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Preface 1: Periodic motion

Relation between quantities at extremes:

Xmax = A (x=y)

y = Asinwt

(vibration velocity, Vinax — Am

time derivative of y)

(vibration acceleration, Amax — Aw?
double time derivative of y)

Vv =mACosSwt

a=-wAsinwt=-0’y

http://hyperphysics.phy-astr.gsu.edu
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Preface 1: Wave power relations

E— | veesyst vy =f)A ™ Let’sassume the cable of a coil can serve as an acoustic transmission
A propagation . .« ey .« . “ . ”

—\/ line (at least initially), that is it does not “radiate” energy
o N T TN T  Cequeney ™ Let’s see what amplitudes we can achieve along this “string” with

T = Period some set of parameters

velocity
N 2P 10°¢ 0.25
Pog;rntrawn:‘rlneitted - ua) A V A . UH
R D ‘ ~ W 100 10° 3.1x10° sgrt(0.1) 0.25
gtiotie, o 5 -5
o v~4x10° m/s 1000 10 10 1 0.25
u~0.5kg/m 10 5x10° 2x107 0.1 5x 102
100 5x10° 6.2x107 sqgrt(0.1) 5x107?
(P/u remains the same for a single “string” 1900 5 x 105 2 x 106 1 5 x 102

or a bunch of “strings” if all of them

6 -7 -3
are “powered”) 1000 5x10 2x10 1 5x10

http://hyperphysics.phy-astr.gsu.edu Ultrasonic driven periodic displacements of 1-10 microns are “easy”.
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Preface 1: More realistic conditions

= Coils are not strings, there is more complicated energy transfer through the bulk and
interfaces
* This doesn’t invalidate all string projections but there are apparent limitations
= Attenuation —itis complicated

Falls ~ linearly with frequency, falls with temperature except for very low temperatures, superconductors become
“transparent” at low temperatures, magnetic field decreases attenuation,
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Preface 1: Acoustic attenuation in SC magnets
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In “15 T” magnet tests we see the amplitude drops
by ~1/3 in ~30 ms. The periodic pattern is associated
to the length of the magnet (1 m ->~0.3 ms period).
So it drops by 1/3 for 100 m (~ 4 kHz) which is

~0.1 dB/m.

At room temperature | find this formula:

o~ Cd x f, Cd ~ 30 dB/m/MHz (steel/Cu; Al is ~10)
and thus o~ 30x4 x103=0.12 dB/m.

This is the same order of magnitude as above
(though different temperatures).

[eleiel applied ~
sciences m"\"\’ﬂ
Review

A Comprehensive Report on Ultrasonic Attenuation
of Engineering Materials, Including Metals, Ceramics,
Polymers, Fiber-Reinforced Composites, Wood,

In first approximation we can accept an ultrasonic wave will not get and Rocks
attenuated too fast in the coil (it takes at least tens of periods to drop significantly). e D TR oy M Lo g ) s g
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Preface 2: Slip-Stick in (LHC) magnets

1 E . )
Y Ij(irgy Em is the energy margin
. Conductor block E Ef is fricti |
" IS TrICtiIONal ener
“ Coll  FEnergy| “Model” gy
= Loy = P (Iss-1)
et Copper wedge
()
Ax Collar g “Linear model”
/ /:_‘/‘ af(l-1;)
L3 Ep= a(l-1;%)
Current
/ -~ = -~ t >
0 >y [ L '1314 Ish I o el I Is
E/f 0((//"‘(-/7"/) /,’ ,/' -0.8 L [
F_;. . ’:/ J/ -1 —Firm1 LHC data
oy ad -1.2 ¢ Model
E -1.4 —Linear model
A\ = -1.6
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Ic,t, In+1 e (It,q Il) (1+ I E '1.8<
= _2 -'\\!%
g -22
- BURP I 2.6 .
Slip—Stick Mechanism in Training the I 1 — n_ 1\ _ I 1\ — nlin(1 + 53 ovoseses |
Superconducting Magnets in the Large n I _ ln 1—— n Tl( B/ OL) : 00 05 10 15 20 25 30 35 40
Hadron Collider SS s : J . : . - : . .
Pir ok Granier, Clément Lorin, s Eri Todesco Number of quenches per magnet
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Preface 2: Analogous 11 T and LARP s-quad curves

11 T short coils (FNAL data) LARP short coils
'075 I I I I I 00 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
o 0F 10 20 30 40 50 ! ; 1o , | | 10
= -1 F Note Iegend for 05 A Coil #103 (a) o Coil #104 (a) » Coil #103 (b)_
=1.25 Lk%?’\‘ different temperatures
= . A inthe 11 T case —~-1.0 ® Coil #104 (b) * Coil #2 (m) n
5 -1.5 m* Iy ' < 62,
175 | h X D T
| Xy 5% 3 L
Xoq = -2.0 ® e Fixx
-2+ K >(>$<X XX x o xxx Y % %
225 | %y %0002 25 5 :
WC5,4.5K 05, 1.9K W&&*’Kxx 3.0 (the only 4.5/K quench)
C9, 4.5 K 9, 1.9 K Open/closed symbols are just different test numbers.
3.5
X C8(m), 45K xC8(m), 1.9K Quench # Quench #

The flattening of curves mean coils reaching a training limit (at certain conditions)
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Vibration, friction, magnetic field




Non-rigid interface

PRL 103, 085502 (2009)

PHYSICAL REVIEW LETTERS

ngld Su rfa'CES Confl ni ng non_rlgld mat_erlal Suppression of Friction by Mechanical Vibrations
(you can th | nk metal a nd |nSUIat|On materlal) Rosario Capozza,' Andrea Vanossi.>' Alessandro Vezzani,'” and Stefano Zapperi'*
Top driven plate Fn K v, = |n first approximation there are
29399999999900000000000000000 e — three forces acting in vertical direction:
L P e T X ST T To T e TeTe Yo Te e Yo Te TR ’ :
00000000000000000000000000006 I SN N v Applled normal force, FN
v" Inertial force (from vibrations), F,.

Oscillating bottom substrate Zyor = Asin(wgt)
v' Damping force (energy dissipation), Fdamp

Let’'s M = M, + M, be the total mass of the non-rigid and the top rigid material.

Fin = MZ, and then the maximal force (of oscillation) is MAw,2. The damping force is

proportional to velocity (of oscillation) Fyu, = Manbm (n is damping coefficient) and then its maximum is M nAw,

At frequency w, the inertial force overcomes the other forces and friction (proportional to the normal down-force) vanishes.

. . . . . T FN P MJ 7 @
MAw? = Fy + M ,nAw,. Using dimensionless variables f = MAD? Mi @ n

1 ~
onegets @ = —(m +m*> +4f)
2 Friction above oscillation frequency w, is suppressed.
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Non-rigid interface (2)

PRL 103, 085502 (2009) PHYSICAL REVIEW LETTERS

= During oscillations particles are subject to forces

= There is a characteristic time At for their action
expressed in the impulse formula FAt = mAv

= |n our case:

Suppression of Friction by Mechanical Vibrations

1 1 s 2.1 o - 1.3 . ‘14
Rosario Capozza,” Andrea Vanossi,”  Alessandro Vezzani, ~ and Stefano Zapperi

Friction coefficient vs time and
At~ ZbolM/FN ~ AwOM/FN. time averaged coefficient vs w, in numerical simulations

04 ¢
03F

= |f the period of oscillation is smaller than this
characteristic time (2m/w, < At) there is no effective =

0

transfer of oscillation energy between particles. <

Effect of a short time

= Explicitly: - o5l |1 vibration pulse on the
~ . —eon=1 . . .
@, =27f —n=12| stick-slip behavior
= Above w, friction is no longer effectively suppressed 2o} . Y B
Y L Y WVM‘/ Ve M| / i 04
0.2r |4 T 2r \ 7 Mim_ vibration ] 037
= Thus, friction is suppressed if w,;<w,<w, 017 th 1 J / 008 oo
T o e
Numerical simulations confirm the findings as well as L ,
later experimental reports (other authors). ) - b) mmd)
time time
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Granular surfaces

www.nature.com/scientificreports

Normalized tangential force (friction coefficient) Granular friction: Triggering large
vs time at different vibration velocities and vs vibration velocity events with small vibrations

Henri Lastakowski, Jean-Christophe Géminard & Valérie Vidal

(a) g.62 Am = 0 umfs ®) g6 Ao = 60 umfs ©) pe2 Ao =112 pmis (d) g.62 Ao =171 pmis
i
0.6 / / /-" 06 / ﬂ 0.6 0.6
058 /] Toss "/ Al oss 058
* f * = _/_ TL r 4 = l [ =4, J 4 *
& 036 &, 056 7 & os6f/ | 1] & 0s6
/ [remmr e
0.54 /b 0.54 / 0.54 0.54
052 052 052 0.52
0 1 2 0 1 2 3 0 1 0 1 2 3

3 2 3
1[s] 1[s] t[s] t[s]

I I . .
v.— critical velocity

J STICK-SLIP !(_‘.ONTINL{OUS . . - . ..
@ | supme | Beyond v, slip-stick transitions to continuous sliding.
" 54 ‘: 1 The velocity dependence is direct
f&ﬁ* Y v YV (no hidden dependences to other parameters).
¢ 1~ _ ]
0, 100~ 150
@ [um/s] . ..
] |F* is the driving force
m 7—3spms. 1501z | @ AR . normalized to pressing
|| © V=35um/s, /<200Hz ~ i i
LN M o . (norma!) force or e‘ff.ectlvely
O V=55um/s, /~200Hz O ~¢_ ® |—the friction coefficient.
035 + V=T5umvs, ~200Hz | | S
0 200 400 600 800 1000 ) ] . .
A [um/s] Experiments confirm those findings.
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Granular surfaces (2)

www.nature.com/scientificreports

Displacement after single mechanical disturbance (from static case) Granular friction: Triggering large
Norma?ll-zatlon is Fo the case with no disturbance (x,) events with small vibrations
and critical velocity v_ | _ | _ N
8 S - . - Henri Lastakowski, Jean-Christophe Géminard & Valérie Vidal
' oo here is the slope _ . . _
7t > of Ax/Ax As before, the vibrational velocity (Aw) is the parameter
§ _5, | ° _ of interest. Higher Aw higher the released energy (Ax)
1 eet FO/F° . On the plot is from a slip.
< 5t 20 40 60 80 100 (085'1) - red
g 4l (0.7,0.85) - black If a barrier with size &_needs to be overcome
;| (0.45,0.55) - blue to “unstick” movement:
2t 1 FO__ is when slip occurs (pd3g) £~ pd3 (Aw)f
1L without vibrations Potential Kinetic (inertial)
o ELORGmoeeyY energy energy
10° 10 10; 10° 10° 5
Vinax/ Ve
fc ~ (Aw)c/g

g is characteristic acceleration of the normal force

Indeed, critical velocity was found to correlate well with surface granularity independently on vibration type
(authors point out that high pressure may require high A explicitly).
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Summary 1

= Studies show that vibrations in any direction with respect to friction force have similar
characteristics although quantitatively there are some (small) differences

" |n sliding over non-rigid material one can expect a window of vibration frequencies (w,, w,)
where friction is suppressed
W, < W< W,
= Granular “imperfections” induce a characteristic critical (friction) velocity related to their size

£~ (Aw)lg

= Other authors point out that rearrangements in the frictional media (which affects friction)
can be induced when the mechanical wavelength is of the order of the rearrangement scale
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Context: coils

= Coils can be subjected up to 200 MPa due to Lorentz force and pre-stress Just for

* Let’s take 100 MPa normal to the cable wide side (2 cm cable width, for instance) convenience
* Let’s use 5 cm as a characteristic test scale over the cable length, then F = 100 kN (can work with
 The coil mass (all turns) over that area is M~ 5 kg pressure alone)

Aw is <1 (in Sl) for us, Mp (cable insulation for the above M) is a very small number,
the damping constant could not be large, or we wouldn’t hear anything

during magnet quenching;

at the end, this term is negligible with respect to large forces in the magnet

Damping force: M nAw,
(non-rigid interface)

w, = sqrt[Fy/(MA)] and w, = sqrt(2m) w,
If we set A =3 microns, w, ~ 10° Hz (same as f; ~ 17 kHz),

which we can achieve with ~100 W of power according to an earlier table. Aw higher
w, ~ 2.5 x 10° Hz the released

\
g=Fy/M~20km/s> &~ (Aw)/g / energy at slip

Within reasonable constraints we can achieve at most Aw =1 m/s.
Thus, we can “resolve” barriers at scale . < M/F < 50 microns

w; and w;: ...and higher

(non-rigid interface)

g &

(rigid granular barriers)

A: Realistically our wavelengths now are > 1 cm, can’t “rearrange” friction media
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Coil training with lower friction

] . . e . s
f) = In(1— 2 1) _ ml1— i —nin(1 + B/a) a is proportional tf) the static friction coefficient 1; Ie'F s denote
I by ua any change in the parameter caused by change in

SS
static friction (ua ~ uys) and the initial/nominal slope at u =1 by m,,
—e™,
S/OPE =M= |[n (1 — (1 ° )) F{x)=1n{1-0,7)—x%0,054 o | 12 | da | 4 | 1 |«

u g{x)=In{1-0.7)—x=0.1
h{x)=In(1-0.7)-x%0.5

SS

FOO=In{1-{1-exp{0,05))/x) FOO=1In{1-{1-exp{(x)}/0.5) .

o f(n) vs n for different m
slope vs. My ,/1.. is set to 0.7
-8.35 Slope VS. u -8.35 (at u= 0.5)

83 (at mo = 0.05) 8.3

=3

8,15 8.15 39 fn = '16 for I/ISS = 08
M s . f.=-2.3forl/l,=0.9
f.=-4.6forl/l=0.99
(0,0) https://rechneronline.de/function-graphs/
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Vibrations in magnetic field

Unit length of the line: |

= |f we have a non-superconducting closed-circuit area with
varying magnetic flux density, we’ll have energy losses

= One way to have that in a coil is by vibrations though they
have to have specific characteristics to fulfil the conditions

above g I\

Mechanical wave E B
visualization '

= The power losses need to be compensated by the
vibration energy source

Iel = ['C, C]

This is not the only way to describe the process,
the important part is that vibrations of the proper
kind will force repeatable flux changes through a surface.

Now, | want to check if it is possible at all to have sizable energy depositions in short time in coils.
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Vibrations in magnet cables

Copper line Let’s take two scales: strand and filament Unit length of the line: |

cross-section Strand:
diameterd =2r~ 1 mm
average copper tube thickness
a~0.07 mm

Filament: 4
r=25x10°%m (Cu matrix cell) :
a=3x10%m Mechanical wave B

visualization |

Iel = ['C, C]

Axis of rotation
(vibration) with
frequency w
(~ 21 20 kHz)

B~10T 0 =Csin(wt)
magnetic flux density If the amplitude A of vibrations is 10 microns and w = 100 kHz
then C ~ 150 prad ~7/20000 ( ~ A/(A/4) = sqrt[8P/(m?v3u)])
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Power losses

B~10T

magnetic flux density magnetic flux through this ring-like area

® =B ntr?sin (0) = B mr? sin (C sin(wt))

Axis of rotation induced emf (electro-motive force) due to those vibrations
(vibration) with g = 0D/0t = B mr? w cos (0) sqrt[C-6?] Ignoring signs,
frequency w self-inductance
(~ 21 20 kHz) resistance of the ring
P(x)—iOOOOOOO*coS(x)*COB(X)*(0.000159).000?5—5)()5in(Wt) R = p znr/(la) = znr/(la G)
cos?(0)*[C* - 0?) \ Copper Copper
T resistivity conductivity
C=150 prad L .
toa energy per unit time (and per unit |):
E/t=P=emf?/R =% o rlar3B2w?cos?(0) [C*>—0?]
S Over one period: <ang> = <cos*(0)*[C* — 0°]>| _;50 yag= 15% 10° and =% =2nv/w
T <cos(0)*[C2 = 02]> | oy urag = 14 X 10715

https://réchnerohIihe.de/function-graphs/
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Power dissipation at different scales

<P>=m2c av<ang>B2wr3 (average power) strand filament
r=05x103m r=25x10%m
o =1x10°S/m at2 K (RRR~ 150) v=4x103m/s w =10° Hz
B=10T (A ~ 25 cm) a=7x10"m a=3x10%m
strand a xr.3/(asxrd)=1.7x 104
<P>=7?2 o© a Vv <ang> B2 w 3~

~  9.5x10%% x 7x10> x 4x103 x 15x10°x 10? x 10°> x 125x10°~

~

5x10° W  One can vibrate strands in that manner but at much lower amplitude
(with C=10 urad, which is A~ 0.7 microns, it goes 6 orders of magnitude down)

filament (those are over 1 \)
<P>=1? o a v <ang> B2 w 3~
~  9.5x1019x 3x10°x 4x103 x 15x10°x 10?x 10> x 15.6 x10 >~
~3x10°% W

then ~150 filaments (or like-sized closed-circuit structures) per 40 strands don’t need much power to vibrate
with the assumed amplitude: total is ~20 mW (ignoring any other constraining force).

Also interesting to consider — effect of emf induced in the superconductor on transport properties.
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|II

“Optimal” power dissipation

Looking at what energy can reasonably be dissipated in a coil (no other losses).

/Let’s clarify again, <P> is for one period, integrated over one wavelength. /

At w=10°, one wavelength is ~25 cm, T ~ 60 ps; a short coil is ~125 m, so 500 A.

If we have 0.25 kW discharged in 30 ms thisis 0.5J/60 us or 0.5 J per 1 A. Having 40
strands: P,..4is 12.5mJ/ 1 A (or 0.5 mJ per cm of strand)

Finding a hypothetical “tube” radius where 1/10 of the power
(2 mJ per cm of cable in 30 ms) would be dissipated: 108/127 RRP wire

r’=<P>(n’c av<ang>B’w)"! Keeping all parameters the same, including a =3 x 10°® m (filament parameter)

r = cubic root ( P X (1> o a Y <ang> B2 w )1~
~ cubic root (1.25x103 x9.51x1019x 3-1x10° x 41x103 x 15'x10°x 102 x 10~ )~
~ 0.2 x 103 m ( this is 2/5 the strand radius)

How filaments or parts of strands could move/vibrate within the strand is hard to model (for me).
However, we can expect significant energy loss IF we manage to supply proper wave excitations wrt magnetic field lines.
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Summary 2

= Vibrations in coils (conductor or else) has the potential to affect training performance
* There is no direct studies on coils yet
* Projected wave parameters are in an accessible range
 We don’t have proper expertise but on the other hand there is no necessarily fine tuning of parameters

= Vibrations also have the potential to induce energy loss in magnet conductor in magnetic field
* Wave parameters are in an accessible range
* Generally, this requires much more demanding wave parameters tuning
* On the other hand, lack of additional energy losses benefits friction-reduction
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Possible path forward

= Dedicated research by focused individual(s) US Magnet Development
* Postdoc (or may be a PhD student) Program (MDP) Goals:
* Development of simulations/software framework GOAL 1:
* Dedicated tests at small-scale (benchmarking) Explore the performance limits of

Nb,Sn accelerator magnets with a focus

* Larger scale test plans
on minimizing the required operating

" Dedicated material support margin and significantly reducing or
» Specialized ultrasonic machine(s) eliminating training.
* Likely close coordination with manufacturers What resources and
* Integration with other developments distribution we want
to provide for reaching

There are no projections yet any of those will be supported.
Then we can invest in small auxiliary experiments, extending
run plans in other tests. We could hope that those small-scale
tests will give us more insights or results making attraction of
funds more likely.

Goal 1?

There are no projections those will get enough

“critical mass” either. So “we” can decide to work along
those lines or dedicated individuals may have to decide how
dedicated they can afford to be.
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Note that for rotating frame in magnetic filed
and using the same formula so far

<cos?(0)*[C2 - 02]>| ...~ 1/2

Thus
<g?>=% (B mr? w)?
which is the known solution




z=In(1-(1-exp(x))/y)

https://www.monroecc.edu/faculty/paulseeburger/calcnsf/Cal
cPlot3D/
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