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A superconducting magnet for particle accelerators is often modeled as an ideal inductor, as it indeed exhibits a completely
negligible resistance; this is fully satisfactory, as an example, for control purposes, as the time constant formed by the magnet
inductance and the resistance of normal conducting cables connecting it to the power converter accurately describe the
essentially dominant dynamics of the circuit. Such a model would however fail to correctly represent the noise attenuation
mechanism at play in practical superconducting magnets, which also include a vacuum pipe or a beam screen in the inner part
of the aperture, an iron yoke on the outer part, and, potentially, a stainless steel or aluminum collar in between. Even at
relatively low frequencies, a more accurate model is therefore needed. A sufficiently general one is proposed and illustrated.

1. Introduction

This work is aimed at improving the impedance modeling of
superconducting magnets for particle accelerators in the
low-frequency range (i.e., from DC to a fewkHz). Its scope
is also limited to individual magnet modelling; in practical
magnet circuits, several magnets might be connected in
series so the circuit can have significant physical length; its
impedance might then need to be modelled as a transmis-
sion line which outgoes the scope of this work.

Availability of a low-frequency model is relevant as it
allows for the proper specification of noise performances,
within the above-mentioned range of frequencies, in magnet
circuits of particle accelerators, as an example for the HL-
LHC (High-Luminosity Large Hadron Collider) project
[1-3]. Clearly, noise in higher frequency can also have a sig-
nificant impact on the beam, but such an analysis far outgoes
the scope of this contribution and would need to be carried
out decade by decade [3] as different phenomena come to
play in different frequency ranges and from different causes
(not necessarily related to the noise produced by the power
converters). The exact type of noise analysis carried out in
this work will be clarified in the following; its focus is, how-
ever, limited to the impact of voltage noise (inevitably pro-

duced by power converters) on the magnetic field to be
experienced by the beam. The proposed model should nev-
ertheless be considered instrumental to further analysis on
beam dynamics figures of merit which however outgoes the
scope of this work. It is fundamentally a generalization of
the content presented in the seminal paper [4] carried out
with a more rigorous and coherent notation. Indeed, in
[4], the frequency domain, Laplace domain, and time
domain notations are often used all at once, which does
not allow for a concise and rigorous analytical formulation
of the overall magnet impedance as seen by the circuit termi-
nals (i.e., by the power converter terminals). Such a draw-
back is overcome here, and several generalizations are also
presented and discussed together with an illustrative case
study.

The content is organized as follows: in Section 2, the
basic assumptions are presented together with the relevant
results and their complete derivation. In Section 3 the pre-
sented results are translated into a simple equivalent circuit,
generalizing the one presented in [4]. Particular emphasis is
given to the noise analysis which can be thought of as the
main goal of this work. A dominant effect is identified and
described in detail in Section 4.At the same time, an exact
formulation is presented for an ideal dipole magnet, and a
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simple case study, from the Large Hadron Collider, is dis-
cussed to better illustrate the soundness of the approxima-
tions introduced. With regard to important practical
features, only nominal operating conditions are considered,
as they are the only relevant ones for the quality of circulat-
ing beams. The impact of the different structural elements
(collars, yoke, etc.) on quench events or on faults (electrome-
chanical, thermal, etc.), although quite critical for practical
operation, is therefore not investigated herein. The presence
of an iron yoke and the impact of magnetoresistance,
together with a more accurate calculation of the inductance
(to the best of the author’s knowledge, such a formula has
not been presented elsewhere), are briefly addressed in the
Appendix to help readability. Summarizing remarks are
finally given in Section 5.

2. Low-Frequency Field Modeling

2.1. Quasistationary Magnetic Modelling. The fundamental
assumption herein is that the displacement current density
J, = 0D/0t is negligible with respect to the intensity of the
magnetic field internal stray capacitive effects (in the nF
range), such as, for example, the ones between coils and
stainless steel or aluminum collars, are herein neglected as
they normally kick in at higher frequencies (tens ofkHz)
(D being the electric displacement field). Furthermore, the
physical dimensions of superconducting magnets are such
that no propagation phenomena need to be considered.
Maximum physical dimensions considered are indeed negli-
gibly small compared to the shortest reasonable wavelength;
as an example, one can consider a maximum frequency of 1
MHz (well beyond the range of frequencies of interest in this
work) for which the corresponding wavelength would be of
about 300 m, so a 10 m-long magnet would still be accurately
approximated.

With both these conditions, the modeling presented here
falls within the so-called Quasistationary Magnetics.

2.2. 2D Modelling. In addition to the above hypotheses, to
further simplify the modeling, the lengths of magnets (along
the conventional axis z) are considered large enough, so a
2D approximation is deemed satisfactory (edge effects are
neglected).

2.3. Absence of Nonlinear Materials. All materials considered
here are assumed to be linear. The more realistic case of
superconducting magnets with a concentric iron yoke is dis-
cussed in the Appendix although a full investigation of its
nonlinear and frequency-dependent impact on the presented
results is beyond the scope of this work. Furthermore, con-
ductive materials experience magnetoresistance; this is also
briefly addressed in the Appendix; although the impact of
this effect is likely to be smaller than the one caused by the
saturation of the iron yoke, its full investigation is beyond
the scope of the work presented.

2.4. Thin Layer Approximation. Following closely the analy-
sis conducted in [4], and using the same notation, it can be
shown that a current I(s) (with s being the variable of the
Laplace domain, the initial conditions are all assumed to
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be zero) flowing perpendicularly through an annulus having
an average radius r =0 and a thickness A;, as shown in
Figure 1, produces, for a magnet of order n (n=1 for a
dipole, n=2 for a quadrupole, etc.), a magnetic vector
potential:

n sgn (b-r
A(r6.9)=7) =0 (5,6,9),

bA
AL(5.0,5) =ty . (6,6.9)

The quasistatic current density is

cos (nf r—>b
gne =5 os(T0), @

where N, is the number of turns, and therefore, I(s)(N,/2)
cos (nf) represents the azimuthal current density distribu-
tion within the annulus (it is assumed that J,(b,6,s) =[N,
cos (n0)/2]1(s)(1/b4,) as equation (2) is to be correctly
interpreted as a generalized function).

It must be noted that in equation (1), the factor bA,
(proportional to the area of the annulus) is present both at
the numerator and at the denominator; therefore, the inten-
sity of the potential vector depends only on the intensity of
the current I and its azimuthal distribution. This expedient
allows factoring the expression of the potential vector, which
turns out to be useful in the following; furthermore, this for-
mulation does not have the drawback of the one proposed in
[4] where the current density was expressed in Am™! instead
of the correct Am™2.

It is probably worth highlighting the notation introduced
in equation (1), and adopted throughout the work, which
exploits the signum function sgn as an exponent. This is
done to make the expression of the magnetic vector potential
more compact, although less conventional than in [4-6], by
avoiding the explicit description of two cases at each
occurrence.

It is fundamental to note that the complete mathematical
derivation has nevertheless been carried out assuming that
the thicknesses A,, A,, and A, are (negligibly) small com-
pared to the respective radii a, b, and ¢ such that all fields
in the annular sections can be considered radially uniform.
This clearly represents an idealization which might not
always accurately represent practical superconducting mag-
nets for particle accelerators; these aspects will be addressed,
when relevant, in the next sections and in the Appendix.

2.5. Inner Conductive Layer (Beam Screen). At r=a (a < b),
there is a thin sheet of conductor with thickness A, repre-
senting a so-called beam screen (which could also represent
a simple vacuum pipe where an actual beam screen is
absent). A current is induced which can be written as

J.(a,6,5)=0'E, =—s0'[A,(a,6,5) + AL(a,0,5)], (3)
where o is the conductivity of the layer and A, + A. repre-
sents the total vector potential A",
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Ficure 1: Simplified cross-section (not to scale) of an ideal
superconducting magnet with superimposed adopted cylindrical
coordinates): coils are located at r = b, an inner conductive shell
(beam screen or vacuum pipe for example) is located at r =g, and
an outer conductive shell (stainless steel or Al collar as an
example) is located at r=c.

The dependence on 8 and s will be omitted in the follow-
ing. AL(r) can be expressed by considering the new source

Ji(a) as

a son (@)

. A sr\n
A =m0 Ji(a)
al 7\ sgn (a-r) i 1 to
i ()" o

ad, (z)ﬂ sgn (a-r) (4)

e [A.(a) + A1)

i |:(£)n sgn (a—r)ﬂo% (g)n sgn (b—u)]z(b) . (2);1 sgn (M)A;(a)],

=—so',

where

aA, (5)

i
T.=0
i lu() n

has the dimensions of time.
A (r) can therefore be rewritten as follows:

AL(r) = —st; {(g)" (1)’1 e ) (?)n - (M)Mu% (%)n - (bir)]z(b) +AL(r)

a

=7, [K (1A, () + AL(7)]

(6)

3
where
1, r<a,
ki(r): (;)2;1’ a<r<b, (7)
(g)2 —k, r3b
Therefore,

A(r). (8)

The total vector potential in this case is A (r) = AL(r)
+A,(r) which can be finally calculated as

1+t [1 - ki(r)}

A;"t(r) - 1+ s7;
1

A (7). ©)

Therefore, the inner conductive layer introduces a ratio-
nal transfer function (between the source potential vector
and the fotal one) which has a pole with time constant T;
and a zero with time constant 7,1 — k'(r)]. The position of
the pole is determined only by the conductivity of the annu-
lus and its area (actually, by the product of the two) together
with the order of the magnet, while the position of the zero
also depends on the radial coordinate r. In particular, in the
interior of the conductive layer r <a, ki(r) =1, the zero dis-
appears. This implies that within the range of frequencies
considered herein, the field in the interior of the conductive
layer keeps being attenuated as the frequency increases.

2.6. Outer Conductive Layer (Stainless Steel or Al Collar). At
r=c (c > b), there is a thin sheet of conductor with thickness
A, representing a stainless steel or Al collar often present in
the magnet design. A current is induced, which can be writ-
ten as

J.(c,0,5)=0°E, = —s0°[A,(c, 0,5) + AJ(c,0,5)],  (10)

where 0° is the conductivity of the sheet and A, + A7 repre-
sents the total vector potential A",
A(r) can be expressed by considering the new source

J2(c) as

. A, gryn s (en)
A= 5, () 2(9)
CA, fr\n sgn (c7)
— el _ uAtot(C)]
0 2n (c) [~s0°4;
cA, yr\n s (er) N
=0 [A.(0) + A2()]

e ()T ) e () o)

=-s0"u,



where

cA, (12)

0
T,=0 Uy—.
° 92n

AJ(r) can therefore be rewritten as follows:

B\" sy osen () (BN " O pAL e sgn ()
o —_ e ° e T (T o
A2(r) = {() ) () 5, (5) J.(b) + A2(r)

= =T,k (A(r) + AZ();

(13)

where
2n
(é) =k, r<b,
c
R ={ /5 (14)
(—) , b<r<ec,
r
1, r=c
Hence,
orn __STK(r)
A == A, (15)

from which the total vector potential can be calculated as

LT, [1-K(r)]

Ay = 20 . (16)

The outer conductive layer also introduces a rational
transfer function which has a pole with time constant 7,
and a zero with time constant 7,[1 — k°(r)]. The position of
the pole, as for the inner layer, is determined only by the
conductivity of the annulus and its area (actually by the
product of the two) together with the order of the magnet,
while the position of the zero also depends on the radial
coordinate r. In particular, in the interior of the coils r < b,
k°(r) = k,; hence, the zero is at constant position and its time
constant is smaller than the one of the pole (zero is at higher
frequency w.r.t. the pole); in this case, no further attenuation
of the source field is experienced beyond the frequency of
the zero.

2.7. Inner and Outer Conductive Layers. In this case, the total
potential vector must account for both contributions:

AL = A (r) + AL(r) + AL(r), (17)

which will be discussed first individually and then com-
bined in the following subsections.
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2.7.1. Inner Layer Contribution.

. aA  sr\n sgn (a-r)
A =52 (2) Ji(a)

al, (rynsen @
Q) @)

ald, (r\n s

== G (5 )+ o) 200

= () e ) st e G (5) 0]

Rearranging and factoring terms, it yields
ALr) = =t [K (DAL () + AL + R (DAAD], - (19)

where

k=) (GO

2n 20
(O acr<e 20)

CA, fr\ " sgn (c-r)
a0 =5 () J2()
A s e
—Hoﬂ (g) [ s0° A (C)]
1 sgn (c-r)
= —st, (2) [A.(c) + AL() + A2(0)]
monosgn (1) [ DA, senn sgn (b-c) al, so\n sen (a=c)
==t (}) {#T ;) L®)+15 2 (5) Ji(a)+ Az<c>] :

(21)
Rearranging and factoring terms, it yields
AL(r) = =57, [K(NA, (1) + K (N4 () + A(n)], (22)

where

2= OO 1 aere

(23)

2.7.3. Combining Contributions. In the following, the depen-
dence on r will be omitted unless expressly needed.

Al = s, [k”AZ + AL+ kéA;’} ,

(24)
A2 = —sT, [K°A, + kAL + A7,
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i 5T; i ipo
A= 13 ST [k At k"AZ}’ 25)
A0=—"T0 [10A, + KA.
2 1+sT, =
Two transfer functions are defined:
ST;
H,(s) = L, 26
i(s) 1+ s, (26)
ST,
H = °_, 27
()= o 27)
so that the system can be rewritten as
AL+ Hi(s)k,AL = ~H,(s)K'A,, (28)
H,(s)k}AL + A2 = —H,(s)k’A,.
Its solution is as follows.
. K -KH,(s)k
AIZ =— oiomHi(s)Az,
1 - H;H kK, (29)
K — K'H,(s)k
AZ == I(S) 'l HO(S)AZ’
1 - H,H Kk
which can be expanded as follows:
T [kf — st /(1 + sro)} Kk
P LSt = [sti/(1+sT,)[sT, /(1 + 5T, KK T
Ao —__5To k% = sT,/(1 + s7;) | KK
T LT 1= [sti/(1+ sTy)][sT, /(1 +sT, )KL KD T
(30)

The final expression, in canonical form, is

K - st, (k;k" - k")

Al =1, — A,
1+s(1,+71,) +52(1 - k;kf)
(31)
K - st, (k"k;? - k")
A} =—st, A,.

1+s(1,+71,) +52(1 —k;k;’)

It is now possible to write the total potential vector A%
(r)=A,(r) + AL(r) + A2(r) as a function of A,(r), produced
by the source current, as follows:
1+ s[r,. (1 - ki) +,(1- k”)] +$21,,y(r)

1+s(T; +7,) + 1,7, [1 - kikf}

A;m (1’) =A, (1’)

>

(32)

where p(r) =1 -k - k° + K'k + Kk — K. KO,

As K, k% k', k? all depend on r, the above expression is
fully general and allows for the calculation of the total poten-
tial vector anywhere. From this general expression, it is easy
to highlight the presence of a rational transfer function
between A_(r) and A (r) that has two poles and two zeros.
Only the position of the two zeros depends on r as

a

K (IR (r) = (7)2" —kk, <1, (33)

C

therefore, the coefficients of the denominator are fixed,
hence the position of the poles. It is also straightforward to
verify that such a transfer function is a minimum phase:
the real part of both poles and zeros is negative (second-
order polynomials with all positive coeflicients; it can also
be easily shown that the two poles are both real).

3. Circuital Model

3.1. Inductance. Equation (32) allows the calculation of the
total magnetic potential vector everywhere; in particular, it
allows to calculate it in the coils (r = b), and this is enough
to calculate the inductance of the magnet (electrical termi-
nals of the magnet are indeed located at r = b).

3.1.1. Potential Vector in the Coils. Note that

i i (35)

the expression of the potential vector in the coils can be sim-
plified as follows

1+ s(r,kﬁ + Tok;) + 827,71, (1 - k; — k, + kik,)
(0)

Atot =A
2 (b) L+s(t;+7,) +827,7,(1 — kjk,)

z >

(36)

which can be rewritten to highlight its dynamics by means of
the factor A(s) as

AX(b,0,5) = A,(b,6,5) A(s). (37)
3.1.2. From Potential Vector to Inductance. In the quasista-

tionary magnetic conditions assumed throughout this work,
the stored magnetic energy can be calculated as

%= [[],)-Adv (38)



For the 2D approximation used herein, the stored energy
per unit length is therefore

d# 1
MZEZEJ‘J‘SI'AdS, (39)

where the surface S is the cross-section of the magnet; how-
ever, J is nonzero only for r = b.

Since the total potential vector at r = b is simply the source
potential vector times A(s) (the transfer function in equation
(37)), the energy per unit length can be easily calculated.

1
w=5 .[Is]z(r’ 0,s)A(s)A,(r, 0, s)rdrd0

_ 1 N o
—EA(S)I (s) ™ b—AbbAbJO cos”(ng)do (40)

NP (s)m
0 16n

=As)u ,
where 8[(r — b)/A,]r dr has been integrated over all possible
values of the radius whose result is equal to bA,.

The inductance per unit length € can be derived from the
energy per unit length as follows:

B dL B 10w (41)
Tdz 1ol
which gives
Nfﬂ
e=As)iy g = A(S)toc: (42)
The static or DC inductance can be written as
nIN?
Loc=8pcl = g —L1, 43
DC = tpct = Ky 8n (43)

where [ is the magnet length over the z axis (this expression
coincides with the one reported in [4]).

Finally, the sought dynamic inductance
expressed as

can be

L(s) = LpcA(s). (44)
3.2. Equivalent Circuit. It can be verified that

[+t (1=k)][1 +5s7,(1-k,)]

= , 4
L+s(t; +7,) + 821,71, (1 — kik,) (45)

A(s)

to which corresponds the equivalent circuit in Figure 2.

The proposed equivalent circuit represents a generaliza-
tion of the one presented in [4]. It allows several consider-
ations to be made:

(i) Not all the current supplied by the power converter
i 1S producing magnetic field in the theoretical
aperture of the magnet (r < b); indeed, a fraction i,
is shunted by the outer conductive layer
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. 1B
direuit < A
{’77’(;:111 }Z‘ }

Lpc

koT,

o] < — A7
Lpc
(1 - ko)
ko

o

FiGure 2: Full circuit model for a lossy superconducting magnet:
inner and outer conducting shells.

(ii) The magnetic field within the magnet’s aperture can
be thought as produced by the current iy

(iii) Not all of the field produced by i5 is actually seen

by the beam in the interior of the inner conductive
shell (such as the interior of a beam screen, r < a)

(iv) There is indeed a shielding effect, and the difference
between the field outside the inner layer (a <r < b)
and the field inside the inner layer, (r <a) can be
thought as being produced by the difference current

i;= iBm — i,
(v) In other terms, only the current iy is producing the
magnetic field seen by the beam

The equivalent circuit allows for an easy calculation of
many interesting features. In particular, it allows studying
the effect of power converter noise (both voltage and cur-
rent) on the magnetic field seen by the beam inside the beam
screen or vacuum pipe.

As an example, from equation (32), the TF (transfer
function) between the vector potential in the region r<a
with and without the inner and outer layers is the following:

Al'(r<a) 1+s7,(1-k,) (46)
A(r<a)  1+s(r;+1,) +s21,7,(1-kik,)

This TF can be deduced from the equivalent circuit, as in
Figure 2, as
(L+st)[1+s7,(1-k,)]
icircuit iBm icircuit 1+ ST L+ S(Ti + TO) + SZTiTO(l - kika) .

(47)

le _ le le _ 1

The analogy between the equivalent circuit and the
dynamics of the magnetic vector potential cannot be further
generalized though as, for example, current i, would be
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flowing at r = ¢ whereas the proposed circuit is limited to the
electrical terminals of the magnet, ie., r = b. Nevertheless,
the equivalent circuit represents still a very useful model,
and indeed, one can derive many other figures of interest;
as an example, the losses during the energy ramp up and
ramp down phases can be calculated by the knowledge of i;
and i, along with their respective resistances (easily derived
by inspection of the equivalent circuit).

3.3. Noise Analysis. Equation (47) answers fully the question
of how much noise passes from the i ;,,;, to the magnetic field
experienced by the beam (r < a). The overall effect is an atten-
uation that at high frequency (higher than the frequencies of
all poles and zeros) gets stronger by 20 per frequency decade.
It is nevertheless clear from the equivalent circuit that the
overall magnet impedance is smaller than that of a supercon-
ducting magnet that has no inner or outer layer because of the
parallel branches (circuit admittance is larger). As such, for a
given voltage noise contribution, the overall circuit current
noise is larger for a magnet with inner/outer conductive layers
with respect to an ideal one. Therefore, the relevant question is
how a real magnet compares to an ideal one in terms of noise
transfer from the power converter voltage to the magnetic
induction field experienced by the beam.

The admittance of the circuit shown in Figure 3 is
expressed by the following equation:

i 1 L+s(;+71,) + 81,7, (1 - kik,)

_ lcircuit  _
Acircuit_vu‘ _K 2 3 ’ 3 I (48)
circuit cl+sTo+ 8 |T T+ T, ) +TT,Y;| +$T.T7,
where
_ LDC
TR
C

TZ:TC+T1'+TD’ (49)

=(1-k)r,7,=(1-k,)7

[

Yio = 1- kiko'

The TF of interest is the one from v,,; to iy which is

expressed in the following equation.

iBb _ iBz, Leircuit
Veircuit icircuit Veircuit
1 1+s7,(1-k,)
"R,

> 1ot 3 11
cl4sty+ 8|1 (T,+ 7, ) +T,1,);,| + 117,

(50)

Equation (50) shows that there are one zero and three
poles, indicating a stronger attenuation of noise (in high fre-
quency) w.r.t. the no layers case as expressed in the following

equation
i no layers 1 1
B, = . (51)
v R.1+sT

circuit c

RC
VWY

Leircuit

koTo

2o
Vcircuit Umagnet

F1GUrEe 3: Full circuit model as seen from a power converter of a
lossy superconducting magnet: inner and outer conducting shells.
R, represents the resistance of the normal conducting cables
connecting the power converter to the superconducting magnet.

Leircuit Re

———WW

Veircuit (D Umagnet

FIGURE 4: Circuit model seen from a power converter of a lossy
superconducting magnet: most general inner conducting shell.

However, in such a form, i.e., equation (50), there is not
much insight about the extra filtering; such expression can
be considerably simplified noticing that 7, > >7,,7,, 7}, 7);
hence, the following approximations hold:

! ! !
Ty =T +T;+T, =T, +T;+T5 =T,
(52)
! ! - ! ! 11
T, (Tl- + TO) FTT,Y =T, (Ti + To) +T;T,.

Combining equation (50) and the approximations in
equation (52) gives

ip, 1

N 1+st,(1-k,)
Repts Ty + 52 [‘rc (T: + T;) + T;Tg] + 1T,

Veircuit

!
o
c(1+st, (1 +5‘r£) (1 +ST(’))

)
1 1
R_C(l +5T,) (

1+st

| =

=

—

!

1+ s7;



From equation (53), it is straightforward to deduce that

: : no layers : no layers
=~ ;= .
Veircuit Veircuit 1+ ST; Veircuit 1+ STi(l - kz)

(54)

Equation (54) shows that

(i) there is a first-order additional filtering effect

(ii) only the internal conductive layer (such as a beam
screen) contributes to this additional filtering from
voltage noise (to the magnetic field experienced by
the beam) (in this respect, the usefulness of the pro-
posed modelling holds even for practical magnets
when the assumption of a thin layer for the stainless
steel or Al collars does not)

(iii) the filtering occurs at higher frequencies compared
to the filtering effect of the currents (or equivalently
of the fields themselves)

(iv) the ratio iy /iy indeed depends on the time con-

no layers

stant 7;, whereas the ratio iy /(i ) depends

on 7; and 7; is larger than 7,=7,(1 — k;) as 0 < k; < 1
4. General Model for Inner Layer

In the previous section, it was concluded that the dominant
effect is the one due to the inner layer; in the Appendix, it
will be shown that, considering only the inner layer, the pro-
posed equivalent circuit is well defined even in the presence
of an outer iron yoke. A generalization is now presented by
means of the symbolic equivalent circuit shown in Figure 4.
For such a circuit, where

H(s) = =2 (55)

2u.[(a—-AR2)/(a+ Al2))
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the TF of interest (i.e., between the power converter volt-
age and the current iy ) can be written as
v,

', !B, v

_ inner . magnet
Veircuit - Vinner Vmagnet Veircuit
H
1 sk’ LpcH(s)

= KLy sLDCKl _le> +kfIH(S)}
sLDc[(l —k,H) +k,.HH(s)]

. RC+sLDC[<1 —k,~H> +k,HH(S)}

1 H(s)

Ry +src[(1 —k,»H> +k,HH(5)} )

(56)

where an equivalent geometrical factor k|’ is replacing
the one introduced in equation (7).

Equation (56) simplifies into equation (53) in the thin
layer approximation whereby, from equation (9),

H(s) = IZZ:((SS)) "1 +15‘r,-' (57)

All conclusions drawn from equation (54) concerning
the noise attenuation are hence valid irrespective to the
validity of the thin layer approximation; in particular, the
relevant fact that the additional noise attenuation (from
voltage-to-current or voltage-to-field) becomes dominant
at higher frequencies w.r.t. the current-to-current (or field-

to-field) attenuation as k' < 1.

4.1. Full Analytical Formulation for a Dipole. For a dipole
magnet, ie., n =1, an exact expression is available for the
case of the inner conductive layer in the region r < a.

In [7], a general formula, equation (58), is reported
where the thickness of the layer is not bounded to be much
smaller than the radius a ; such a formula is also a generali-
zation of the one presented in [8] (both of them only apply
to dipole magnets, i.e., n=1),

, (58)

The quantities involved are as follows:

. -1+

y=\/i2nfu,p,ol = D

Yo =7 <u— ), (59)
yu+=y-<a+ )

[STR S ST N

(1K () =1 Ky )| 11 (0a) + 70 B 0) | = [01 ) = v B )| K3 () 70K ()

where § is the penetration depth of the conductive layer hav-
ing an electrical conductivity o’. The functions involved are
the first-order modified Bessel functions of first I; and sec-
ond kind K, and their first derivatives (w.r.t. their argu-
ment). Assuming that g =1 (which is an excellent
approximation) and noting that

2K|(2) = -2Ko(2) - K, (2),

(60)
21}(2) = 2ly(2) - 1, (2)
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F1GURE 5: Bode plot comparison: equation (61) in blue vs. equation (57) in red. Top: amplitude; bottom: phase.
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FiGUre 6: Impulse (top) and step (bottom) response comparison: equation (61) in blue vs. equation (57) in red.

Equation (58) can be considerably simplified to become
equation (61),

AlM(r) 2[(a—AR2)/(a+ Al2)] ' (61)
A(r)  RKi(Ve ) + Ve Ko(Va Vardo(var) + RL(Va ) = Va Lo (va ) Ve Ko(var)

4.1.1. Case of LHC Dipole. A numerical example is illustrated ~ however, such a cross-section can be assumed to be circular
considering the case of the LHC dipoles. The cross-section of ~ for comparison between the exact analytical model and the
the LHC dipole beam screen is not perfectly circular; an  first-order one considered within the scope of this work.
equivalent first-order approximated TF is presented in [9];  The whole beam screen is further approximated only with
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the thin layer of copper, for which, however, the magnetore-
sistance effect (briefly discussed in the Appendix) is taken
into account. The parameters used for the beam screen are
the following: a~ = (a - A,/2) =18.45mm, A, =75 yum, and
0'=2.09x10°Sm™ (at 20K and 8T). The comparison
between the exact expression in equation (61) and the
first-order approximation, equation (57), is illustrated in
Figure 5 in the frequency domain and Figure 6 in the time
domain. It can be observed that the impulse response
(impulse response hs(t) = F '[H(s = j2rf)]) of the exact
TF is zero at t =0 (Figure 6, top) which is a consequence
of the fact that the TF is of an order larger than 1; indeed,
its phase response (Figure 5, bottom) goes beyond the
asymptote of -90° of the 1% order, thin layer, approximation.
The overall agreement is excellent up to about 10kHz
whereas, looking only at the amplitude (which is the relevant
one for noise considerations), a very good agreement is
maintained even beyond about 20 kHz when the penetration
depth & becomes equal to the shell thickness; this is an
important result which confirms the validity of the thin layer
approximation presented and its relevance for existing and
next-to-come particle accelerators.

5. Conclusion

A quasistationary magnetic model of an ideal superconduct-
ing magnet has been presented. Although idealized, the
model includes all the important constituents of practical
particle accelerators magnets: the beam screen, the iron yoke
(addressed in the Appendix), and the collar. The model has
been translated into an equivalent circuit generalizing the
one presented in [4]. Such an equivalent circuit has been
exploited to carry out a noise analysis focusing on the final
impact of power converter voltage noise on the magnetic
field to be experienced by the beam. A quantitative, although
approximated, estimation of additional noise attenuation
(w.r.t. a pure inductance model of the magnet) has also been
presented and represents the main result of this work. Non-
thin inner and outer layers have been briefly addressed in
this context, whereas the coils’ layer is discussed with more
details in the Appendix where the validity of the presented
model is shown to hold.

Appendix
A. Iron Yoke

The presence of a thick concentric iron yoke, with relative
permeability p. and inner radius d (outer radius is assumed
large enough not to be considered), as shown in Figure 7 can
be accounted for, following [5], by means of the equivalence
with an image current I' located at radius b’ such that

(A1)

(A.2)
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Ficure 7: Simplified cross-section (not to scale) of an ideal
superconducting magnet with an iron yoke with inner radius d.

Ir
LDC
Kz,

Ir
DC I
K% (1-ko) k"Lgc kiLgc

T

e}

FIGURE 8: Approximate circuit model for a lossy superconducting
magnet: inner and outer conducting shells with an iron yoke.

This equivalence is valid for r < d; the resulting potential
vector AL(r) would be

bA, (ryn s (b-7) b'ay [\ ()
t — gy b (D b (T an
Az(r) =Ho 0 <b) ]z(b)_”’lo n ( > ]z(b )

b,
(A.3)
Following again [5], it can be observed that
76 )4 = () 1) (A4)
z()b’—”r+lg (D)4, :
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From equations (A.1), (A.2), and (A.4), it is easy to see
that

(A5)

NSRAYN _[47_1
L (b)0'a, = L) (04,

So, equation (A.3) can be finally rewritten as

bA, /ryn sen (b-r) “1 g () /N (0)
t e Yr _ —
ao=me () B 6y ()

(A.6)

In the region r < d, equation (A.6) can be further simpli-
fied in
A(r) = A (N1 +B(r)], (A7)

where

(A.8)

I WA N N )
A= (3) 5) '

The mathematical derivation of the general case of both
inner and outer conductive layers without iron yoke has
been carried out in Section 2, in particular, equations (18)
and (19) for the inner layer and equations (21) and (22)
for the outer.

Analogously to what is done in equation (18), the contri-
bution to the inner layer with the iron yoke present can be
written as

; ad, (r\n ssn (a-r) . al, (r\n s (a-r)
A =u 5t (2) ORI
r

a
= (5 “ AL (@) + Al (a) + A2(a)]

- [—sa"Aﬁ_f”(a)}

_— (g) nsen (o) {[1+ B(a)]A, (a)+AL (a) + A%(a) }.

(A.9)

Analogously to what is done in equation (19), equation
(A.9) can be factorized as

AL(r) = =57, K (NAL(1) + AL(r) + K, (DA, (A10)

z

where a new positional function is introduced:

1+p(a)
L+B(r)

For the outer layer, equation (21) would now read as

ki (r)=K(r) (A.11)

cA, <r) sgn (e-1)

, , cA, jrn s ()
Az(r) =t~ ( )

20 =t " [so°A"(0)]

C. C

= s, (;) e (e [AL(c) + Al () + A%(c)]
= s, (g) e (”7”{[1 + BO)AL(O+AL(c) + A2() ),
(A.12)
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whereas equation (22) would read as
AY(r) = =7, [k, (A, (r) + k] () AL(r) + ()], (A.13)
where
o1 _ o LB
ki (r) =K°(r) T+ B0 (A.14)

By means of the k}, and kJ, functions, the total magnetic
potential including the effect of the iron core can be written
in a form completely analogous to equation (32):

1+s [Tl- (1 - k§,>] +7,(1 = k§,)] + 1,7,y (r)

AP = A1+ B(r)] .
1+s(1;+1,) + 97,7, (1 - k;k;’)

>

(A.15)

where y, (r) =1 - ki, — ko + K} kO + K k! — K. KO,

All the considerations made about the position of the
zeros and the poles remain valid in the presence of an iron
yoke. In particular, in order to determine what is seen at
the circuit terminals, ie., r = b, the following constants are

needed:

K0) =K O) 1) =K =k,

0 _ 10 1+ﬁ(C)_ 1+ﬁ(C)_ Ir
klr(b) 7k (b)l+ﬁ(b) 7kol+ﬁ(b) 7ko’

Yir(b) =1k =k ki + kyk = Kk, = (1= k) (1K)
(A.16)

B. Inductance and Approximated
Equivalent Circuit

For what the inductance is concerned about, its DC value
depends only on the total vector potential at r = b; it is there-
fore pretty straightforward to deduce that

Lise = Loc[1 + B(b)] = Lnc [H reit) ] (B.1)

As for equation (44), the dynamic inductance can be
written as

Ly, (s) = Lpc A, (s), (B.2)
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where

1+s [T,.(1 —k)+T, (1 - kf,’)} +s21,7,y;,(b)
A =
1r(S) 1+s(t; +1,) + 81,7, (1 - kik,)

) [1+s7;(1-k;)] [1 + STO(I B kir)]

L+s(t;+71,) +s21;7,(1 = k;k,)
(B.3)

Unfortunately, there is no equivalent circuit to equation
(B.3) as it exists for equation (45).

However, an approximate equivalent circuit as the one
depicted in Figure 8 can still be devised; its impedance would
be

[1+s7;(1-k;)] [1 + STO<1 B kf’rﬂ
L+s(z;+7,) + 51,7, (1 - kik{;) |

Z(s) = (B.4)

The position of the zeros of the equivalent circuit is
identical, whereas the position of the poles is slightly off.
It should also be noted that for reasonable magnet geom-
etries, the factor k7, would not be significantly different
from k°, so finally the equivalent circuit is still a rather
accurate approximation. Furthermore, since the factors
ki and k' are exactly the same and that the inner layer
is the dominant one for the noise analysis (as already
shown), it can be safely stated that the presence of the
iron yoke does not affect at all the conclusions drawn so
far. It is important to note that even if the presented
dynamic inductance could have a more general validity
by assuming p, = p,(I,s) (i, u, being a function of both
the current intensity I and its frequency), it should be
considered hereby as a valid model only for small current
variations around a given steady current level; as such, it is
perfectly suited for noise analysis purposes.

C. Finite Coil Thickness

In the case of finite thickness of the coils, i.e., when A, is not
negligibly small compared to b, the quasistatic current den-
sity is assumed to be constant between the inner and outer

radii b =b+ A2 and zero elsewhere
(IT[(r = b)1A,) = u[r — (b= A,/2)] —u[r — (b+ A,/2)]  where
u(.) is the Heaviside function):
_ N, cos (n0) 1 r—b
J.(r,0,5) = fl(s)b—AbH 4, ) (C.1)

The magnetic vector potential produced by this new cur-
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rent density can be calculated as follows [6]:

I 1
A (r,0,5) = ?NtT(S) cos (n@)bj
n b
b+
r”J AT, r<b’,
.

r b*
r”J A+ f"J AL, b <r<bt,

b~ r

b+
r‘”J A, r>b",
.

(C.2)

where the integration variable A spans the radius of the coils.
In this case, the different transfer functions that have been
calculated so far would need to be modified accordingly.
However, by means of Taylor expansion in terms of the rel-
ative thickness A,/b, it can be shown that

N,I
A, (r,0,s) = g—Z‘T(S) cos (nf)

(lg)” [1 + ”(”2; 1) (%>2+...], r<b’,
<1:>”[l+n(nz;rl) <Abb>2+...], r> bt

(C.3)

where only powers greater or equal to 2 appear. Neglecting
those terms will result in an expression identical to the
(ideal) one in equation (1). Calculating now the vector
potential in the coil region (b~ <7 < b*) and then the energy
and again expanding in Taylor series, it can be shown that
the inductance has the following expression:

N? n(A\  n AN

where the dominant contribution is given by the first power
of the relative thickness. Therefore, the proposed analytical
model, derived with the assumption of (infinitely) thin coils
layer, still holds when it is possible to neglect powers greater
than 1 of the relative thickness of the coils by simply correct-
ing the inductance with the factor: 1 + (n/3)(4,/b).

D. Magnetoresistance

The electrical conductivity of copper and other metals is
affected by the intensity of the magnetic field they are
exposed to, and such intensity depends finally on the circuit
current. As such, the electrical conductivities considered so
far are o' and ¢°, and therefore, also the time constants T,
and 7, would depend on the intensity of the circuit current,
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so the equivalent circuit proposed in the Circuital Model
would be slightly nonlinear.

However, as for the effect of the iron yoke, the noise
analysis could still be carried out accurately for any opera-
tional steady current level (flat-top, injection, etc.).

Data Availability

This work is essentially an analytical modelling one, so it
does not rely on data supporting its results.
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