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Top image credit: https://spacenews.com/lisa-pathfinders-success-boosts-likelihood-of-future-gravity-wave-

observatory/
Bottom image credit: LISA Study Definition Report - Red Book (2024)

LISA Pathfinder

« 2 TMs In free-fall
« Mission from 2015 to 2017
* Beyond LISA requirements

* Ag: residual acceleration
between TMs along axis
joining them (X axis)
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—=—- LPF requirement
—— LISA requirement
15 o ceeeen LISA monitoring range
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LISA Pathfinder DDS

) Magnetometer PX

- Data and Diagnostics
Su bsystem Magnetometer PY
« Temperature subsystem
 Magnetic subsystem
- Radiation monitor

* Magnetic Diagnhostic

Subsystem
« 4 tri-axial fluxgate
magnetometers

2 Induction colls
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Magnetic Diagnostic Subsystem

DDS SDS
* 4 tri-axial fluxgate magnetometers » + 6 bi-axial AMR magnetometers
LTP: Magnetic items m«m‘):\

MX
MAG-4
DAU2-MAG2

Small remanence
More compact

colL-2 Bulky
Power consuming

* 2injection coils » -« 2 audio-band measuring coils

Coil-1 Coil-2

|
o
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Same coils as for LPF
Measuring signals in the 50-500 Hz range

2400 turns of copper wire
5.65 cm radius

% " Wi"dows\

Optical Bench




9.525 cm 8.55 cm

[ !

TMs magnetic parameters
extraction T

(0.38535, 0.0072, 0.5365) B,

Magnetometer

Remanent magnetic
moment (Mr)

Magnetic susceptibility (x)
Background magnetic field

(0.40315, 0.0072, 0.5263)
4 (0.188, 0, 0.532)

(0.2735, 0, 0.532)
(0.36875, 0, 0.539)

and g rad Ient at TM DOY f [mHz] 177 [mA] I [mA] duration [§]

A 170 5 +1.5 1.5 4000
location S
170 5 +1.5 0.8 4000
) 170 5 +15 0.5 4000
Homogenelty and 170 5 +0.75 1.5 4000
170 5 +0.75 1.0 4000
. . . 170 5 +0.75 0.8 4000
stationarity of magnetic
170 5 0.00 1.5 4000
- 170 5 0.00 1.0 4000
p 0 p e rtl es 170 5 0.00 0.8 4000
170 5 0.00 0.5 4000
170 5 075 1.5 4000
170 5 0.75 1.0 4000
170 5 075 0.8 4000
170 5 0.75 0.5 4000
170 5 15 1.5 4000 :
l e e c R 170 5 15 1.0 4000 www.leec.cat
5 170 5 -1.5 0.8 4000 :
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TMs magnetic parameters |G
extraction

i, x B + 7 x [(mﬁ)mﬁl(ﬁﬁ)ﬁbv
0

B = B, + BACsin(wt) where By = Bpger + BPC

« TM behaves like a

magnetIC d|p0|e F=Fpe + Fro + Fao N = Np¢ + N1y + Nag
F — (TT)?, . V)B Terms of interest:
N=nixB+ 7x(m-V)B

" Foc = (0 )80 + 52 (B3 908 + 5 (57 -5) 57

M= T+ B
Ho
* Magnetic forces and fields
dominate the background
and other sources during

Injections

R = {((Mr 9)55) + £2{(55 - 95 + (57 -9) 70)]} sin(wt)

. V | o —
F,, = {_;(_MO«BAC . V) BAC>} cos(Qwt)

Ny, = <E X BAC> sin(wt)
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E p? =y +2°

TMs magnetic parameters
extraction

_ 4ap
~ x2+ (a+p)?

k2

/2

- K(k) = j (1 — k?sin? ¢)~2de
0

- Injected magnetic fields B = [0 ki 2
BPC¢ and B4¢ and their | :
gradients have to be b ey = 4 Fa o a e ?

p (X, p 3 B, (x,p) = A,p 2G — =B, (x,
averaged over the TM S P Aap 26O B )
volume as defined . o ;

: g o N, 2y F(k)=k[1 a /ZE(k)—K(k)] G(k) = E (k)
previously by (...) » " ana? 27 112 =12

Off'aX|S mag netlc fleld Of a When averaged over the TM volume one finds out that thanks to the symmetry
T . - of the system :

COll |nVO|VeS e”|pt|C * Bxis 10 orders of magnitude larger than y and z components
" « Equations for all gradients can also be calculated, such that 0xBx is 4
Integrals orders of magnitude larger than dy, zBx

» Furthermore, a relationship between Bx and dxBx such that Bx = « * dxBx
can be found and it is only dependent on the geometry of the system
The torque is found not to have a 2w component
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TMs magnetic parameters
extraction

* Equations simplified
thanks to symmetry of the
system

Forces obtained by
demodulating the Ag

signal at the frequencies of
Interest and multiplying by
either the TM mass for the
force or by the moment of
Inertia of a cube for the
torque

IEECE

Nm,q) = _My(chqC)

Nla),n = Mz(chqC)

xV
= — 5 (BAONV,BA)

FZw,x o

xV
Fiwx = Mepp{VyBfC) where Mgypf, = [Mx + 2_,u (B,?C)]
0

xV M, xV Bpack.x
=|=—)(BL)* + |—+=—(V\B + = )| (B¢
<aﬂ0>( X ) [a Lo xPback.x a ( X )
W 1 ac AC
+ (Mx + My + Mz)vaback.,x +‘u_ 3Bback.,xVbiack.,x +E(Bx )(VxBx )
0
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TMs magnetic parameters Aar —
extraction ) N T
“ - .-L i
« Experimental measurements ) NI o
during injections ) S
11% correction to magnetic
flelds calculated before at
the TM location due to
magnetometers calibration i NWWW{WNEWWWW@
discrepancy e e
Cause: Tolerances during ] | ﬂ
manufacturing and £
tilts/misalignments during = = b I
mounting and launch e e i J 4
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Agplnrads—?)

TMs magnetic parameters extraction

le,q) = _My<B;ch)

le,n = Mz<B;ch)

wanf )

—1.237 4

i

—1.238 4

I |
B B
NN
5 W
o ©

e i h

—1.243 4

Ag rotations demodulated at
the injected frequency allow
determination of M,, and M,

M, = (0.178 £ 0.025) nAm?
M, = (0.095 £ 0.010) nAm?

Aglm/s?]

xV
FZw,x = - (B;?C)(Vxch)
2149

—-6.0 4

—6.5 4

=70

A

Ag acceleration demodulated at
twice the injected frequency
provides results of the magnetic
susceptibility

Xomuz = (—3.43 £ 0.58) * 107>
Xemuz = (—2.65+0.62) * 107>
X1omuz = (—3.35+0.12) * 107>
Xzomuz = (—4.73 £ 0.34) x 107>

[pN1]

Fru,x

xV
Fiwx = Mepp (ViBEC)  where Mgypp, = [Mx + ZM—(BxDC )]
0

x10-8
LS
4=t 377
e~ ——— 2 L
P e T E— -
_________________ ~— o 149 = -
———————— E S,
___________________ .
01 Soocof--=SsSssssssssen = 04 .
£ >~
v ~
- T, 5
2 e e R == “al
--------- —21 o
—41 === I I I I _34 .
-120 -100 -80 -60 -40 ‘ ' . . . . . . ‘
V,BC[uT/m] S R SR I R R
N o7 o7 o o o o ~
DC=150mAt4 DC=020mA¢{ DC=-010mA{ DC=-0.75mA ’ s
DC=075mA¢ DC=0.10mA DC= -0.20mA}{ DC=-1.50mA 2uytVBEC [Am?] x1073

Ag acceleration demodulated at the injected frequency against the
gradient of the AC field have M, , as the slope of the fit. M¢f ,
linear dependence with the DC field determines M, as the offset
and y as the slope

M, = (0.140 + 0.138) nAm? Xsmuz = (—3.3723 + 0.0069) = 10~5
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TMs magnetic parameters extraction

3.5

4+ AC=15mA
3.0 + AC=1.0mA
AC = 0.8 mA
2.5 AC =05 mA
S 2.0
ol
g i
2 1.5
1.0
0.5
0‘0 T T T T T T T
-6 -4 -2 0 2 4 6
BEC[uT]

A quadratic fit of the dependence of Fj , with the
injected DC field allows the determination of xp,
Bback.,x and vaback.,x-

The latter two are of great importance as this is the
only way to determine the precise values of both
within the TM location (magnetometers are located
too far away)

Xpc = (—=3.35+ 0.15) = 10~5
Bback.,x = (414 + 74) nT

VyBpack.x = (—7400 + 2100) nT /m

Re(y)

FDC,x
XV Mx XV Bback X
=|—=—|(BP¢)? + | —+—( VB + = || (BPC
(aﬂ0>< X ) a Lo xPback.x a ( X )
xV 1
+ {(Mx + My + Mz)vaback.,x + ‘u_ ISBback.,xvaback.,x + E(B;cqcﬂvafcqc)]}
0
0.0 —— Model |
-4- TM2 \
-0.2 ™1 —IlwT,
w) ® Xpc +—————
x(w) = xpc 1+ iwr,
—0.4- x107>
2T 171114 T, = (2m630)"1Hz ™1
—0.6 1 az’_'l\_
—4 < » S. Vitale, Effect of Eddy currents on down-
conversion of magnetic noise., Tech. Rep.
—-0.81 [ Memo LTP package (University of Trento,
-6 2007).
o] 100 a0r oo

10~3 1072 107! 10° 10' 102 10° 10% 10° 10°
Frequency [Hz]
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TMs magnetic parameters extraction residual

- Force data
—_ Prediction
=
a — Fpc
: "
x(x 1075) (—=3.3723 £ 0.0069) 2 — Fay
M, [nAm?] (0.140 + 0.138)
M, [nAm ] (0.178 + 0.025) 1.0
=
|Aﬂ[nAnz] (0.245 + 0.081) Q
- 0.0 o
Bback.,x [nT] (414 i 74) 8
(@]
VyBpack.x [nT/m] (—7400 + 2100) - —-0.5 "
—-1.0

2000 2200 2400 2600 2800 3000 3200 3400
Time [s]
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Magnetic contribution to
acceleration noise

From the general formula of
the force of a dipole we can
derive the amplitude spectrum
In acceleration

y A
Syh? = M (VBx> E/Z

A
4 TMHo

We have only obtained VB, =
(=7400 £ 2100) nT/m. This
value can be attributed to
NTCs thermistors at the EH

Rest of gradients were found
by a Monte-Carlo simulation of
the NTCs surrounding the TM
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Magnetic contribution to
acceleration noise

Fluctuations of magnetic
field (S%/Z) originated by
Interplanetary magnetic

field

SpZ[ms=2Hz™172]

Amplitude Spectrum
Density (ASD) during
February noise run, 2017

1073 104 1073 1072 1071
Frequency [Hz]

Contribution at 0.1 mHz: 1.46373 %
(in noise power)

WWWw.ileec.cat
14 dserrano@ieec.cat




M. Armano et al. Spacecraft and interplanetary contributions to the magnetic environment on-board LISA Pathfinder.
Monthly Notices of the Royal Astronomical Society, 494(2):3014-3027, 04 2020.

10°® . —————————
r —v=553 km/s
v=390 km/s
—v=335 km/s

Magnetic contribution to
acceleration noise

Magnetic fluctuations
show non-stationarities
related to solar wind speed

variations 10-12
10—13_;
= ]
T 107144
T #
= ]
S 10715 -
7y ]
Feb 10_16_;
| 1 +I\HII ]
10715 10714
SpZIms 2Hz™172] 1017 —— !

107> 1074 1073 1072 1071
Frequency [Hz]
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Conclusions

TMs magnetic parameters
|M| = (0.245 + 0.081) NAm? < 10 nAm?
Byack.,x = (414 £ 74) nT
ViBpack.x = (—7400 £ 2100) nT/m
x = (—3.3723 +£0.0069) * 10> at 5 mHz

Magnetic induced acceleration noise contribution to Ag
At 1 mHz: 0.257032 fms™2Hz 12 < 12fms™2Hz~1/?
Non-stationarities increase contribution by a factor of 4.6
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Thanks for you
attention!
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