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Part | - Magnetic materials
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Eddy currents

* Time-varying B propagates through conducting bodies (length scale /) with time constant Ty oc P2 %

* AC fields at frequency f penetrate a conductor with exponential decay with characteristic length 6 (skin depth)
e Corollary: eddy currents problems are 15t order — exponential transients (no oscillations!)
* High y, low p - long time constant, small skin depth - increased shielding

1.E+03
Magnetic field diffusion in a homogeneous, isotropic medium:
0B 1.E+02 \ 6 —
VXE:—E,VXB:,UI,V°B:O: \ wfu
Ohm’slaw: E = pJ 1eon S \\ \
.§. \ \ |
< 1.E+00 ~
VB ="—— : e e
p Ot % 1eor - S —s ey |
==|nox V\ \
Non-linear medium — differential permeability 1.E-02 Cu ” \
Al
L, 10 10  1dBOH Leos ) \ —
VeH = ;E (M(H)H) - EEB(H(O) - ;EE 1.E400 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+0€

Frequency [Hz]

28.11.2023 marco.buzio@cern.ch | Measurement and Control of Dynamic Effects



Eddy currents in a slab (out-of-plane B)

Assume:

- Negligible skin depth (=low frequency=full penetration)
- Lumped eddy currents

- Self magnetic field << external B (# self-consistent case)

* Fluxlinked area: A, = EWh

* Eddy resistance: R, = 4pWW—+:

. . _r Vloop 1 w?h? B
Eddy current: Vy,,, = BA,, I, = R 16 o

* Self magneticfield: B, = %WW—?MIB 4anhB

 Self magnetic flux: ®, = B, A, = —u(w + h)l,

0100 // —— 1000 . . cpe € 2_ T
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. L 1 B
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Eddy currents in thin laminations (in-plane B)

. t
B * Fluxlinked area: A, = ZW
. 20w
« Eddy resistance: R, = t/_[;ﬁ
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Ferromagnetic metals

* Magnetically soft metals: Fe, Ni, Co and vast majority of their alloys

Main contribution: electron spin from incomplete inner (3d) shells (exception: austenitic stainless steels)

tefano Sgobba#

* Ferromagnetic domains ~10 um, spontaneously magnetized up to saturation, (5 o 28 )
randomly distributed in the virgin state > macroscopic (average) M=0

* Shape, orientation and distribution of the domains seek to minimize energy M-H

* Major magnetization processes:
— Domain wall movement inside a grain: irreversible, due to wall pinning by inclusions/micro-stresses

jerky movement » Barkhausen noise

— Rotation of the magnetization: reversible, depends on alignment of H to crystallographic axes

Differential domain enlargement Magnetization rotation

Cullity, Introduction to Magnetic Materials, Wiley
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Magnetization loop

a b
Saturation magnetization Ms Major hysteresis loop M~Ms|1- gt
Chemical property (no influence of microstructure) reaches full saturation
shape does not depend upon how it is approached Approach to saturation
300 -~ (emu/p)
2.15T M1
. i : L P B et . N .
M Reversible magnetization rotation

200
small Barkhausen jumps

Remanence magnetization
M x depends upon on magnetic anisotropy

1.7T

Property of the material r =
100 Normal or initial
Intrinsic coercivity magnetization curve : :
Property of the material _Hic (if 0,0 was degaussed) Irreversi ble domaln Wall movement
05T > >~ large Barkhausen jumps
o / H ¥ strongly dependent on composition and microstructure
F / (wall mobilitv) {

_ 1 2
I'=x,H+37mH" Mz)((H)H
— 1

Rayleigh regime
+3 A/m: Reversible linear magnetization Distribution of domain magnetization
%a~100~200, increases with T (Hopkinson effect) Cullity, Introduction to Magnetic Materials, Wiley

Susceptibility y strongly depends on microstructure
decreases with T and cold work
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Magnetic induction loop

Relative permeability

B = po(H+ M) = po(1+ x(H))H = po u,(HH

Major (symmetric) induction hysteresis loop

B " dB
tension — =
18 — +,UO MS _______________________ dH Ho
sE TR — Retentivity Parasitic (asymmetric) hysteresis loop
E_. property of the material D, .
g B CoeI’CiVity . /I' Minor mmetric) h resi
;E'f' 0 Property of the material _Hc/ 4 / H: no (Sy et IC) ySte esls lOOp
S compression Coercive field Remanence
R S T Differential permeability
0 08 16 24 32 tam
H ,UoMs """""""""""""""""""""""""""""""""""""""""" 1 dB n d.ur H
: T
Strain dependence Uo dH " dH
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Other time-dependent effects 1/2

AM = &pAH
* Magnetization delay on top of eddy currents, equivalent —
to a time-dependent permeability b
* Dominant mechanism in magnetic steel: irreversible Bl | :
diffusion of impurities (Richter) — strong T dependence 1
* For low-C steel: J—
— E~30% in the initial permeability range f;
— 1~2% at high field. i1 :

Effect does not depend upon shape / excitation rate
(unlike eddy currents)

AM = yoAH (14 (1—e79/™))

log (Mo - M,,) [arb. units]

02s 1 time [s] 2
T dependence

Chikazumi, Physics of Ferromagnetism, Oxford University Press, 1996
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Fig. 1—Magnetic "Viscosity As Measured on a Wire of Wrought Ircn. De-
magnetization ended at t = o. (After Ewing)

AM < kgT logt

Distribution of t — approx. logarithmic
behavior at intermediate time scales



Other time-dependent effects 2/2

* Repetitive minor loops apparently * Gradual drop of permeability after the < irreversible changes due metallurgical
drift toward an equilibrium loop application of field/mech, stress phenomena: precipitation, diffusion,
» Rate-independent effect, triggered * Due to thermally induced diffusion of phase transition
by a change in applied field. impurities C/N * Long time scale (at RT)

« Sometimes confused with after-effect  Negligible in pure Fe
* Up to-50% in Mn-Zn ferrites over
several years (electronic inductors!)
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Semi-empirical models e
Wiodarski fitting
250
* Typically apply to initial magnetization curve ool
: 1 (m)uo
* Langevin: L(s)=———s, S=———H 0 150l
classical model of paramagnetism tanh s kBT
H H H 1.00
« Wlodarski: M(H) = M,L|{—|+ (1 —M,)tanh—L|—
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0.00 e
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Differential models

Lesser-known phenomenological model

Ui interpolation based on distance from opposite branch
Easy to implement

Also struggles to get minor loops right ...

Vast family of physics-based, ODE models

Decomposition of M in anhysteretic, reversible and
irreversible components with physically-derived parameters

Notoriously unable to follow minor loops

 Large number of ad-hoc variations published dB )
JH B1(q0 — (1 = qo)fP)
Parameter Property dM l:l - i')(d ‘Mirr}ﬂ{dHe} + {"{dﬂ/fan l;'lld HE]
a Linked to domain interaction = . . . 2 ( dH H - H L
E ]]:%ntcjiofhfflla?{;f%? dH 1 — 1(1 — L }{dM]rrfdee) - C.."{{dfkfun/'(dHf) Bl — kBS COSZ 6 E>0 o7
inked to hysteresis losses T f _y C
Reversibility coefficien He . M. — - -
;/IS Saturation :;agnclizalio[n M;1|1 = ﬁ,fs |iCC'T-h (T) - Hi:| d{;‘ém = Mduk 5 Mln . 9 — EE H tan 8 H dH 1 H - HL
e - = — —<0 P —
e C 2 BS L k c \dt ZHC
15 1 1
B (T) B(T) JE—
Major loop CI . 5 ----_:
) //, //,
o 0 0.5 —
, 7" Minor loop -D,5
o4 15 i i i i e /Jf H(A/m)
50,0 o0 50.0 100.0 450 100 -50 0 50 100 150 -1
L e -100 0 100 50 100
Benaboua, J. Magnetism and Magn. Mat. 320 (2008) Flatlev. NASA N95-27801 320 1995

A
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Preisach models

R AN A S e,
* Popular phenomenological model class (HDeGersem 7' 5 _ﬂ/ N NS N e S
- response integrated over distribution cAS reece201s o " " -
of abstract elementary hysteretic units P %ML il 1
« Challenge: identification of model parameters e el b

0 500 1000 1500 2000 2500

° Tcti : TAce Best result to date at CERN: ~2% error on PS U17 cycles
SOme d Istinctive propertles' (V. Pricop, Hysteresis Effects In Particle Accelerator Magnets, PhD Thesis,2016)

* system state # (B,H), is determined « shape of minor loops depends only « Any local extremum at B wipes out
by succession of local extrema upon the extrema of input memory of previous extrema < |B]
* observed in ferromagnets * Not always physical * Not always physical (holds for

* — simple ODEs cannot work ! saturation in ferromagnets)

A
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Preisach-Recurrent Neural Network Model

» Vast literature of ANN on their own/in combination addressing rate-independent hysteresis
* Example: model where the Preisach density function is represented by a Recurring Neural Network

BJ Example trajectory:
Bp - BA . BA .  BhA .
f T 0 Z{ :Z{ Inputs Layer 1 Layer 2
H| 7" e 7: I 1 1 I
2 ' :
pluly/ @) © @ @
(a) Play hysteron | Backlash Alongslope Backlash Along slope .

/ A +os o
_ /7, i) = [ g Plu®])dr = Y gypylul (1)
A i=1

discretized Preisach model

,3 Training data
£ 1.5+ Evaluation data
% x Predicted data T
Ll VAT EY 1F
z(t) = fa['w(v(t) + 'b) + "w(z(t — d))] e W W = o5t
Figure 5. Magnetic field data and its derivative used for training, validation and testing the model. = ol
. = RMS
2 z %* s prediction error
— . 2 2 £ \ Al
filx) = 30— —1 H(t) = fo[Pwi(z(t) +b)] ; A i 0.7%
2 I"\I‘.“I‘ asbk
v
Time [s] .2 L L 1 L "
-G000 -4000 -2000 o 2000 4000 G000

Figure 6. Magnetic field data and its derivative used for evaluating the model.

(C Grech, M Pentella, “Dynamic Ferromagnetic Hysteresis Modelling using a Preisach-Recurrent Neural Network Model”, Materials 2020, 13(11), 2561
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Magnetic material measurements methods

p. H(A/m) 107 Co ey 100 B (T)

* Goal: specific values (Hc,y,M) (&/m) & k | . :
or curves (B(H), u(H)) 0B 1100

* Few instruments commercially available e 1

- ' 410°

 |EC-standard measurements (e.g. rings) o pninn - CryogeniciSC 4
from electrical metro[ogy institutes 104 | | split-coil ring-sample permeameter 'T 41072

« Major method classes: N ! lioa

10° B 410
— Force-based 8 i R e
— Fluxmetric: generator (V®) or transformer ,:L S . 1104
(8(1)/8t) inciol ; sheet coercimeter :
principte B | !
— Flux distortion 10'e —;10'5
. L. p Z t - d ]

* Choice depends upon sample type, ol ingeamplas ] 108
size and shape; range of permeability, | no plrnatcetrlgstl —
temperature, dB/dt ... 107 S 5107

Fo degaussmghmﬁ\ll
10-2_ [—— Ll il L i
10° 10 102 103 10 10°
U, (_)

Mariano Pentella, Characterization of magnetic materials at extreme ranges of field, temperature, and permeability, PhD Thesis, Politecnico di Torino, 2022
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Demagnetization factors

* sample magnetized by external field H,,, — surface pole density —V - M — demagnetizing field H,
* in general: non-uniform, non-parallel B, H (nontrivial correction = shearing transformation)
* only exceptions: ellipsoids; prismatic bars and tori when aspect ratio — «

AVt N

b\\ H E,.

78N % L @>
| o 2NN Y/

H = Hqyt Hy Hy =—-NM

Slope = U,

0 13 M, H'

B = po(H+ M) = uy(Hexe + (1 — N)M)
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Open-circuit measurements

magnetometric

e.g. ring-sample permeameter

1. -
>

Example:
fff H.dV magnetometric measurement 0% ||
=32 %
v d .ﬂ;,q Hdd‘:’q * smallest sample capability 43 9% -
Nm T fff d Nf - 100 ppm resolution =45 %
Mdv
v -ﬂ;/l MdA * wide test field range when

N, <=5% for y>10
dN, /du, <0

fluxmetric

e.g. cylindric samples

N¢<=1% for u, < 10, y>10
dNe<du, >0

nl

B=1T
H =800 kA/m

immersed in a background
field (for u,)

» excitation coils not possible

Plastic deformation

—6 88 —o

= S S S 5—8

D.X. Chen, Demagnetizing factors for cylinders, 1991

28.11.2023
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Vibrating Sample Magnetometer

* Fluxmetric method widely accepted as reference
* Precision ~10 ppm for background B=0~13Tand T=1.9 ~300 K
* Best for low-permeability samples (negligible demagnetization)

Loudspeaker
drive

* Mechanical constraints — very small samples (careful preparation !) M f\\r___i ;
re

._.; —lp—Reference
DK ﬂ'__,,_...:_r[l magnet
Pickup coils | |
{ O(t) = kpo(1—N)MVA.y(t) Viet |
Prer(t) = kitg(1 — N)MrefVAcY(1) _ Ve i I
M _ Mrer ¢ :
re . |
I/C = aa_ Mo(l —_ N)MVACat B I:l E M I:I Electromagnet
VI"Ef — acg{'-e - kAUO(]‘ N)MrerAc ot M ” D Sample D
wr—1=pq B N 7

Pickup
g coils VC A

Courtesy Mariano Pentella, CERN
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Ring-sample measurements

» Reference fluxmetric method for isotropic-material samples
* Limitations: too small samples; laborious setup; low current control, thermal dissipation; eddy currents

H(r) = H, To B(r) =~ B, oy, = Tout ~ i calibration of air cross-section A, at saturation
r’ r In (r2/m1)
dB 1 dd
H(t) 1 jro‘“ N.I(t) q N.I(t) dH Ho (As+Ao)Nm dH
— B ——— ’r' e
Tout ~ Tin Jry, 21T 27Ty . sample cross-section measurement turns
excitation turns fo V(r)dr i
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Ring sample test procedures

Dynamic measurement

B—r
—10Hz
— 100 Hz |1
— —— 1 kHz
40 30 20 -0 0 10 20 30 40

H [A/m]

eddy currentsin solid sample!

28.11.2023

Stepwise initial

Stepwise major loop magnetization curve

Anhysteretic
magnetization curve

Y

h

20 307
15
10
— 57
£
£ o0
T
5F
-10¢
15 ¢
-20 & : : : ‘ ‘ = 30\ ‘ ‘
0 200 400 600 800 1000 1200 0 100 200 300
t[s] t[s]
20 2.0
15¢ gee e 15F
05 0.5+
— =
Eoo =00
o)
0.5 057
10/ 1or
. 2 2 4 — 4 15 [ e
1.5 UUUUUOR--2- 2 B(H) ) —e—|nitial magnetization
eoeeeeT —DC hysteresis 20 ‘
-2.0 - : - 5 0 5
S 0 5 H [A/m]
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CERN ring-sample permeameters

e 2X90-turn excitation + 1x90-turn measurement coils
» 24 kA/m DC (60°C), 30 min for 1st curve

* 0.1% uncertainty

e ~10 Hz with laminated samples

* High p,accuracy 10%: limited by low-current control
* Low y, accuracy 5%: limited by low output S/N

: 5000
#, [~ Initial magnetization curve
‘5 ——Relative permeability

—e—Initial magnetization curve
——Relative permeability

11500

4000

11000 —_

3000 _

2000 1500

1000

104 10°

10°
H [A/m]
«  originally developed by K. Henrichsen (1965) *  T7K(LN)and 4.2 K (LHe) poured on the specimen
. recently upgraded with new 24-bit DAQ and software . Holder made of 3D printed bluestone (10#/K thermal contraction)
. IEC 60404 standard test specimen: . 3200-turn Furukawa 0.5 mm NbTi cable, 2830 % 10 um filaments,

Bout=114 mm, &, =105 mm, h=15 mm lc=666 A, Tc=9 K
. 300 kA/m —> 2.8 Tin ARMCO @ 1.9K
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Rotating sample magnetometer (3D Helmholtz coils)

* Widely used measurement system for permanent magnets based on the fluxmetric method
* Recently fully automatized for large series measurements. 5 min = 30 reps per PM block.

» Giant coil area ~100 m?determines high sensitivity

 Accuracy: ||M|| 0.1 % , vector direction 3 mrad. No dynamic measurement (hysteresis loop)

=
= — - 3 o ','
- 1 = f % ;
1 ll’— o
' ,J ) I —
u U ./
O —
’ == |
> AD; = 2kpoM;

6% ~2000-tu n, 1 m Credit: Olaf Dunkel, Mariano Pentella, CERN
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Open-circuit, low-permeability measurement

* Fluxdistortion method for very low p, (- high field) @ room temperature
* Analytical treatment possible for simple geometries; arbitrary samples need FE simulations
* Typical accuracy 100 ppm, repeatability 10 ppm

(best result: p, = 1.00085 of a W alloy sample, validated by vibrating sample)

3 ‘: Measurement| | 1o
Bad;gel"gund in presence of | Measurements

the sample

100200

Non-linear least-squares
minimization

 Bu(2)
Bi(2)

Input

Geometry Yyl £E model
Initial 4,
3

Identified
parameter : U

He New i, Loooo0
estimation =0
Translation stage Sample: Ti hip prosthesis 100115 —
Moving NMR probe (5 ppm accuracy) 1-00110‘%%%%
1.00105 |- HHHHH - Fmagnetic BVB
1T dipole, high uniformity background field 1001001 i ) ——=(1-pu,)
T
— 100095 mg Hogp
@ 1.00090 -

1.00085 measure

Worst-case (Fe-Cr prosthesis): p,=1.0023
F.,xmg for BVB~42 T/m?(i.e. ~ 20 T MRI magnet!)

1.00080 )
¥ Background fielc

100075 1 Perturbed field
. —Best fit
Credit: M. Pentella 1.00070 B

. I I I I I I
10 20 30 40 50 60 70 80 90 100
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Foerster” permeameter

* Only portable instrument available

* Based on flux distortion method IEC 60404-15
(relative measurement)

* Best suited for in-situ QA of material batches

* vy range from 10> to 1 @ 80 kA/m (100 mT) Stefano Sgobba7|
* Min. sample volume 35 x 35 x 25 mm?3 ( this CAS J

AC excitation
T - - - +

Certified permeability references §~ /

1.00349
X

>1.01 100363

Y l—T X

\ 1.0<O>46?
T \

/ / i \ - 1.00574

> 1.00496
l‘l‘lliliifi‘ i 500813 © 100005
=|“\_Il\\= .""'-"" 1.00410 oS

1.00409 1.00412 [&]
% O

1.00443
S /_T_\ 1.0865?
e 1]
X
100381 100364 1.00364 1.00374 1.00372 >101
X X X X X X
sample Example: HGCAL plate (304L) inspection for CMS
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Part Il - Dynamic phenomena in magnets
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Eddy currents in iron-dominated magnets

-t

T, & Et2 e eddy currents in the laminations
(normally negligible)
 NB: integral shielding of end
plates oc t? (local attenuation +
fraction of length)

e

* eddy currents in-plane of the end
7N S ) h| 7, EWh, laminations, due to the leaking

normal field component
B,B e dominant in short magnets

i ) * main eddy current circuit | | to main
\ o

28.11.2023

excitation coils (path through magnet
y poles and/or yoke)
7, x —w? ¢ effect dominated by inter-lamination

resistance (factors: chemical composition, surface state,

* possible shorts due to fasteners or burrs)
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Circuital model - linear ramp

Analytical solution on a linear current ramp

Eddy current Magnet

e |% F2m I-m
Lem
YYY e

Re Lm
I—ce
| Rc Ve
AN/ .

Measurement coil

Assume: |, measured, linear magnet and coil

’

dl, dl,
LeE-F ReIe + Lem? =0

1
B = —(Lemlm + Leele)
\ Ac

(dI dl
Ty *le = ~Tem gy

o
Il
h
a
3
~~ N O
~
3
+
)
(¢’]
('DN
N————

28.11.2023

A
le(t2) =0 = I'(t2) = In(tz) = L B(t)
cm
L Lce
— Tem/m AB = E’L’emlm At = Tem
AC Lcm
Im
ocABzBRe / © (()) ©
Af = Lee Lem /
‘"I R,
Le
% Te = R_e steady state
to \sdiffusiontransient £y ,¢"———-----------tz
steady—sta.te. ---------- f I*(tl) - Im(tl) = _ﬁTemim
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Signal

Winding Pack | : generator
WP11 aux. coil for electrical

ambient noise monitoring fluxmeters

-
”
-~
-~

\\V VNN
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Eddy currents in ITER TF coils

17

\’N,xl,,,
([ dl, dl,
Lemﬂ + Le E + Rele
< B = kyly, + kel
Vo= 4 dB
L Cc c dt
I _ S Te
;(S) =1 t1+sre

28.11.2023

Coil voltage [V]

Method: extrapolation of low-current AC measurements to DC conditions

1+e&st,
1+s7,

e (s) = A ks

Coil Voltage vs. Frequenc
0.018 1 ¢ 4 ¥ 1.255
0.016
1:25 [
0.014
1.245
0.012
0.01F E 124
o)
Q
0.008 L 1235
0.006 -
> s 2 2 1.23 [
0.004 - 1+ efwet,
Ve(w) = Aclpkmw PP
5 1+ wz, 1225
0 e 1 1 1 I | 1.22
0 0.05 0.1 0.15 0.2 0.25
frequency [Hz]
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Final objective: regularized best-fit of coil center line to external magnetic field measurements

x1073 Magnetic field vs. Frequency
SN
™
\\
1+ e2w?t,?
B(w) = Ik [——————
(@) = Infem 1+ w?t,?
0 0.05 0.1 0.15 0.2 0.25

frequency [Hz]
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Impact of permeability on gap field

* Assume: simple 1D magnetic circuit, no leakage

Impact of permeability strongly limited by circuit aspect ratio

® ¢ [ Kol > i » 1 (low field)
L.,$ l pototr Nl 1 poNel ] g 7y
N, 9 |o, TP 14,9 p» N;1
. thg oty “0“% i, <« — (saturation)
\
0.10 0.100 ¢
0.08 i 0.010 \
)
0.06 JdB B 1 — 10 0.001
= 20
- 0y . (1 + U, %) 50 104
— 100
0.02 1070} & aB = !
Bou 1+ ﬂr%
P 100 1000 ot - 1 100 1000 ot .
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Current-to-field transfer function

e Non-linearity best represented by plotting field transfer function B/I
e Low-field regime dominated by B,, depends upon excitation history — large variability — difficult to control
e High-field regime dominated by saturation, depends upon chemical composition, T — memory reset

B Br | Holi B poptr(H(D)N,
I 1 g I ¢
AN Al
- Y4 A
apparent negative saturation
3.2 due to mechanical coupling
(data from PS main units):
- 3.0 -
BZ
2.8 B, >0 : : : : : : pzz—'uoz40bar
26 | | | | | | 2
. 7] i i ‘ i T i max
By ~0 e e e e e
2.2 - | | | _ 0.16 mm N
CERN PS main unit! i i i - 1[A] | €= Zomm 0% @/max
2.0 i i i i i i
0] 1000 2000 3000 4000 5000 6000 Credit: Anthony Beaumont
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Eddy currents + saturation in a dipole

3500 s _"— | 175 0 i | ‘*0 . T T T
o CNAO MEBT benggssa® o t .
” 2 s * ° ¢ l\mz ©) 8 ’ 10 " 2 ) -50027.0 3.0 fO 5.0 6.0 7.0 8.0 9.0 a[) )_10 ] I (t) I I m (t)
time (s) \‘
I A 35 4.0 45 5.0 5.5 e 6.0 6.5 7.0 75
5 T deal (linear) field e apparent field advance/lag on ramps = artifact of scaling B — I*
scaling .
e overlaps with eddy current’s advance/lag
saturated field e End of ramp: field seems to converge from above
e time of start of the exponential decay needed to derive AB
([

28.11.2023

further complication: rounded corner/overshoots
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Eddy currents + saturation in a ring sample

%103
127 . . . . . .
oy . 12 Py T I e stepwise magnetization in a ring for easier
effective integrator drift correction
55t r o} identification of 7;(H) dependency
(2] L 116 < . . .

ol ~—~ liLL k= clean difference signal to fit exponential decay ® One eddy CuU rrent C|rCU|t’ no |mpact Of gap
— 1.4 = 8t
< L i) 7 / .

! | L B e imperfect but clear result 7. oc
S 128 E d
= H s —~2 \
320t r L 1 EE Bf
5 Jf 1 o good S/N @ high I, high p,
= . 1 =]
% 15r \J constantdl/dt s e g
X A ™~ o 4r
o JJ 06 &

10 - q 8

(1) . shorter steps {04 @ N
51 r @highy remanent B,
x ' 0.2
0 J—"—r L I 0 0
0 100 200 300 400 500 600 0 1 2 3 4 5 6 7 3 9
t(s) t(s)
. 08 14500
: . o u] - o
—H&— mu relative ’,/
mu differential 31517 |- 0.7 F . ot 44000

6000 . .

3.1516 06| , 13500

5000 - 1 < 31515 g 43000

3 0.5 .
e .

4000 g 31514 = o el 42500 _3
~ g S04t o E o
© E 31513 2 12000 g

3000 £ .

3 I 031 v
5 31512 ‘ residual drift artifact after correction <1500
g o
2000 'g 31511 I 0.2 41000
fit directly B(t) with exponential decay 7
1000 - / 3151+ (manualchoice of start and end points !) 01F g 1500
0 | | | | | 3.1509 |- 0’ /, 1 L L 1 1 1 0
0 50 100 150 200 250 ‘ | ‘ ‘ 0 1000 2000 3000 4000 5000 6000 7000
31508 1 Il 1 Il 1 Il . _
H () 2195 220 2205 221 2215 222 2225 223 2235 224 mu diff (-)
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Eddy currents + hysteresis in a fast-pulsed bumper

B ... .40 T | * high dB/dt=200 T/s > high impact of vacuum chamber,
emerro g, e even if corrugated

easuringcoi “ " _‘ « free degaussing ! Really a gift ?

(8turns, A= 0.08772 m2, L=1.158 m, W,;=75.8 mm)

ieSextupole)

oo Excitation current (RAW) 004 Integral transfer function (NO chamber, NO compensation) Integral transfer function (chamber IN, NO compensation)
4r 0.04
| minor loops due to
2000 0.035 | 0.035 b ’ uncontrolled current oscillations
1500 0.03 0.03 }' -I.' -
_— = i =
Sl uncont'rolled osqllaﬂons E 0025 E 0.025 |
(electric load mismatch ?) w I |
/ = - |
0.02 | 0.02 '
500 . .
. hysteresis width changes
| with horizontal coil position
0.015 1 0015 | |
0
Sine pulse half-period =2.5 ms 0.01 ] . s . . . 0.01 | A s . s '
s ‘ ‘ ‘ ‘ ‘ -500 0 500 1000 1500 2000 2500 -500 0 500 1000 1500 2000 2500
75DDD 0.005 0.01 I]|I?51]5 0.02 0025 0.03 I [A] I [A]
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Eddy currents + hysteresis: impact on field profile

di/dt

BA K

v

Iron yoke, central region End plates

» Localized screening effect o dl/dt
* B(z) profile changes B
 Integral field B=B(l,dl/dt)

A dl/dt<0 ramp-dow

/

effect localized
on end plates | _..""
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Eddy currents + hysteresis: loop switching

<1073 Transfer function

different major loops, B, 1.33 T T T T
1,32 107 132
* DC points
1.315 115 Als
200 A/s
131 1.31
1.305
<
E 13f 1.3
'% 1.295 g
g 129r l e 1.29 -
= R T =
1285 1 true DCloop "™ --T3 —
1.28 - e * 4128+t
©
1.275 - m _ decay
1.27 : : ' : ' ' 1.27 1
-50 0 50 100 150 200 250 300 350
I [A]
1.26 i
Losses / A(B/I not necessarily proportional to dI/dt
Extrapolation to DC not trivial 1.25 .
Ay » Current [A]
124 ! 1 1 1 1 1
-50 0 50 100 150 200 250 300

» sequence of ramps and plateaux — switch between different hysteresis loops
» for best reproducibility, always work at constant dl/dt
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Eddy currents + hysteresis: impact of timing

At> 37

P [
< »

Ramp 1 Ramp 2

/
5 / 1/2 belong to two different
) hysteresis loops
/
/
\ ,
/ / t
Se Y

- [ < [
< » < »

~37 At < 37

Assumptions: — characteristic time of eddy current T constant; effects negligible after ~31
— current ramps > 31, (steady-state reached during the ramp)

Eddy current decay may be cut short, if plateau is too short
B/l relationship depends also upon the durations of the previous ramps/plateaux

In practice cycles are not made of straight segments— fully functional dependence of B(t) upon /(t)
(important for Machine Learning modelling/training)
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Self-Inductance modelling 1/3 ({I

* Observation of inductance drop in power converter controller at high field
* Apparent L drop seemingly unrelated to observed field drop
» Several L definitions possible, with different nonlinear behavior

CI)t Apparent/secant

Lt= T self-inductance of one turn flux self-linked by the coil

®. = LI = N2 D (1— 1)

D, ¢
I
— o
Ny > g I?J'dﬁ
o— Accoil/yoke
leakage

®, = BA = N @1 -

link to field in magnet

Ag gaP
leakage

Total apparent self-inductance

B1-4 AL AB
A L= NA- ¢ AL 88
) AT, =~ —— A+ Al

(

high aspect ratio ? AL AB

yoke leakage dominates §>>1 T > ?
{

low aspect ratio ? AL AB

coil leakage dominates ngl T < ?

Measurement of the inductance of resistive magnets: two case studies, CERN ATS Note 2011/047

28.11.2023
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Self-inductance modelling 2/3

Apparent/secant inductance

=3

) o e e e e e e e e e e e, e s e T SR

0.8} 1+n/1
LD =L(1-25 (—

0.2f_ Ly =L (1 —(1+n) (Ii)n>

: Example with n=8 r

Model based qualitatively on the anhysteretic B(/) transfer function
Simple analytical expressions, intended for inner-loop power converter control

V_R1+ch>_RI+ d(LI)—RI+L al
- - dt B ¢ dt

dt
differential inductance Ly = 4 ; R, n 1%
(seen by power converter) d_i dl
energyjeguwalent/ W= Hj —dV ——L 12
dynamic inductance
[ 1 (B\? ,a
5t dipole H_O(T) gal, = uoN; Elm
=I—2f(V—RI)Idtz< 2
0 T 2
k quad 1o <7> @*ly, = 8mugN, Ly,
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Self-inductance 3/3 - Measurement examples

MTE Octupoles Loadline Transfer Function - SPS MIBB 004 (reference dipole)
* Measurements of apparent o0 ) 2.60
inductance drop qualitatively _ coo | ML e 255
consistent with expectations £ so00 | " 250
for high/low aspect ratio e F ous
go 3000 + 0 MO#1 =
m n 2 X MO #2 ¥ 540 -
agnets . | . < wor 2.40
* Measurements of differential g |  Nomns sas
inductance drop qualitatively I P S S R e s | | | | |
. . h . 0 100 200 300 400 500 600 700 (o] 1000 2000 3000 4000 5000
consistent with polynomial Vagnet carrent (4 o
mOdel MTE Octupole 55 L=1L,— IZ_L Inductance L(1) of SPS reference dipole MBB 004
0.020 - (computed)l 0.012 7 \
wln S — oo b el
= 0 0.008 - :
§ zzz 3 Ld=(V-RI)/Idot
- ojoos - 00087 —L=0/I
0006 0.004 - Lw
0.004 Lgap
0.002 . 0.002 T ; ; ; i
0.000 ! ! | | I I } } | 0 1000 2000 3000 4000 5000
-50 50 150 250 3.2?""3'“ [4A.‘]>0 550 650 750 850 1 (A)
AL, |AB| |AL| ALy |ABl o IALl
E——60% T—4.9%>T—4.2% P = —39% B =3.4% < L =4.0%
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Instrumentation for dynamic measurements

* no specificinstrumentation required for eddy currents and hysteresis
» always acquire the excitation current synchronously to plot transfer function
* main limitation: sensor bandwidth

* intrinsic limitations e.g. dielectric relaxation > MHz * linear vs field level and BW over wide range
* spinning-current technique for offset compensation, * Unavoidable, due to thermocouple voltages, discrete and
limit at fg;, integrate component imbalance, noise rectification ...
 practical limitations e.g. inductive loops in the wiring  Take care of connections, grounding and shielding
* typical BW of good-quality commercial units in the . 1 ; ,
10+ kHz range L= fof(ZE +Z_?>’ R=—NiPcugz Ve ——dlipping -

Coil cutoff frequency

HZ foutort

— 30
50

— 100

— 200

ringing at resonance

1 1 1 N
5 10 50 100 UMS
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Voltage integrator drift correction

* bumper measurements 1 ms pulse with capacitive discharge converter
e acquisition with 16-bit, 2 MS/s (as fast as practical !)
* harmonic measurements require judicious choice of reference interval for drift correction
AD =0.3 pVs (1.8:10%)

Excitation current

6
- - II"II
2000 - e fl 1 current pulse %10
|| || 4l j 20 f
oy N
1500 |- S | | . | = _
S a8 | 2['Ve1 = 167 uv Voo =171 uV
z N = AL 15
< < ‘- A
= 1000 ‘ | 13 0 =
(&
| >
. Al 10 F
500 } | . _ _ ;u?
‘| | Ve =281uvV| V. =-244uv <
4 F
| | 20 ms before the pulse 20 ms after the pulse E
0 I 1 I 1 1 1 5+F
1.296 1.298 13 1.302 1.304 1.308
t(s) N
0.1
0.05 - 0F —
. R
= 0
. -0.05 - /
o1 converter ON converter OFF
_5 1 1 1 1 ]
-0.15 : : : : ; 0 0.2 0.4 0.6 0.8 1 1.2
0.2 0.4 0.6 0.8 1 1.2
t(s) t (S)
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Drift correction - Kalman data fusion

100 Als - 1x
1.2 T T
* Problem: fixed-coil voltage integrator drift 1}
» Kalman filtering: optimal estimation of the field in the presence of model |
. £ 06f 1 Stable (repeated)
(voltage offset VO) + measurement noise % 0] | cycles
« Combining coil/Hall probe > three orders of magnitude improvement "l '
{1'20 100 200 300 400 500
Field = hidden state Coil voltage =inputvariable t) _
x J / Uncorrected drift
1 (v U ; 100 AUs - 100x 60 ppm/s
State-spacemodel X, = B, =B, 1+ — (O + %-1) T; oo —
Ac 2 1.000} ] V,updated on each plateau
1o 3 ppm/s
Case |: measurement = Hall probe  Case Il: measurement = excitation current g:iz/ A/
_ _ I. 1.010 V,estimated on first plateau
Zk BH,k Bk + qx Zp = -k + i ﬁi T o 53 ppm/s
8 e I e
Arepoc HHP-NP 2067 Hall Probe o m e B w
100 A's - 10000x
or rosp T T T Kalman + exc. current
101040 rﬂm. 0.08 ppm/s
1.01035 M h
s £ 1.01030 - Actual eddy current
A - ® 101025 decay transient
594 cm?160-turn 16-layer PCB coil 01020
+_Kalman + Hall probe
1.01015
0.03 ppm/s

V. Di Capua, M. Pentella et al., “Drift-free integration in magnetic measurements achieved by data fusion ”, Sensors 2022, 22, 18..
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Part lll - Magnet control: open loop
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Flat-top stabilization with current overshoot

* A current overshoot at the end of ramp-up can compensate, in part or completely, eddy currents
* Linear case: perfect compensation takes ~1.57, (vs. exponential decay 3~4 7.
* Drawbacks:

— power converter needs high dV/dt

— higher peak working point

— move onto higher-saturation hysteresis loop branch

1.5

1.5t to complete stabilization
(theoretical ...)

05

At

; overshoot 3 1 to complete stabilizatioﬁ
) 4q 0
— K= © -
) =T ; = " 1
Atovershoot M—\_
optimal 1 L
15 = ;
) ~ Standard cycle
AtoverShOOt 1 ’ 5 T Cycle with overshoot

t(s) . . . . .
0 0.5 1 15 2 2.5 3
Time (seconds)
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Flat-top stabilization - example

4

T ST W =
ction octupole

CERN PS MTE multi-turn extra

.

MTE Octupoles Loadline

7000 - /
6000 -
— o_~
(2]
£ 5000 "
£ 7 /ﬁ
L= X
= ~
§ 4000 /er
©
S 3000 - /xr/ O Mo#
3 X MO #2
B 2000 - -
E" > R A MO#3
£ O Nominal
1000 7 /8/ Linear
0 = T T T T T T 1
0 100 200 300 400 500 600 700

Magnet current (A)

28.11.2023

120 +

100 A

80 1

60 -

Excitation current (A)

40 1

20 4

0

10337 Als, 100.6 A

—B_scaled
[Al [Al

0.000

0.005 -
0.004 -
0.003 -
0.002
0.001
0.000
-0.001
-0.002
-0.003
-0.004
-0.005
-0.006
-0.007
-0.008
-0.009
-0.010
-0.011
-0.012 +
-0.013 +
-0.014 -
-0.015 -

0.050

Excitation current (A)

0.020 0.040 0.060 0.080 0.100

time (s)

0.120 0.140 0.160

0.180

0.200

r 120.0

0.070 0.090 0.110

time (s)

—B_scaled - H —-|
[A] [A]

0.130 0.150

100.0

80.0

60.0

40.0

- 0.0
0.170

Normalized I*

Excitation current (A)

700 4

~13470 Als, 622 A

600

400 -

300 -

100 -

—-
[A]
——B_scaled

0.000

0.005 4

0.004 4

0.003 4

0.002 4

0.001 4

0.000

0.050 0.100

time (s)

0.150

-0.001

-0.002 4

-0.003 -

-0.004 4

-0.005 -
0.125
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Te ® 10 ms
AB
0.135 0.145
time (s)

—B_scaled - H —-I
[A] [A]
0.155 0.165

0.200

625.0

620.0

r 615.0

610.0

605.0

600.0




Passive attenuation of B, in CERN PS bumpers 1/3

1-turn bedstead
excitation coils

Vacuum chamber circuit Passive loop circuit

2 (top) + 2 (bottom) passive loops
open-circuit R;=2 mQ

Integral measurement coil array laminated
iron yoke circuit

SD1 (NO VC) (Inf mQ) Integrated field profile

* “Simpler” problem: just .
compensate B; attenuation '

» Difficult calculation: ~200 T/s,
corrugated vacuum chamber
— experimental approach

SD1 (w/ VC) (Inf mQ) Integrated field profile

( dly dl

\%
Ly——+ Ryly + My — =0
1 th vViv th

BolL(x) - BAL(D) (mTm)

BdL(x) - BdL(0) (mTm)

dly, dl
LLE'*' (RO +RL)IL+MLE: 0
\

o 2000 3000 4000

100

E ]
3000 2000 -1000 Y e
peak

3 eddy current circuits driven by dlI/dt
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Passive attenuation of B, in CERN PS bumpers 2/3

Solve analytically for half-sine current pulse

Re-parameterize and linearize B vs d//dt

I=Iosin(

T

7

. T t
I = TIO cos (HT>

t t
TEM T - T . t t Bn - TETEM t TEM Tt
—_ — T J— — — — - — 1 ] — [—— -
Ig(t) = =1, TZ[ e E+7thm(7rT +cos T AT eTe+(1 Y3 )sm(T) Y= cos T)
1+ 2 T_EZ: R
SD1 (NO VC) (Inf mQ) Correlation Setxupole dl/dt
1.5
1F -
E o5t
B, Mg  E
Am — =—kg=E
E aI I_O RE 0 .
Tg—0 - =
.| TEM—0 E
g -0.5 B
A+ .
0B M mTm
— = kY X =-0145 [——r \
15k 0l Ry MA/s \\\ .
-8 -6 -4 -2 0 2 4 6 8 10
dl/dt (MA/s)
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Passive attenuation of B, in CERN PS bumpers 3/3

Excitation current Eddy currents Best-fitresults 1.0276 — 26.407

/N T N

0B
Bz = kal + kyaly + kysly + ky 3l = kal + 1 —= —2|  x—kys——kyz——kjz—————=a+——
3 3 Y,31Y V,34V L,31L 3 Y i Y i Yf RY V,3 RV L,3 RO + RL RO + RL
B3dL vs. Rloop . \ RL =~ —22.3 mTm
] T /'//';'r"; 7777777 ] 0.145 1-066 {RLZOO 0 MA/S
g . Individual measurement results (cross-check)
~ ot %i *  Measurement
g *¥ ¥ BestFit
= // — — — Optimal solution
€
£ -1
: A
/
£ W Optimal R}, = 23.7 mQ)
Rl ! 1 e The corrective capability of the passive loopsis 5 x
g N / | what is strictly necessary
; * Reasonable fit, if not very precise around zero
By * Optimal resistors being installed for 2024 run
10° 10" 102 10° 104

Rloop (mOhm)
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Ripple attenuation by eddy currents

Observation in PS main magnet: ripple in measured field, current and beam radial position

Gain drops to 1.5 G/A @ 27 Hz, constant for > 100 Hz (magnet’s L/R filtering effect already included)

dl, dl.,

I +TeE=Tem dt

B=k(y+1,)

Assume: eddy current I, through poles || /.,— same effect on field
Nominal DC gain=2.5 G/Tupto~1 Hz
;k\vv‘/ : ‘eam radial ptlosn ion : ‘EI:
T A N P PN PN o
- +1.5 mm MRP ripple @ 27 Hz .
3;0 40‘0 4‘50 SIDO 5;0 Time [nf;I]]CI 6;0 7(‘]0 0 8(‘]0
+0.15G
. +0.1A ]
3;0 40‘0 4;0 SIOO 5;0 Time [,—:é]o 6;0 7(‘)0 7‘50 SL‘JO

28.11.2023
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gain (G/A)

2.6 — - e —

<+——  Regularly observed -

24 \ gain / =

\ ___r';/ 4

/

22+ \\\ .!__;" ﬁ

\\I -0
-10

18y . 27 Hz ripple

12

16 \ |
\\___ -14

1.4 al e Lil 1€

107" 109 10’ 10? 10°
f (Hz)

phase (deg)




Ripple attenuation by shunt resistor

* Classic technique to damp high current frequencies: resistor in parallel with excitation coil
* Example: CERN SPSMBB: R, =3.2 mQ, L _=7.7 mH

Rm

AAA

O
m I R 1+ i2nft
Iml |.g Rdglld IV Td: Rm - f m
d1+ R—r;‘(l + i2nf1y)

! I
]
1 3 1 ]
0500:— i R_m
0.100 L
1000 Q ; — 0
0100+
. Iy 1 s.ot0l 0.00005
7 R, _ 1006 : —— 0.0001
1+ Ry (1+i2nfty) . — 0.0005
00101 50 Q) 0.001 _ — 0.001
0005?— 180 B — 0.01
1074+
. | : - : ' ' — fry, (-
] 0o e izl i 0.10 1 10 100 m
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Lumped-parameters mathematical models

* Single DOF, (if possible) analytical models B(t) = f(I,d1/dt,t,I(t'<t)...) = F(I(t))
* Applications of the forward model:

1. provide real-time field information to machine operation and other users

2. predict cycle-to-cycle hysteresis effects to pre-set lattice corrections

3. complement or replace real-time field measurement systems (“B-trains”): internal diagnostics,
replacement during failures or dry runs, of long-term full replacement

4. provide realistic data to train more sophisticated models (e.g. Machine Learning)

» Applications of the inverse model: I(t) =F*(B(t))

1. Obtain off-line the current cycles required to obtain the desired field
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Mathematical models @ CERN

» works very well for unique repeated cycle

» emphasis on smooth B(t) feedback to RF (pbar
beam is very fragile)

 crude replacement for the B-train
* did not work too well

dl..

d
B=B+kil,—k,— B = B, + Bl + Bo12 + B33, — kL 7

o 0| fent —
1 == e [ Afmagri—1;
E\R wf A . Bt g
= \\ r sans biinday
-:E " Outer ring top _\ g C Vaoure 0Ty ]
H rner g oo “%5\ i, e 2z oA N — ;, R
-5 Cuter rng down Vals CrOSSaninS Sans Bndacs
Inner ring down \ °r B
-6 ] L
7 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 :
LAl Current [A] .
2500 e
®1 0.05% short-term error w.r.t. measurement .
0 P TR T TR TR TR T T TN T T TR S T S S T
™ assmrad M-igim 2000 100 500 1000
0.& -
0.3 i
5 1500
0.4 ]
0.3 E 1000
0.2 L]
0.1 - 500
o - time (s)
ir T {
O.8 ] 1.2 o

0 20 40 60 80 100 120
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ELENA bending dipole model

* unique case at CERN: ELENA needs both accelerating and decelerating cycles
* First approximation: neglect hysteresis and eddy currents, use polynomial anhysteretic curve
« Stable cycling obtained within the correction capabilities of the RF radial loop

130.5 . . . .
= Approximate inversion of the polynomial
130 =25
=3 [ Bd¢
1205 =4 Assume: [ ~ + ¢
= 5g a
z i
E 129 .
E 1285 | i def 1
- I = 1+ =
128 a I
a’ 0 > -5
1275 <f Bd?¢
127 a 7 - . 3 c
0 50 100 150 200 250 300 350
a=1.278 mTm, [,~ 350 A I [A]

Credit: Lajos Bojtar
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Machine Learning

* Very promising approach for the interpolation of non-linear dynamical effects
« Studiesin progress for open- and closed-loop applications

Modelling the pole field of a small test quadrupole 30 0.2 SPS main dipole field prediction vs measured, for fixed target cycles
On the rlg'ht, asequence of tra_mlng cycles 38 Field Flat top prediction and ground truth
with gradually increasing flat-top. ‘ 0.15 1.817
0 | —— Measured A ~—— SFTPRO2
= E ---- Prediction r -1.816 — LHC50NS
Hidden 1 15 0l b = —— SFTPRO2
( : \ Hedden 2 Output | —— MD1
w A w . - o 10 - 1.815 —— SFTSHIP
% .- ; %) 0 ”~ o s ” < —— 5 N v MDl
——i + -{'}ﬂ@ ' E@E i EQQT 0__] i 1814 —— LHCPILOT
1 / \ ! | :
N giii - A2 | 9 0.5 1 1.5 2 2.5 3 3.5 4 45 1.813
1 A1 ‘ t [ms] <10% [2.00
' -3
1 . < —— ]
| ) 1510 F1.75
. : Measured
3-layer, 8-node autoregressive NN implemented in Matlab. Linear component of hysteresis Estimated L 150
; loop subtracted :
F1.25
=
_ 05 L1.00 g
o T
@ " | L 0.75
Comparison prediction/measurement on cycles with increasing, |
but different flat-top levels respect to training A I 0.50
(only the non-linear component is shown in the figure). 05 RMS prediction error |
In this simple case, the inter.polatin.g capability 15 ppm [ | F0.25
of the autoregressive NN is excellent. = |
-1 10600 20600 : 40(I)00 50600 60(')00 000
(V Di Capua, “Hysteresis modelingin iron-dominated magnets based -5 0 5 10 15 20 25 30 Time [ms]
on a Deep Neural Network approach”, Int. Journal of Neural Systems ) I[A] 0.06244
—— Measured '
1 b B I R B ---- Prediction
! - 0.06238
[ S S ~O.10/0
. L RY o e e [ 0.06232
. “:». v AT e A A A AN A AN AAOP P
Credit: Anton Lu W—o.oezze error

28.11.2023 marco.buzio@cern.ch | Measurement and Control of Dynamic Effects



28.11.2023 marco.buzio@cern.ch | Measurement and Control of Dynamic Effects



Cycle reproducibility examples

Integral transfer function %103 integral transfer function

4.05 : .

Eﬁ

NS

i
T

transfer function [Tm/A]

3.9
'm,r"ﬂﬁéﬂﬁi 3.85}
: 3.8
L { ) | . A o 3.75 e et :
- . - . | - : 0 100 200 300 400 500

[current A]
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Pre-cycling strategies for reproducibility

Magnetic field reproducibility improves by resetting the magnetic state with current pre-cycles
The normal operating mode of the magnet should be respected

Dot change the current direction (monotonic cycling) or the ramp rate

Prefer high currents: maximum (go into saturation) and minimum (avoid remanent field)

» Best for bipolar magnets (correctors, steerers ...) * Unipolar “washing” or “normalization”
* Requires bipolar (better 4-quadrant) power supply * Bestwhen mirroring the typical operational
... and patience cycles (at least, the extrema)
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Pre-cycling example - RCS Proto 3

« Start from a stabilized state, then test transitions between +1.4 and £2.0 GeV
* Thefirst cycle after a transition may differ up to 2 - 103 from the stabilized value
o After any tra nsition, integrated field stable within 4-10- after 2~3 FePS (limit: power supply stability, measurement noise)

Stabilization of integrated field @ +1.4 GeV Stabilization of integrated field @ +2.0 GeV
0.2139 0.2724 I:>
0.2138 0.2723
o217 < omr  EEEEEER)
£ E
£ 0.2136 = 0.2721
3 02135 2 02720

!
\

02133 —e 0.2718

0.2132
Stabilization of central field @ £2.0 GeV

e " +1.
Stabilization of central field @ +1.4 GeV 1.4016

1.0806 —_ 1.4012
1.0804 1.4010

1.0802 1.4008

1.0800 1.4006

1.0798 1.4004

1.0796 \ — 1.4002 _ s
1.0794 —3 1.4000 ——

* Results consistent with changes in 10792 13908
measu red B < 1 6 mT Stabilization of magnetic length @ +1.4 GeV Stabilization of magnetic length @ 2.0 GeV
<1,

0.1981 0.1946

* Highest |BdL| jumps associated with o ﬁ 01945
. . . 0.1944
excitation sign change c 0178 \ 0.1043

BO[T]
BO[T]

. o EEEETNN
E r ‘ —
« Central field stabilizes more quickly 01976 m — o
 Changes of magnetic length ~3.103 01974 I | 01940 m 1 —
1 2 3 4 5 6 ' 1 2 3 4 5 6
Cycle index Cycle index
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Demagnetization methods

-
Guarantees a true thermodynamic reset of a randomly magnetized state :
Drawback: requires T>T_ ..~ 948 °C ...

— Hi /uwmm n‘u“!.m D =
13

i =

curie

Lb:! *“ “" \

Lé calamita non tira il ferro, se sara Fregat‘
con l’aglio [.] Havendo fatto esperienza di

o
e BN el T
wY Py ¥

et CN s

'L 25 s @
= NN ARy e a

o 3 4

e

o "

qucsta cosa, Pho ritrovata {:alsa, che non

44 CVNDI NATVRAE HI §ei
v 9 Rootrum Libnarren Eoiftiga SR
] woviows I2ainokil Barbar,
O

solo i fiati, e i rutti di coloro, che hanno
mangjato agli non bastano a far che la
calamita non facci Pufficio suo, ma
ongendola tutta di succo di agli, cosifacea

le sue opcrationi, come se mai fusse stata di

aglio bagnata, e alcuna, o nulla differenza

si conosceva.

Pliny the Elder, Some alium Giambattista Della Porta

Natural History, Book XX (Napoli, 1535-1615) . De Miracoli & Maravigliosi Effetti alla Natura prodott (166
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AC Demagnetization

Practical alternative to thermal cycling, when bipolar power supply is available

It1

Iterate cycling between extrema decreasing in absolute value: typically, = —%
k

LA Best to reach saturation:
< At least, maximum

current previously injected

60 -

20r

! power supply

wf resolution

Stop-and-go linear ramps or

continuously decreasing _
sinusoidal cycles
equally effective

If variable B direction (XY correctors, trim or
coupled excitation circuits) — degaussing
must be done with a rotating field of

decreasing amplitude

Cullity, Introduction to Magnetic Materials, Wiley 2009,
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Easy case: B has mostly a fixed
direction at any location (ignoring
saturation, leakage) — degaussing
needs only decreasing amplitude

“«——>




AC Demagnetization example - ELENA dipole

* |.,,=400A(0.49 Tm): 0.45—> 0.02 mTm (~25:1, 3-10°° of full range)
* |..,=326A(0.43Tm): 0.86 > 0.03 mTm (~29:1, 8-10°° of full range)

| | - i ' 1 Remanent field on mid-plane

v Repeatability: 2.2-:10% 15
N =
T Difference at +l,,,; 11.3-10% -
Eor .
E
- o
- (]
1 1 1 L LE __
e o y \
I © \ |
] 5 0 s 20 25 %0 3% 40 l g) /A
s | = ©
6 S 05 |
g J L { Normal operation
8 B - S S— j S = =i 7¥ 4 Iron yoke
B i After degaussing
1, Degaussing, Cycle 2 (not complete) 1000 -800 -600 -400 -200 O 200 400 600 800 100C

Distance from magnet central point [mm]
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One-shot degaussing

» Key idea: find the optimal (-H*, B*) point that allows to reach (0,0) with only two ramps
* Practical implementation: iterate based on approximation of the intrinsic coercivity

B, 2
-H
| -H
c y ‘ ) |
/-H ic ,
W
B = H+H I
.UO.ur( c) = Hj. == — r H, 1, measured from the whole loop, or estimated as -Br/Hc
ool pr—1

Virginia de Prieto, Degaussing application for medium and small magnets, to be published
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Part IV - Closed-loop magnet control
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Real-time magnetic field feedback

c 1
fprg = 35 1 - - _ .
2R Boa\’
| +( pq)
mocC
RF control

BW ~ 100 kHz, latency ~ 20 us

) beam instrumentation
0.3
Aa = des
PiGev/c]

monitoring
diagnostics

qualitative feedback to operators

BW 1~ 10 kHz, latency ~ 1 ccyle

\ BW ~ 1 kHz, latency ~1 ms /
control of individual magnets

~

control of synchrotron magnet circuits (“B-trains”)
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Real-time measurement options

* Assume room available to install sensors on/close to the beam path
* Crucial factor: accuracy of magnetic length coefficient

Bfs,t)

Bfs,t) Bs,t) A
‘ 5
central sensor A induction coil field marker
(Hall/NMR probe] | | | muIti;TIe sensolrs(HaII probes) {NMR/FMR/peaking strip)
1 I I I I
Single-sensor setup Multi-sensor setup B-train system
n t
fB(s, t)ds = £,B(0,t) fB(g, t)ds = Z LmiB(si,t) jB(S, t)ds = ¢,,B(0,0) + J V.(t)dt
k=1 0
e classic solution (e.g. CERN ISOLDE and e basedonninexpensive Hall probes e highbandwidth and linearity thanks to
MEDICIS, Heidelberg B-train) e equivalentto classic map with one integral induction coils
e Bandwidth: few kHz for Hall probes, probe, moved at regular steps e limitations: high deployment and
~1Hz for NMR (but: higher precision!) e advantages: lim #,,, = As = const. maintenance cost
n—oo !

e limitations: calibration of 7 by trial and
error; best on stable hysteresis loops

e ntobeoptimized case-by-case
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Local vs integral transfer function

f

\

1 (0]
Py = %j_ooB(s)ds

5 (s, I1(t),I(t £1t))

=

_ 1 (r”
B =l_*j B(s)ds

1.32

1.315 -

1.31

1.305 -

-
w
T

1.295 -

Integral TF [Tm/A]
N
©

1.285 -

1.275 -

T T T

* DC points
115 A/s
200 A/s

1.27
-50

(0]

28.11.2023

350

l*

B/l (T/A)

1.025

1.02

1.015

1.01

1.005 -

B,

Edge Transfer Function

I I 1 I 1 I
50 100 150 200 250 300
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1.015
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:
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Central Transfer Function
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Optimal sensor location 1/3

* Goal: find longitudinal location s" where the magnetic length does not depend upon excitation current
* Assume: field profile = linear + saturating components; gaussian shape functions

(0] I (0]
I i * B(s,Dds f_oo A(8)ds + g(—) f_oo o(s8)ds
B(s,I) = BOE(A@ - q(E)cr(s)) b (s1) = e BEDAs f
Bs.D 26) + (1) o)
non-linear components
associated with saturatingiron by foo /1( )d foo ( )d
centered on pole edges . m _ 8)as _oa)as
; 07 Iso M ol m (s A(s%) a(s*)
6F Ns—0
/ Magnetic Length Magnetic Length
AN e A
S{ : 1.00
-15 -1.0 —OLS pole l_ength 35 1.0 15 L 098+ _a(;} ' pole length

20+

15¢

. o e 1.0+ E
Saturation characteristic ———]

(as seen e.g. in the inductance model)
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Optimal sensor location 2/3

Further assume: non-overlapping edge components (ns < 0.2)

( __s?
A(s) = e m*L?
L\?2 L\?2
(525)2 (5—25)2 _ T
KO-(S) =e Ns°L® 4 e Ms°L %}En)l ln = 1
ns—0 1 +e 4
nL + 21sg (—) _ . 1
2.,(s,1) =L l lim s* = +-L
Ns—0 2

77.% 2 Ns
1+ |1—-11—-= <1+4 | 2—)
- ( nf) s ™0 nL

(=) fringe-field region solution branches

yoke edge

0.0 02 04 06 0.8

But: with dynamic effects =

28.11.2023

the optimal magnetic length cannot be a constant
seek s* where the change of magnetic length is minimal

inner
solution
branches

ns (-)
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Optimal sensor location 3/3 - validation

FE simulation of ELENA dipole

Field profiles By(s) vs. | [A]

100
150
200

286
300
326
850

By [T]

1000
1100
1200
1300

Ny,
>

Normalized field profile components

0.8

0.6 -

0.4 r

0.2

-0.2

-0.4 |

-0.6 [

'
|

Saturation characteristic

o, () @850.0A 1 12+
o, () @ 900.0A

o, () @ 1000.0 A
o, () @ 1100.0A 1
o, () @ 1200.0 A

0 01 02 03 04 05 06 07 08 09
s [m]

Measurements of ELENA dipole

0.45 T

—%—60A

0.4 —>—100A |
140 A

—%—180A | |

0351

% 220A
260 A
031 S —x—326A| ]

0.25

By [T]

021

0.15

0.1

0.05 -

s [m]

28.11.2023

81 iron yoke : J
L 1
0

Model with two non-linear contributions
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0.5

I
B(s,I) = BOI_ G1
0

*1

o, (-) @ 1300.0A 08
(72 b
— — A I 086
| 04t
02
4 D L — 1
1 1 1 1 1 1 L 1 L 1
1 1.5 0 200 400 600 800 1000 1200 1400

s (m) I (A)

A g1(s) + 52
0

DC: measured s* = 352 mm (FE: 369 mm)

200 A/s: measured s* = 334 mm

Credit: Daniel Schoerling, Christian Grech

40
——— 50
100
1.15 150
200
250
........ 286
11 =300
——— 326 -7 linear
E ———-850 current range
c 900
= 1.05 1000 y
1100 . il
— ——-1200 s1 =338.4mm 7l
—»
1300 (40< 1< 1300A) ////
1F . 74
@ amamm )
(40<1<326 A) mm //,//
0 005 01 015 02 025 03 035 04 s(m)
0.979 | f%\A . .
0078 | s, Crossing point —
' »a local and integral
0.977
260 A .
0.076 | 2] hysteresis loops
T 0975 almost coincide
—E o974t

0.973

0972 p
0.971 F

0.97

0 0.05

0.15 0.2 0.25 0.3 0.35

s [m]



CERN B-train systems

* Real-time feedback from reference magnets in series with ring (at CERN: LEIR, PSB, PS, SPS, AD, ELENA)
* Principle: periodicintegration reset with a local field marker (integrator drift correction)
* Typical requirements: resolution 50 uT, uncertainty 100 uT, bandwidth 100 kHz, latency 30 ps

A
B Additional (optional)
markers Reference Magnet
Pre-injection [ ; Markers
\ - . B-train Crate e
\7 field marker Conditioners
—1
Integral coil [ fiegmon ] fere. Y umnef . ] ]
(whenever possible) t [:lj [j [ljﬁlj
tl [ Device Drivers ] ©
= e e B-train Users
= L[ e
_ _ Front En mputer J
B(O) = Bmarker () + - | Veou(D)de
NMR probe in ¢t @

Marker mode
(fixed RF frequency) preset effective coil area marker trigger pulse
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B-train electronics

* Tight HW/SW/FW/MW coupling to accelerator control infrastructure for remote configuration, diagnostics
* 2x redundant acquisition chains

White Rabbit patch panel custom FMC (ANSI/VITA 57 FPGA Mezzanine Cards) on

commercial SPEC PCle carriers to implement analog/digital 1/0

Timing distribution Frequency Generators )
(excitation of resonance-based field markers) * Dual-channel voltage integrator
* Dual-channel field marker peak detector
Metrolab PT2025 NMR teslameters * White Rabbit interface /simulated B-train/predicted B-train

(Hi/Low field markers)

WRS/3-18 White Rabbit switch
Standard oscilloscope for maintenance

Auxiliary crate (crosspower switch,

Btrain/Bdotselection, power supply) Fluxmeter coil patch panel

B-train crate

(diagnostic display,
analog/digital B-traininterface,
marker signal distribution,
power supplies)

OASIS DAQ crate Front End Computer (FEQ White Rabbit B(t) distribution .'_’!p,,.,-«*
ront End Computer L. ) : w Pl s
INCAA signal patch panel industrial PC Deterministic Etherr']et. Or‘ fiber - #fg' 2
Sub-ns synch/GPS disciplined =

OA with commercial support

Acquisition Chain #2
(SPARE)

Acquisition Chain #1

(OPERATIONAL) Find it in CERN Open Hardware Repository (https://ohwr.org)
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Example: LEIR B-train system

4x 90° bending dipoles

- : . —
. ; ol "l ’H | -b }
"t ¥

Field [mT]

272.5
——Legacy B-Train
Mew B-Train
272.4|
3 Noise floor =15 uT
5 2723}
°
[V
272.2
No spare/reference magnet LEIR system results
B-train sensor positioned in fringe field 2724 . . . .
300 400 500 600
Time [ms]

A. Beaumont et al., Error Characterization and Calibration of Real-Time Magnetic Field Measurement Systems, Nuclear Instr. and Methods
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Conclusions

* Simplified analytical and numerical hysteresis and eddy currents models may be
useful to gain insight and feed-forward information in simple applications

* Accurate magnetic field control can be achieved by means of cycle normalization
strategies, or real-time measurement feedback. Time and cost are an issue.

* Challenges on the horizon:
— simplify and optimize instrumentation to scale beyond mere bending dipoles
(“Baby B-train” systems for multipoles, transfer lines)
—more demanding requirements (fast-cycled magnets, accuracy, reliability) for
physics and medical accelerators
— leverage safely the promising capabilities of Machine Learning approaches

28.11.2023 marco.buzio@cern.ch | Measurement and Control of Dynamic Effects



