 pT/ √Hz [DC-100 Hz] demonstrated over the [15 µT - 65 µT] range  
- Precision < 1 pT (Fs = 1 Hz, BW = 0,4 Hz ! σ = R * √BW < 1 pT) 

-  Scalar accuracy : 
-  The internal ASM accuracy error sources have been accurately characterized 
-  Maximum accuracy error after correction : σmax : 65 pT 

- Stability :  
-  Better than 25 pT over 15 days, demonstrated at Chambon-La-Forêt (IPGP) 

ASM SIDE MISSION  
On an experimental basis, ASM shall provide absolute measurements of the 
Earth’s magnetic field direction , the nominal Swarm vector data being delivered by 
the VFM.  
" unique instrument in providing simultaneous absolute scalar & vector 
measurements at the same point 
" auto calibration, permanent quality assessment, stability, no offsets nor drifts  
Performances (inversely proportional to the field modulus) : 

- Measurement range : ± 65 µT 
- Sampling rate :  1 Hz 
- Bandwidth :  [DC- 0,4 Hz] 
-  Resolution :  < 1 nT/√Hz at 40 µT 
-  Absolute accuracy  ≤ 1 nT (2 σ) at 40 µT 

Proven concept on ground, performance to be validated in flight (will depend on the 
background noise). Swarm will offer a unique opportunity to validate the ASM vector 
data in orbit by comparing them with the VFM’s, thus opening the way for a potential  
in-space cross calibration.  

PHYSICAL PRINCIPLE (SCALAR MEASUREMENT) 
ASM is a magnetic field to frequency converter based on atomic spectroscopy 
of the 4He in its metastable level 23S1. The magnetic field modulus B0 is directly 
proportional to the magnetometer’s resonance frequency F (Zeeman effect) : 

B0 = F / γ4He, with γ4He / 2π ≈ 28 GHz / T 
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STATUS  
6 ASM instruments are integrated on the 3 Swarm satellites (full cold redundancy), 
which are ready for shipment to the launch site.  
The launch from Plessetsk with a Rockot launcher is due by the end of 2013.  
ASM level 1B products will be validated during the first months following the launch, in 
close partnership between CNES, CEA-Leti and IPGP. 

SENSOR’S ISOTROPIC DESIGN 

PHYSICAL PRINCIPLE (VECTOR MEASUREMENT) 
Innovative concept based on the scalar architecture using 3 orthogonal coils: 
superposition of 3 AC low frequency modulations (amplitude ~ 50 nT) on the 
static field B0, along 3 orthogonal directions. A real time analysis of the resulting 
scalar measurement, with simple deconvolution operations, provide then 
simultaneously a direct estimation of the magnetic field projections on the three 
modulation directions in addition to the static field determination. 
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A non magnetic sensor 
including the 4He cell, 
based on an isotropic 
design with a static and 
a rotating part, optimal 
resonance conditions 
controlled by a 
piezoelectric motor : no 
dead zones. 
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Vector calibration process and results  
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Magnetic 
resonance at 
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→ 
bmx cos(Ωxt) 

→ 
bmz cos(Ωzt) 

→ 
bmy cos(Ωyt) 

→ 
B0 

•  The	ASM	is	a	magne)c	field	to	frequency	converter,	with	B=F/γ.
•  γ	is	the	4He	gyromagne'c	ra'o	for	the	23S1	state,	and	F	is	the	magne'c	

resonance	frequency	between	the	Zeeman	sublevels	(propor'onal	to	
B),	measured	through	magne'c	resonance	with	a	signal	enhanced	by	
op'cal	pumping	(using	a	linearly	polarized	fiber	laser	on	Swarm).	
Magne'c	resonance	is	op'mized	by	ensuring	that	both	the	Radio-
Frequency	excita'on	field	and	the	polariza'on	direc'on	of	the	laser	
are	near-perpendicular	to	the	orienta'on	of	the	magne'c	field	to	be	
measured.	This	was	achieved	thanks	to	a	piezoelectric	motor	on	
Swarm	(see	Box	4).		

•  The	ASM	has	a	high	internal	acquisi)on	rate	(1	kHz),	which	made	it	
possible	to	acquire	absolute	scalar	data	at	250	Hz	rate	(cut-off	at	100	
Hz,	“Burst	mode”)	or	dual-purpose	scalar/vector	data	at	1	Hz	(“vector	
mode”),	thanks	to	the	design	described	below	(for	details,	see	
Gravrand	et	al.,	2001).	

	
•  Three	perpendicular	coils	wired	on	Peek	material	generate	periodic	

magne)c	fields	with	known	amplitudes	(bm~	50	nT)	at	three	
different	known	(and	adjustable)	frequencies	beyond	1	Hz	(at	
about	8	Hz,	11	Hz	and	13	Hz).		

•  Real	)me	analysis	of	the	scalar	field	measured	at	1	kHz	makes		it	
possible	to	measure	the	absolute	scalar	field	together	with	all	field	
components	along	the	three	coil	axis	at	1	Hz	(cut-off	at	0.2	Hz,	
“Vector	mode”).	

•  Both	ASM	burst	and	vector	modes	successfully	work	on	Swarm	
(see	Léger	et	al.,	2015;	FraRer	et	al.,	2016,	and	Boxes	2	and	3).	

Want to learn more ? 
http://swarm-mission.cnes.fr 

ASM MAIN MISSION  
As the magnetic reference of the ESA Swarm mission, ASM shall provide absolute 
measurements of the Earth’s magnetic field strength, with unequaled 
performances, independent of the field modulus, the spatial position and 
orientation :  
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-  Resolution < 1 pT/ √Hz [DC-100 Hz] demonstrated over the [15 µT - 65 µT] range  
- Precision < 1 pT (Fs = 1 Hz, BW = 0,4 Hz ! σ = R * √BW < 1 pT) 

-  Scalar accuracy : 
-  The internal ASM accuracy error sources have been accurately characterized 
-  Maximum accuracy error after correction : σmax : 65 pT 

- Stability :  
-  Better than 25 pT over 15 days, demonstrated at Chambon-La-Forêt (IPGP) 

ASM SIDE MISSION  
On an experimental basis, ASM shall provide absolute measurements of the 
Earth’s magnetic field direction , the nominal Swarm vector data being delivered by 
the VFM.  
" unique instrument in providing simultaneous absolute scalar & vector 
measurements at the same point 
" auto calibration, permanent quality assessment, stability, no offsets nor drifts  
Performances (inversely proportional to the field modulus) : 

- Measurement range : ± 65 µT 
- Sampling rate :  1 Hz 
- Bandwidth :  [DC- 0,4 Hz] 
-  Resolution :  < 1 nT/√Hz at 40 µT 
-  Absolute accuracy  ≤ 1 nT (2 σ) at 40 µT 

Proven concept on ground, performance to be validated in flight (will depend on the 
background noise). Swarm will offer a unique opportunity to validate the ASM vector 
data in orbit by comparing them with the VFM’s, thus opening the way for a potential  
in-space cross calibration.  

PHYSICAL PRINCIPLE (SCALAR MEASUREMENT) 
ASM is a magnetic field to frequency converter based on atomic spectroscopy 
of the 4He in its metastable level 23S1. The magnetic field modulus B0 is directly 
proportional to the magnetometer’s resonance frequency F (Zeeman effect) : 

B0 = F / γ4He, with γ4He / 2π ≈ 28 GHz / T 
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STATUS  
6 ASM instruments are integrated on the 3 Swarm satellites (full cold redundancy), 
which are ready for shipment to the launch site.  
The launch from Plessetsk with a Rockot launcher is due by the end of 2013.  
ASM level 1B products will be validated during the first months following the launch, in 
close partnership between CNES, CEA-Leti and IPGP. 

SENSOR’S ISOTROPIC DESIGN 

PHYSICAL PRINCIPLE (VECTOR MEASUREMENT) 
Innovative concept based on the scalar architecture using 3 orthogonal coils: 
superposition of 3 AC low frequency modulations (amplitude ~ 50 nT) on the 
static field B0, along 3 orthogonal directions. A real time analysis of the resulting 
scalar measurement, with simple deconvolution operations, provide then 
simultaneously a direct estimation of the magnetic field projections on the three 
modulation directions in addition to the static field determination. 
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FraRer	et	al.,	Swarm	Absolute	Scalar	Magnetometers	first	in−orbit	results,	
Acta	Astronau3ca,	121,	76-87,	doi:	10.1016/j.actaastro.2015.12.025,	2016.	
Gravrand	et	al.,	On	the	calibra'on	of	a	vectorial	4He	pumped	magnetometer,	
Earth	Planets	Space,	53,	949-958,	2001.		
Hulot	et	al.,	Swarm's	absolute	magnetometer	experimental	vector	mode,	an	
innova've	capability	for	space	magnetometry,	Geophys.	Res.	Le<.,	42,	doi:	
10.1002/2014GL062700,	2015.		
Léger	et	al.,	In-flight	performance	of	the	Absolute	Scalar	Magnetometer	
vector	mode	on	board	the	Swarm	satellites,	Earth	Planets	Space,	67:	57,	2015.	
Rutkowski	et	al.,	Towards	a	miniature	atomic	scalar	magnetometer	using	a	
liquid	crystal	polariza'on	rotator,	Sensors	and	Actuators	A	216,	386-393,	
2014.	
Vigneron	et	al.,	A	2015	Interna'onal	Geomagne'c	Reference	Field	(IGRF)	
Candidate	Model	Based	on	Swarm’s	Experimental	Absolute	Magnetometer	
Vector	Mode	Data,	Earth	Planets	Space,	67	:	95,	doi	:	10.1186/
s40623-015-0265-4,	2015.		

•  1	Hz	Swarm	experimental	vector	mode	data	have	successfully	been	used	in	combina'on	with	star	camera	
attude	data,	to	build	models	of	the	core	and	lithospheric	fields	(here	updated	models	based	on	Hulot	et	
al.,	 2015).	 These	models	 have	 been	 validated	 by	 comparison	 with	 analogous	models	 derived	 from	 the	
Swarm	nominal	data	 (combining	ASM	scalar	and	VFM	rela've	vector	data)	and	the	CHAOS-6	(version	x9)	
model	based	on	much	more	data	(Finlay	et	al.,	2016).	

•  These	results	validate	the	possibility	of	using	ASM	vector	mode	data	for	such	scien)fic	goals,	without	the	
need	for	an	addi'onal	(VFM	type)	rela've	vector	magnetometer	(see	also	talk	by	Vigneron	et	al.,	session	
A01c	on	Friday	12/07/19	at	17:30).	

Global	field	modelling	using	experimental	ASM	vector	mode	data	

ASMV	core	field	model	component	Br	at	core	surface	on	28/08/2016	
only	using	Swarm	experimental	ASM	vector	mode	data	(n=1-13)	

ASMV	lithospheric	radial	component	Br	at	the	surface	of	the	Earth	
only	using	Swarm	experimental	ASM	vector	mode	data	(n=15-45)	

Ionospheric	studies	using	burst	mode	ASM	data	

Electron	density	
(Langmuir	Probe)	

Field	fluctua'ons	
(ASM	Burst)	

Power	Spectral	
Density		
(ASM	Burst)	

5	 Constella)on	concept	and	science	goals	

Fully	deployed	

The	NanoMagSat	12U	concept	
A	joint	CNES/IPGP/CEA-Lé'	Phase	0	study	and	further	work	since	already	
established	the	possibility	of	building	a	12U	nanosatellite		(20	cm	x	20	cm	
x	30	cm,	when	folded)	that	could	accommodate	the	following	payload:	
•  MAM	magnetometer	simultaneously	providing	1	Hz	vector	and	up	to	

1kHz	scalar	data,	located	on	an	op'cal	bench	at	the	'p	of	a	boom.	
•  A	set	of	two	star	cameras	(STR)	located	on	the	same	op'cal	bench	for	

accurate	attude	res'tu'on	(1	Hz	sampling	rate).	
•  A	miniature	high	frequency	magnetometer	(HFM)	providing	rela)ve	

vector	magne)c	values	in	the		0.01	Hz-1kHz	range	with	very	low	noise	
level	(see	Box	7),	further	down	the	boom	(or	on	the	body	of	the	
satellite)	to	complement	the	MAM	high	frequency	scalar	values.	

•  A	cubesat	mul)-needle	Langmuir	probe	m-NLP,	providing	Ne	at	1	kHz,	
the	loca'on	of	which	remains	to	be	finalized	(see	Box	7)	

•  Available	cubesat	dual	frequency	GPS.	
Need	for	AOCS:	
•  Gravity	gradient	stabilized	solu)on	could	be	used,	with	a	2	m	long	

deployable	boom	radially	oriented	outwards	is	viable.	
•  Propulsion	only	for	ini)al	phase	and	basic	orbit	al)tude	maintenance	

(low	need	for	orbit	control),	aiming	at	3+	years	life'me.	
•  Minimum	adtude	control	for	ini'al	detumbling	and	rough	attude	

requirements	(avoiding	systema'c	spinning).		
	

CONFIGURATION 12U (1/3)

Configuration lancement
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CONFIGURATION 12U (1/3)
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7	 Conclusion	and	Perspec)ves	
•  A	miniature	High	Frequency	vector	Magnetometer	(HFM)	

developed	 by	 CEA-Lé'	 for	 MagnetoEncephaloGraphy	
applica'ons,	 can	 be	 adapted	 to	 provide	 complementary	
very	low	noise	1	kHz	(rela've)	vector	field	measurements.	

•  A	4	needle	Langmuir	Probe	(m-NLP)	concept	by	University	
of	Oslo,	already	flown	on	the	Norsat-1	cubesat	(Hoang	et	
al.,	2018)	could	be	used	to	provide	1kHz	electron	density	
data.					

If	you	wish	to	join/support	
the	project,	please	let	us	
know	(gh@ipgp.fr)	

Hulot et al., The Swarm Δ NanoMagSat project          7th SDQW, DUT, Delft, The Netherlands                 27/10/2017 
 

n  Three perpendicular coils generate periodic magnetic fields with known amplitudes 
(~ 50 nT) and three different known (and adjustable) frequencies beyond 1 Hz (7.92 
Hz, 10.98 Hz, 12.97 Hz).  

n  Real time analysis (with appropriate sampling rate) of the scalar field measured by 
the (scalar) sensor makes it possible to measure the scalar field at 1 Hz (with 
nominal performance) together with all field components along the three coil axis. 

Want to learn more ? 
http://swarm-mission.cnes.fr 

ASM MAIN MISSION  
As the magnetic reference of the ESA Swarm mission, ASM shall provide absolute 
measurements of the Earth’s magnetic field strength, with unequaled 
performances, independent of the field modulus, the spatial position and 
orientation :  
- Measurement range: [15 µT - 65 µT], 
- Scalar bandwidth / sampling rate : 

- Standard mode:  [0 – 0,4 Hz]  / 1 Hz 
- Burst mode :  [0 – 100 Hz] / 250 Hz 

 - for ambient noise level measurement  
 - may also have a scientific interest ? 

- Scalar resolution / precision :    
-  Resolution < 1 pT/ √Hz [DC-100 Hz] demonstrated over the [15 µT - 65 µT] range  
- Precision < 1 pT (Fs = 1 Hz, BW = 0,4 Hz ! σ = R * √BW < 1 pT) 

-  Scalar accuracy : 
-  The internal ASM accuracy error sources have been accurately characterized 
-  Maximum accuracy error after correction : σmax : 65 pT 

- Stability :  
-  Better than 25 pT over 15 days, demonstrated at Chambon-La-Forêt (IPGP) 

ASM SIDE MISSION  
On an experimental basis, ASM shall provide absolute measurements of the 
Earth’s magnetic field direction , the nominal Swarm vector data being delivered by 
the VFM.  
" unique instrument in providing simultaneous absolute scalar & vector 
measurements at the same point 
" auto calibration, permanent quality assessment, stability, no offsets nor drifts  
Performances (inversely proportional to the field modulus) : 

- Measurement range : ± 65 µT 
- Sampling rate :  1 Hz 
- Bandwidth :  [DC- 0,4 Hz] 
-  Resolution :  < 1 nT/√Hz at 40 µT 
-  Absolute accuracy  ≤ 1 nT (2 σ) at 40 µT 

Proven concept on ground, performance to be validated in flight (will depend on the 
background noise). Swarm will offer a unique opportunity to validate the ASM vector 
data in orbit by comparing them with the VFM’s, thus opening the way for a potential  
in-space cross calibration.  

PHYSICAL PRINCIPLE (SCALAR MEASUREMENT) 
ASM is a magnetic field to frequency converter based on atomic spectroscopy 
of the 4He in its metastable level 23S1. The magnetic field modulus B0 is directly 
proportional to the magnetometer’s resonance frequency F (Zeeman effect) : 

B0 = F / γ4He, with γ4He / 2π ≈ 28 GHz / T 
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STATUS  
6 ASM instruments are integrated on the 3 Swarm satellites (full cold redundancy), 
which are ready for shipment to the launch site.  
The launch from Plessetsk with a Rockot launcher is due by the end of 2013.  
ASM level 1B products will be validated during the first months following the launch, in 
close partnership between CNES, CEA-Leti and IPGP. 

SENSOR’S ISOTROPIC DESIGN 

PHYSICAL PRINCIPLE (VECTOR MEASUREMENT) 
Innovative concept based on the scalar architecture using 3 orthogonal coils: 
superposition of 3 AC low frequency modulations (amplitude ~ 50 nT) on the 
static field B0, along 3 orthogonal directions. A real time analysis of the resulting 
scalar measurement, with simple deconvolution operations, provide then 
simultaneously a direct estimation of the magnetic field projections on the three 
modulation directions in addition to the static field determination. 
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A non magnetic sensor 
including the 4He cell, 
based on an isotropic 
design with a static and 
a rotating part, optimal 
resonance conditions 
controlled by a 
piezoelectric motor : no 
dead zones. 

The Swarm Absolute Scalar Magnetometer 
Isabelle Fratter 1, Jean-Michel Léger 2, François Bertrand 2, Thomas Jager 2,  

Gauthier Hulot 3, Xavier Lalanne 3  
[1] Centre National d�Etudes Spatiales (CNES), Toulouse, France 

 [2 ] Commissariat à l�Energie Atomique et aux Energies Alternatives (CEA - Leti ), Grenoble, France 
[3] Institut de Physique du Globe de Paris (IPGP), Paris, France 

Vector calibration process and results  

m = +1 
m = 0 
m = -1 

4He metastable state 
23S1 

4He excited state 
23P0 

4He ground state 
11S0  

Selective optical 
pumping (laser) 

Radiative  
desexcitation 

t~10-7s 

 
HF discharge  Lifetime 

t~10-3s 

Magnetic 
resonance at 
frequency F 

→ 
bmx cos(Ωxt) 

→ 
bmz cos(Ωzt) 

→ 
bmy cos(Ωyt) 

→ 
B0 
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Progress on the ASM instrument 

hx 

hy 

hz 

4	 Building	a	Miniaturized	ASM	(MAM)	

•  Such	a	constella)on	launched	before	decommissioning	of	
Swarm	would	help	improve:	

-  temporal	resolu'on	of	ionospheric	Sq	field	models	
(monthly),	

-  temporal	resolu'on	of	core	field	secular	varia)on	and	
accelera)on	(sub-annual),	

-  lithospheric	field	models	(removing	North-South	biases),	
-  inves'ga'ons	of	currents	induced	in	the	solid	Earth,	and	

currents	produced	by	oceanic	circula)on,	
-  inves'ga'ons	of	instabili)es,	currents	and	waves	in	the	

ionosphere	at	equatorial	and	non-polar	la)tudes,	
-  Inves'ga'ons	of	ELF	lightning	induced	whistlers.	

•  Swarm	has	not	only	proven	to	be	a	scien)fic	success,	it	
also	allowed	in-flight	science	valida)on	of	the	CEA-Lé)	
ASM	magnetometer	dual	mode	concept.	

•  A	 miniaturized	 version	 of	 this	 ASM	 will	 shortly	 be	
available.	

•  A	 Phase	 0	 study	 with	 CNES,	 followed	 by	 very	 ac)ve	
ongoing	 studies,	points	at	 the	possibility	of	 relying	on	
available	 12U	 plahorms	 (such	 as	 proposed	 by	 Open	
Cosmos)	 to	 build	 a	 nanosatellite	 concept	 with	 a	 high	
TRL	payload	and	SRL	readiness.	

•  Several	such	NanoMagSats	could	quickly	be	developed	
for	a	mul)ple	launch	in	2024,	to	complement,	enhance	
and	take	over	 the	Swarm	constella)on	magnetometry	
and	ionospheric	science	goals.				

•  Such	 a	 NanoMagSat	 concept	 could	 pave	 the	 way	 to	
permanent	 low-cost	 mul)-satellite	 collabora)ve	
observa)on	 of	 the	 geomagne)c	 field	 and	 ionospheric	
environment,	 complemen)ng	 the	 INTERMAGNET	
(hip://www.intermagnet.org/)	 network	 of	 ground-
based	magne)c	observatories.		

ASMV	core	field	model	component	dBr/dt	at	core	surface	on	28/08/2016	
only	using	Swarm	experimental	ASM	vector	mode	data	(n=1-13)	

ASMV	core	field	model	component	d2Br/dt2	at	core	surface	on	28/08/2016	
only	using	Swarm	experimental	ASM	vector	mode	data	(n=1-13)	

Example	 of	 high	 frequency	 signals	 detected	
when	 crossing	 plasma	 bubbles	 (19/01/2014,	
21:30	local	'me)	

ELF	frequency	whistlers	produced	by	lightning	 in	the	neutral	atmosphere	below	the	satellites,	the	
dispersion	of	which	can	be	used	to	inves)gate	the	state	of	the	ionosphere	along	the	whistler	paths	
between	their	entry	points	in	the	ionosphere	and	the	satellites	(here	on	22-23/02/14,	LT	18:20,	for	
more	details	see	talk	by	Coïsson	et	al.	in	session	A16d	on	Sunday	14/07/19	at	17:15).	

4He gas cell LPR 

Functional sensor head demonstrator including a LPR 
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DSP en bruit du champ scalaire B0

Scalar	resolu'on	of	1	pT/√Hz	
Accuracy	beRer	than	50pT	(1σ)	

Replacement	of	the	Peek	material	by	Al2O3	
for	the	structure,	and	monolithic	structure	
ensuring	 the	 stability	 of	 the	 exci'ng	 coils	
(see	boRom	led	figure	of	Box	1)	to	improve	
long-term	 stability	 of	 these	 coils	 by	 one	
order	of	magnitude.	

•  Laser	source	and	DPU	size	:	
Replacement	of	the	athermal	fiber	laser	(used	in	the	Swarm	ASM)	by	a	1083	
nm	laser	diode	allows	a	simplifica)on	of	 the	 laser	source	and	DPU	volume	
reduc)on	(performances	kept).	
	
	

Overall	DPU	volume	reduc)on	by	a	factor	of	3	(possibly	5)	is	achievable.	
•  Improving	performance	:	
Beier	op)miza)on	of	the	vector	modula)on	amplitudes	and	of	the	vector	
mode	 processing,	 taking	 more	 non-linear	 effects	 into	 account,	 has	 been	
shown	to	be	possible.	
Possibility	of	running	the	instrument	in	dual	mode,	simultaneously	providing	
1	Hz	vector	data	and	Burst	scalar	data	has	been	established.	
		

Electronics	and	DBR	laser	diode	for	
the	D0	wavelength	control	loop		

Scalar	resolu'on	of	0.7	pT/√Hz	

Accuracy	<	0.046	pm	(1	σ)	

Summary	
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Beyond 100: The next century in Earth and Space Science

The 27th IUGG General Assembly will be held July 8-18, 2019 at the Palais des Congrès in
Montréal, Québec, Canada. This is a special opportunity for participants from Canada and from
around the world to come together and share their science and culture. 2019 marks the 100th
anniversary of IUGG; we will look back on the accomplishments of the previous century of Earth
and space science research, and forward to the next century of scientific advancement. Join us
for a host of scientific activities, including special public lectures, keynote Union lectures and a
wide variety of themed sessions.

During your stay, you will have the opportunity to explore the city of Montréal, widely renowned
across North America and around the world for its vibrant cultural, social and culinary scene. July
is a particularly good time to profit from warm weather, outdoor dining and the many festivals
taking place across the city.

In conjunction with the IUGG General Assembly, a number of scientific workshops and cultural
events are planned. We will also be offering the chance to explore the geological treasures of
our region through a number of field trips ranging from half-day to multi-day excursions.

On behalf of the Local Organising Committee of IUGG2019, I welcome you to Montréal.

Fiona Darbyshire
Chair, Local Organising Committee, IUGG2019

BIENVENUE

Sciences de la Terre et de l’espace : un siècle de progrès, un autre à bâtir

La 27e Assemblée générale de l’UGGI aura lieu du 8 au 18 juillet 2019, au Palais des Congrès
de Montréal, dans la province de Québec, au Canada. Cette assemblée fournira l’occasion aux
participants nationaux et internationaux de partager leur science et leur culture. Nous
soulignerons le 100e anniversaire de l’UGGI, mettant en perspective la recherche liée aux
sciences de la Terre et de l’espace en revoyant les réalisations du siècle dernier et en rêvant
celles du prochain. Joignez-vous à nous pour plusieurs activités scientifiques incluant des
présentations destinées au public, des conférenciers invités de qualité et surtout, une grande
variété de sessions sur des thèmes pertinents.

Pendant votre séjour, vous aurez l’occasion d’explorer la ville de Montréal, bien connue en
Amérique du Nord et au niveau mondial pour sa culture, sa société ouverte et ses talents
culinaires. En juillet, vous profiterez du beau temps et des nombreux festivals qui se déroulent
dans la ville.

Conjointement avec l’Assemblée générale, nous offrirons des ateliers scientifiques et
évènements culturels. Vous aurez notamment l’opportunité d’explorer les trésors géologiques de
notre région par des excursions sur le terrain, de durée variable allant de quelques heures à

BIENVENUE

General questions:  please contact us at:
secretariatiugg2019@jpdl.com

Abstract and travel grant questions:
iugg2019.abstracts@c-in.eu
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program is now online
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Ini'al	Phase	0	concept	(above)	that	could	be	adapted	to	
available	Open	Cosmos	12U	plateforms	(here	without	a	boom,	
below)		

High	frequency	HFM	and	m-NLP	
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Fig. 1 Schematic drawing of the
NorSat-1 satellite. X, Y and Z
coordinates represents a satellite
body coordinate system. The
m-NLP probes are mounted on
booms that are deployed after its
launch. The NorSat-1 is weighted
approximately 16 kg and has
dimensions of
23 cm × 39 cm × 44 cm. Image
credit: UTIAS-SFL

The m-NLP measurement data will be combined with data from the Super Dual Auroral
Radar Network (SuperDARN) and the Defense Meteorological Satellite Program (DMSP)
satellites to get the ‘big picture’ context of the ambient plasma. Over the following years,
the satellite will cross the equatorial and polar regions twice every 90 minutes, providing a
wealth of data that would be able to help us better understand the mechanisms that dissi-
pate energy input at larger scales by creating small-scale plasma density structures within
the ionosphere. In this preliminary paper, no attempt is made to clarify the causes for iono-
spheric plasma structuring. Instead Sect. 3 presents the m-NLP instrument and its imple-
mentation on NorSat-1. In-orbit instrument validation is described in Sect. 4 and examples
of the preliminary results from the m-NLP system are shown in Sect. 5. Section 6 concludes
the paper.

3 Instrument Description

Since its first flight on board the ICI-2 sounding rocket from Svalbard in December 2008
(Lorentzen et al. 2010; Moen et al. 2012; Oksavik et al. 2012), the m-NLP instrument has
been flown on sounding rockets over 10 times (Friedrich et al. 2013; Lynch et al. 2015;
Spicher et al. 2016). It is also on board 11 cubesats of the European QB50 constellation
(Bekkeng et al. 2017). In this section, the instrument measurement principle and its imple-
mentation for the NorSat-1 satellite are presented.

3.1 Measurement Principle

Langmuir probes have been widely used as diagnostic instruments for both laboratory and
space plasma (Boggess et al. 1959; Brace et al. 1973; Chapkunov et al. 1976; Brace 1998).
A representative current-voltage (I–V ) characteristic curve of a Langmuir probe is shown
in Fig. 2, where three operational regions of electron saturation, electron retardation and ion
saturation are separated by the plasma potential, Vp , and the floating potential, Vf . Mott-
Smith and Langmuir (1926) presented the orbital-motion-limited (OML) theory, which deals
with collisionless electron and ion trajectories surrounding a spherical or a cylindrical probe.
This approach provides a quantitative understanding of the cross-sections for electron and
ion collection. Traditional Langmuir probe designs sweep through a range of voltages to ob-
tain the I–V characteristic curve, from which the plasma parameters including ion density,

The Multi-Needle Langmuir Probe System on Board NorSat-1 Page 7 of 16 75

Fig. 3 Probe and boom system
design. The cassette has a total
length of 400 mm, base width of
25 mm and height of 23 mm. The
boom length including a probe is
370 mm. The probe has a
diameter of 0.5 mm and length of
15 mm. Bootstrapped section has
a diameter of 2 mm and length of
15 mm. (a) Stowed position.
(b) Deployed position

indicate that the first modal frequency of the system is at around 1800 Hz. Within a typical
vibration band of 20–2000 Hz, the boom system is regarded as stiff. Experimental vibration
tests at Kongsberg Norspace company have validated the analysis. The boom system was
tested at 43 Grms maximum out-of-plane without any issues. NorSat-1 deployed the boom
system four days after launch, and the recorded boom deployment current for one of the
two cassettes is shown in Fig. 4. The m-NLP payload current increased by about 572 mA
at 12 V power supply for a short period of less than 90 ms during the deployment. The
payload booms and probes after deployment are given a minimum clearance to the spacecraft
platform or other payload equipment of about 15 cm.

3.3 Electronics Design

Since the m-NLP probes are very small, the electronics are designed to have a good sensitiv-
ity and a low noise floor for very low collected currents. The instrument provides a current
measurement resolution of 1 nA and can measure the electron density from 108–1013 m−3.
To get a good signal-to-noise (SNR) at significant lower electron densities, e.g. 5×108 m−3,
an automatic gain switch control (AGSC) is implemented with a digitally adjustable gain in
five discrete steps from 1 to 500. While the m-NLP electronics design for the NorSat-1
satellite is not radiation hardened, a Microsemi ProASIC3L flash-based field-programmable
gate array (FPGA) has been used instead of an SRAM-based FPGA for increased radia-
tion tolerance in the LEO environment. The m-NLP electronics block diagram is given in
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