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Introduction

 Update of beam dynamics requirements for HL–LHC electrical 
circuits CERN-ACC-2019-0030[1] (being released)

 Highlights:

 the already “well-known” 0.1 ppm rms up to 0.1 Hz (or better)

 as shown by Lucio WP6B is steadily progressing towards it

 noise above 0.1 Hz and up to tens of kHz is still to be fully specified

 a detailed decade-by-decade analysis is needed 

 Transfer Function from PC voltage to B-field is an important step
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Transfer Function from PC Voltage to B-field 

 Current Control[1]:
 𝐵 𝑓 ∝ 𝐼 𝑓 𝑓 ≤ few Hz

 0.1 ppm current noise → 0.1 ppm noise on the field “seen by the beam”

 Voltage Control[1]:
 𝐵 𝑓 = 𝑇BmtoBb

𝑓 × 𝑇ItoBm
(𝑓) × 𝑇VtoI,circuit(𝑓) × 𝑉 𝑓 𝑓 > few Hz

 many factors intervene to “lessen” the impact of voltage noise 𝑉 𝑓

 𝑇BmtoBb
: lowpass effect of the beam screen, cold bore etc…

 𝑇ItoBm
: lowpass effect of the magnet itself (losses)

 𝑇VtoI,circuit : admittance of the circuit (higher 𝐿, lower current noise)
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Voltage noise of Power Converters 
 Allowed limits for single tones (all new HL-LHC PCs) [1]:
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SC magnets from PC noise “perspective” 

Equivalent inductance ∶ 𝐿𝑒𝑞(𝑓) =
𝑍𝑚𝑎𝑔𝑛𝑒𝑡(𝑓)

𝑗2𝜋𝑓
N. B. ∶ focus on small signal regime around a given DC current
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“Equivalent Inductance” of LHC Dipole at 1.9 K

Aperture without Beam Screen

Aperture with Beam Screen
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“Equivalent Inductance” of MQXFS @ 4.5 K

Both go down with frequency, 
the one with the beam screen goes down more!
It confirms “qualitatively” LHC measurements in 2009  
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Modelling
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Dynamic modelling of SC magnets

𝐀𝐭𝐨𝐭

b

𝐀

Atot = A + Ai + Ao

a′

𝐀𝐨

a 𝐀𝒊

 Basically two loss mechanisms: beam screen and outer shell

Analytical solutions exist for 
infinitely-thin conductive 
shells. Fermilab TM-991[2]

Robert E. Shafer - 1980

Atot

A

A𝑖

A𝑜

𝜎𝑖
𝑠

𝜎𝑜
𝑠
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Equivalent Circuit: “Shafer modelling” at 1st order 

𝑇BmtoBb
𝑠 =

𝑖Bb
(𝑠)

𝑖Bm
(𝑠)

𝑖Bb
(𝑠)

𝑖Bm
(𝑠)

=
1

1 + 𝑠𝜏𝑖

𝑘𝑖 =
𝑎

𝑏

2𝑛

𝑘𝑜 =
𝑏

𝑎′

2𝑛

𝜏𝑖 =
2𝑛

𝜇02𝜋𝜎𝑖
𝑠𝑎

𝜏𝑜 =
2𝑛

𝜇02𝜋𝜎𝑜
𝑠𝑎′

Full equivalent circuit not 
in seminal paper TM-991
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From equivalent circuit to B-field “seen by the beam”

൞

𝜏𝑜
′ = 𝜏𝑜 1 − 𝑘𝑜 Magnet losses

𝜏𝑖
′ = 𝜏𝑜 1 − 𝑘𝑖 Beam Screen

𝜏 = Τ𝐿 𝑅𝑐 Circuit nominal

Bb(𝑠)

𝑉𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑠)
=

𝐾

𝑅𝑐

1 + 𝑠𝜏𝑜
′

1 + 𝑠 𝜏 + 𝜏𝑖 + 𝜏𝑜 + 𝑠2 𝜏 𝜏𝑖
′ + 𝜏𝑜

′ + 𝜏𝑖𝜏𝑜 1 − 𝑘𝑖𝑘𝑜 + 𝑠3𝜏𝜏𝑖𝜏𝑜

Bb(𝑠)

𝑉𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑠)
≅

𝐾

𝑅𝑐

1

1 + 𝑠𝜏

1

1 + 𝑠𝜏𝑖(1 − 𝑘𝑖)

𝐿𝑒𝑞 = 𝐿
1 + 𝑠𝜏𝑜(1 − 𝑘𝑜) 1 + 𝑠𝜏𝑖(1 − 𝑘𝑖)

1 + 𝑠 𝜏𝑖 + 𝜏𝑜 + 𝑠2𝜏𝑖𝜏𝑜(1 − 𝑘𝑖𝑘𝑜)

𝐿𝑒𝑞 ≅ 𝐿
1 + 𝑠𝜏𝑜(1 − 𝑘𝑜)

1 + 𝑠𝜏𝑜

1 + 𝑠𝜏𝑖(1 − 𝑘𝑖)

1 + 𝑠𝜏𝑖

Simple R-L series model currently 
considered by WP2 to date

Additional 1st order lowpass filtering
but weaker than ΤBb Bm = Τ𝑖Bb

𝑖Bm
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Experimental 

Results
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Equivalent Inductance: more experimental results

“DC” value is different from 4.5 K ! 

It depends on many factors: 

history of the powering, level of 

current, etc… Not addressed here

Beam Screen

Observed behavior in excellent qualitative agreement with the model ! 

𝐿𝑒𝑞 = 𝐿
1 + 𝑠𝜏𝑜(1 − 𝑘𝑜)

1 + 𝑠𝜏𝑜

Magnet losses only

𝐿𝑒𝑞 ≅ 𝐿
1 + 𝑠𝜏𝑜(1 − 𝑘𝑜)

1 + 𝑠𝜏𝑜

1 + 𝑠𝜏𝑖(1 − 𝑘𝑖)

1 + 𝑠𝜏𝑖

Both magnet losses and beam screen losses
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“Weak” lowpass filtering of the magnet itself 𝑇ItoBm
(𝑓)

∆COLD

Repeatable results between 2 magnets 

Attenuation at COLD is rather weak ≅ 3dB

Measured Magnetic Flux / Current vs Frequency
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∆Beam Screen

At COLD attenuation due to the Beam Screen alone
is about 15 dB at 1 kHz (even at 4.5 K vs 1.9 K)

Measured Magnetic Flux / Current vs Frequency
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At COLD both magnet losses and beam screen losses help attenuating “field noise” !

additional > 15 dB attenuation @ 1 kHz at COLD

already > 8 dB attenuation @ 1 kHz at WARM

Measured Magnetic Flux / Current vs Frequency
MQXFS4b + Q1 Beam Screen: WARM vs COLD
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Beam Screen: Shafer modelling at 1st order 

ൗMagnet
Beam Screen

LHC @ 20 K, HL-LHC @ 80 K

𝐂𝐎𝐌𝐒𝐎𝐋 Analytical Model

𝐏𝐑𝐀𝐁[3] 𝐧𝐨𝐧 𝐩𝐞𝐞𝐫 𝐫𝐞𝐯𝐢𝐞𝐰𝐞𝐝 𝐲𝐞𝐭

෩𝑓𝑖

/ Hz

𝑓𝑖

/ Hz

ෝ𝜏𝑖

/ ms

𝑘𝑖

/−
Τ𝑓𝑖 (1 − 𝑘𝑖)

/ Hz

𝐋𝐇𝐂 𝐃𝐢𝐩𝐨𝐥𝐞 106 99 1.61 0.72 354

𝐋𝐇𝐂 𝐐𝐮𝐚𝐝𝐫𝐮𝐩𝐨𝐥𝐞MagnetoResistance 145 139 1.14 0.52 290

𝐃𝟏 61.6 53.3 2.99 0.68 167

𝐃𝟐 44.5 46.3 3.44 0.59 113

𝐐𝟏 31.8 31.2 5.10 0.36 48.8

𝐐𝟐 − 𝐐𝟑 71.9 75.8 2.10 0.49 149

Q1 proto @ 1.9 K 19.1NEW 17.5NEW 9.09NEW 0.36NEW 27.3NEW
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Experimental Results: Quantitative estimation 

For magnet losses fractional order impedance model is needed
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MQXFS4b with Q1 Beam Screen proto

WARM @ ≅ 95 K

𝑓𝑖 ≅ 100 Hz

𝑓𝑖
′ ≅ 120 Hz

𝜏𝑖 ≅ 1.59 ms
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COLD @ 4.5 K

𝑓𝑖 ≅ 91 Hz

𝑓𝑖
′ ≅ 120 Hz

MQXFS4b with Q1 Beam Screen proto

𝜏𝑖 ≅ 1.75 ms
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COLD @ 1.9 K

𝑓𝑖 ≅ 77 Hz

𝑓𝑖
′ ≅ 103 Hz

MQXFS4b with Q1 Beam Screen proto

𝜏𝑖 ≅ 2.06 ms
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COLD @ 4.5 K
MQXFS4b with Q1 Beam Screen proto: from 𝑣,𝑖 to 𝜙

𝜙

𝑖𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑛𝑜𝑟𝑚

↔
𝑖Bb

𝑖𝑐𝑖𝑟𝑐𝑢𝑖𝑡

From “inductance fit” to measured 
magnetic flux the error is less than 6 dB
over 4 decades!

𝑓𝑖 ≅ 91 Hz

𝜏𝑖 ≅ 1.75 ms

𝑓𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ≪ 𝑓𝑖
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Q1 Beam Screen Proto – 3D 

Courtesy of M. Morrone, also 
presented at 83rd HL-LHC TCC 
September 12th 2019
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Some preliminary conclusions
 Lowpass filtering due to magnet losses at nominal current unknown

 Lowpass filtering of the Beam Screen is dominant anyway:

 at nominal current Magneto Resistance improves accuracy only slightly 

 Extra lowpass filtering from Voltage to B-field is weaker than B-field to B-field

(or circuit current to B-field)

 it depends also on the relative (equivalent) dimensions of the beam screen with 
respect to the magnet aperture – model parameters still need full validation

 effects are explored up to few kHz (presented up to 1 kHz)

 Above few kHz stray or parasitic effects MUST be considered !

 Large discrepancy of Q1 beam screen proto needs to be understood

 These models can already be useful to WP2 for noise estimation



logo

area

Thank you for your kind attention

Michele Martino - CERN - 9th HL-LHC Collaboration Meeting – Batavia, IL – USA – 16/10/2019 25

Credits to: S. Ierardi (WP6B), M. Morrone (WP12), L. Fiscarelli (TE-MSC), L. Bortot (TE-MPE)
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Additional Slides
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Measured Magnetic Flux / Current vs Frequency

∆Beam Screen

Bb(𝑠)

𝑖𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑠)
≅ 𝐾

1 + 𝑠𝜏𝑜(1 − 𝑘𝑜)

1 + 𝑠𝜏𝑜

1

1 + 𝑠𝜏𝑖

Bb(𝑠)

𝑖𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑠)
= 𝐾

1 + 𝑠𝜏𝑜(1 − 𝑘𝑜)

1 + 𝑠 𝜏𝑖 + 𝜏𝑜 + 𝑠2𝜏𝑖𝜏𝑜(1 − 𝑘𝑖𝑘𝑜)
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Q1 Beam Screen Proto - Summary 

 COMSOL simulations / analytical model:
 Cut − off frequency below 20 Hz @ 1.9 K (experimental conditions)

 Experimental results - preliminary fit:
 Cut − off frequency of about 77 Hz @ 1.9 K (inferred by fitting 𝐿𝑒𝑞)

 Cut − off frequency of about 91 Hz @ 4.5 K (inferred by 𝐿𝑒𝑞 and 𝜙𝑚𝑒𝑎𝑠)

 Large mismatch still unexplained

 “Q1 type” beam screen is the one that fits less with 1st order Shafer model

 But its lowpass filtering is supposedly stronger than 1st order not weaker

 Maybe the cause is a large 3D vs 2D discrepancy because of thermal links


