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Analytical method for the evaluation of field modulation inside the rf-shielded chamber
with a time-dependent dipole magnetic field
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A ceramic chamber with Cu stripes is usually used as the vacuum chamber in a rapid cycling
synchrotron. The Cu stripes terminate at either end as capacitors, and provide the low impedance for
the circulating beam, and the high impedance for the induced current with the frequency components of
the external time-dependent magnetic field (for example, injection bump magnets, bending magnets, etc.).
It is important to be able to precisely estimate the field modulations inside the chamber when the field is
excited, because any such field modulations can cause the beam characteristics to deteriorate. In this paper
a theoretical approach to evaluate the field modulations in a quick and precise manner is developed.
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I. INTRODUCTION

Reducing the amount of total magnetic field errors in an
accelerator has recently become of importance, because
they can result in difficulty in injecting linac beams into the
ring and also cause intolerably large closed orbit distortion
(COD). The intensity of the proton beam in the accelerator
increases [such as that used at the Japan Proton Accelerator
Research Complex (J-PARC), the Spallation Neutron
Source (SNS), and ISIS [1-3]], thus making it essential
to avoid any beam loss caused by magnetic field errors.
The linac beam is usually injected into the ring, while the
bump (dipole) magnets are excited during the injection
period [4-6]. The bump orbit, which is created by the
injection bump magnets, has flattop time in preparation
for the injection beam. When the uniformity of the flattop
field ““inside the chamber” is intolerably broken, the beam
may be lost during the injection period.

In the rapid cycling synchrotron (RCS), a ceramic cham-
ber covered in Cu stripes equipped with capacitors is used
as the vacuum chamber [7-10]. The capacitance is deter-
mined by the low impedance for the circulating beam and
the high impedance for the induced current with the fre-
quency components of the time-dependent magnetic field
[7,8]. The Cu stripes are necessary in preventing the elec-
tromagnetic field from radiating to the external world,
when the beam passes through the chamber (and hence is
sometimes referred to as an rf-shielded chamber) [9]. If
there were no Cu stripes, the radiation could cause noise in
the monitors, which are right besides the chamber, or it
could be a big source of impedance to the beam [9-11].

It is evident that the magnetic field inside the ceramic
chamber is not the same as without it, when the time-
dependent magnetic field is excited outside the chamber,
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because the rf-shielded Cu stripes interact with the mag-
netic flux. It is very important to determine whether the
field error or field modulation due to this effect is signifi-
cant, as the possibility exists that any field modulations
could cause the characteristics of the beam to deteriorate.

While a standard approach to such a typical accelerator
design problem is numerical, theoretical ways of estimat-
ing the field modulation inside the chamber would be very
useful, and hence in this paper we develop a theory to use
when a dipole magnetic field is excited outside the cham-
ber. The theory can also be used to describe the effect of the
ferromagnetic yoke surrounding it. In Sec. II, a general
theory is derived by considering the interaction between
the rf-shielded chamber and the magnetic field. The in-
duced current on the Cu stripes is classified into two types
by source: one being the current in the case where the
magnetic flux traverses a Cu stripe itself, while the other is
where the magnetic flux traverses the area enclosed by the
pairs of the Cu stripes and the flanges on both sides of the
chamber. In Sec. II, the field modulation deriving from
these two types of current are considered. In Sec. III, the
developed theory is applied in some simple cases (the
bump magnet during the injection period and the bending
magnet in the RCS) and explicitly calculate the modulation
of the magnetic field inside the chamber. Section IV sum-
marizes this paper.

II. THEORETICAL WAY OF EVALUATING THE
FIELD MODULATION INSIDE THE CHAMBER

The ceramic chambers in an RCS are usually covered in
Cu stripes equipped with capacitors, as given in Fig. 1. The
interaction between the rf-shielded chamber and the dipole
magnetic field, which is excited outside of it, was consid-
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FIG. 1. (Color) The ceramic chamber covered in Cu stripes
equipped with capacitors. There are flanges on both sides of
the chamber to fix it along the ring. The brown objects denote
capacitors, which are associated on Cu stripes to realize the high
impedance for the induced current with the frequency compo-
nents of the external time-dependent magnetic field and the low
impedance for the circulating beam. This kind of chamber is
usually used in a rapid cycling synchrotron (RCS).

ered. Two types of induced current flow in the Cu stripes:
one is the current that flows inside the Cu stripe, while the
other flows between them. The first is caused by the
magnetic flux that traverses the Cu stripe itself, while the
other by the flux that traverses the area encircled by the
pairs of Cu stripes and the flanges on both sides of the
chamber. In Sec. II, these two types of field modulations
are respectively considered. The former is studied in
Sec. IT A and the latter in Sec. II B.
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FIG. 2. (Color) The schematic picture of the eddy current, which
flows in one of Cu stripes. For simplicity, it is assumed that the
Cu stripe is cylindrical with its radius b. The external magnetic
field B traverses the stripe vertically. Current lines couple to each
other by the mutual inductance.

A. Effect of the eddy currents caused by the magnetic
flux traversing Cu stripes themselves

When the magnetic field traverses one of the Cu stripes,
an eddy current flow is generated (refer to Fig. 2), causing a
field modulation inside the chamber. In this subsection, this
phenomenon will be investigated.

The radius of the cylindrical rf-shielded chamber is
given by a. For the sake of simplicity, the effects of the
ceramics and both edges of this chamber are neglected (this
simplification was applied in order to include the after
effect of the yoke surrounding the chamber in our theory).
Each of the stripes is cylindrical with radius b, as depicted
in Figs. 2 and 3. (The shape of the Cu stripes being
rectangular will be briefly discussed at the end of this
subsection.) As given in Fig. 3, the chamber is surrounded
by a ferromagnetic yoke and a primary magnetic field is
excited outside of it using current conductors. For example,
the ceramic chamber during the injection period with the
3 GeV RCS of J-PARC is just inside a window-frame-type
magnet rather than a C-type or H-type magnet [12]. The
assumption was made that Cu stripes were symmetric to
the x =0 plane. Each of the stripes was defined

FIG. 3. (Color) The schematic picture of the rf-shielded cham-
ber, which is surrounded by the ferromagnetic yoke that is
denoted by the blue object. The current conductors excite the
external magnetic field B(z). Cu stripes are symmetric to the x =
0 plane. Each of the stripes is defined by (Zasin(f +
w)’ —acos(F + %), z), with ID used as the index to
specify the IDth stripe that runs from 1 to N/2, N is the total
number of stripes, a is the radius of chamber, 2g is the gap height
of yoke, and 2/ is the gap width of yoke. The direction of the
external magnetic field is vertical y.
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by (*asinfip, —acosp, z), where Oy, = 7 + 2700-1D

with ID used as the index, which runs from 1 to N/2, to
specify the IDth stripe and N the total number of Cu
stripes.

Since all stripes are cylindrical, the position of the eddy
current was specified using both a local coordinate (7, ¢, z)
and the global coordinate (x, y, z) used to identify the Cu
stripe (refer to Fig. 4). The angle ¢ moves from — to 7.
The symmetry of this system reveals that the direction of
the eddy current for 0 < ¢ < 77 and that for —7 < ¢ <0
are opposites. Using this property, we imagined a small
coil inside the stripe that is composed of the lines at
(rsing, rcose, z) and (—rsing, rcose, 7).

The inductance between the coils specified with the
coordinates of (r, ¢, z) and (#/, ¢’, z) can now be calcu-
lated. Ampere’s law gives us the magnetic field on the coil
composed of the lines (r'sing’, r' cos¢’,z) and
(—r"sing’, r' cosg’, 7) when caused by eddy currents at
(rsing, rcose, z) and (—rsing, rcose, z). The mutual in-
ductance m, between the coils is then given by

Zo >+ r? —2rr cos(¢’ + @)
mp; = 2 10g 2 n _ / T ’ (1)
mc rr+r 2rr cos(@’ — @)
where Zy(= 1207) is the impedance of the free space and
c is the velocity of light.

In order to obtain the current density i(r, ¢) of the coil,
which is composed of the lines (rsing, rcose, z) and
(—rsing, rcose, z), a circuit equation needs to be created.
Not only the effect of the resistance of this coil, but also the
effect of another coil specified by (r/, ¢’) needs to be

Oz
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FIG. 4. (Color) The global coordinate and the local coordinate.
The global coordinate (x, y, z) specifies the Cu stripe and the
local coordinate (r, ¢, z) specifies the position of the eddy
current in one of Cu stripes.

included in this equation. Since the formula of the induc-
tances m, is given by Eq. (1), the circuit equation can be
described as follows:

dB . . b (7 dilF, @) Zy
Dorsing = [ d /f 'y 82 2o
o rsing ,[0 r . o'r T e

r*+ r'? = 2rr' cos(@’ + @)

X log : 5

r-+r

n 2i(r, so)’ 2

g

— 2rr' cos(¢’ — @)

where o is the conductivity of copper and B the original
magnetic flux density, which was assumed to be uniform
spatially for the sake of simplicity. In the above descrip-
tion, the assumption was also made that the field modula-
tion to be derived can be dealt in a perturbative manner,
when compared to the original magnetic flux. It will be
shown that this assumption is plausible in Sec. III when the
field modulation is actually calculated.

In order to solve Eq. (2), the assumption was made that
current density i(r, ¢) can be expanded as

i(r, @) = > A lsing, 3)
k=0

considering the symmetry of this system. Substituting
Eq. (3) into Eq. (2) and integrating it for ' and ¢’ results in
dB  Zy = dA D2 A

= — +—, 4
dt 4ck:0dt k+1 o @

Z()O' d)lk( 1 1 )

/\ j— __r —_
U 40 dt \k+1 k+2

1 gk+1
_ H{;O(_ b1 )(ZOU)k s
i+1 i+2)\4c dt
Here the fact that Eq. (2) should be satisfied for arbitrary r
and ¢ was used, because variable r moves in 0 <r <b
while ¢ does in —7 < ¢ < 7. Substituting Eq. (5) into
Eq. (4) results in an infinite order differential equation for
Ag. While this is rather difficult to solve, for the special
case satisfying the following condition,

2
Z()O'b <

1 6
4CTO ( )

(time T is the typical time scale for the change in magnetic
flux B), this equation can be truncated by the first order
differential of A,. Since this condition can be satisfied for
almost every case, the infinite order differential equation
turns out to be the first order differential equation:

dB(1) _ Ay Zob* dAo
dt o 4¢ dt

(N

By solving Eq. (7), the formula for the current density can
be obtained as
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dB(t ’
i(r, ) = f dr a’i ) L@/ 22 (W =0 - gin .

Zob2
3)

Since we know the current density of a stripe, the field
on the axis of the chamber can be calculated using
Ampere’s law. At first, the effect of one Cu stripe specified

|

2c i dB(1') 2 N1 b
H=_2¢ [ 40D tuey@pone-o [ d y{ d
T [_w ar ¢ N

ch?
2G2ZO

using the formulas

sing(—acosf + rcose)

d = —- sin26, 10

f Y@+ 7 —2arcos(0 + ¢) & sin (10)
sing(—asind — rsing) wr

d = ——cos26, (11

f E+ - 2arcos(6 + @) 2 o (i

the total effect of all the stripes can be summarized as

bZ
)

dB(t) L4/ (Zoh? )1 —1) Z cos20;
a

- i=1

2
_¥ [ ' dt/dB_(f)e[<4c>/(zohzo>J<rur>
dt

AB

y

X 12
Z (y, ¥ x2>2 2
by applying the law of superposition in Eq. (9).
Now, the case where the ferromagnetic yoke surrounds

the chamber is considered. When the relative permeability
|

N/2 )

t)bZZ Z (_l)m

i=1 mn=—o0

ZZ<

=1 mn=—o00

t dB tl /
ABy,ferr = '/100 dﬂ% e[(4c)/(20b20')](t -

/
- / C B jworaperi-n P
o dr'

Equation (13) shows that the time dependence and the
geometrical dependence in field modulation AB| ., is
totally divided, or describable as the product of the two
factors. It was also discovered that the relaxation time 7 for
the damping of this field modulation can be characterized
using

Z0b20'
4c

(14)

T =

This reflects the fact that the Cu stripe itself has its own
inductance.

/
ft dr di—g)e[(“c)/(zobz")](’/_’)(sin26‘,-, — c0s26;, 0),

by (asinf;, —acosf,, z) is calculated, and then, the effect
of all stripes is superposed. For this purpose, it is conve-
nient to use both local and global coordinates. Since the
magnetic field at the center (x = 0, y = 0, z) of the cham-
ber, which comes from ith stripe, can be described as

r? sing(—a cosf; + rcose, —asind; — rsing, 0)
a’ + r* — 2arcos(8; + ¢)

()]

|

of magnetic yoke u' is infinite, the magnetic field lines
must be perpendicular to the face of the magnetic pole.
This situation can be realized by using image currents of
[2mh + (—1)"asind;, 2ng — (—1)"a cosb,, z] instead of
the ferromagnetic yoke, where 2g is the gap height of the
magnet yoke, 2h the gap width of the yoke, and m and n
are arbitrary integers (refer to Appendix A and Fig. 5).
Since the current density i(r, ¢) is antisymmetric in the
transformation of ¢ — —¢, the direction of the current
should be opposite each time integer m, which specifies
the horizontal position of the image current, differs [i.e. the
direction of the current at [2mh + (—1)"asind,,
2ng — (—1)"acosb;, 7] and at [2(m + 1)h +
(—1)"*'asing;, 2n'g — (—1)"acosh;, z] are opposite,
while integers n and n' are not necessarily the same] but,
the direction of the current is the same vertically for fixed
integer m. We finally obtain the expression for the field
modulation on the axis of the rf-shielded chamber inside
the ferromagnetic yoke as

[2mh + (—1)"asin®,;)* — [2ng — (—1)"a cosh, ]
{[2mh + (—1)"asing,; > + [2ng — (—1)"a cos,;]*}>
w 2mh 4 (=1)"x, ] — [2ng + (=1)"y,
{[2mh + (=D)"x P+ [2ng + (= 1)y, PP

(13)

|

When the shape of the stripe is rectangular (which is
specified using 2b, X 2b,), it is much more difficult to
obtain a formula for current density i(£, 1), where (£, 1) is
the local Cartesian coordinate of a stripe. Considering the
property that the current density should be antisymmetric
with respect to the £ = 0 plane, the simple assumption is
made that i(¢, n) can be approximated using

dB(t 5 i
i(&n) = '/- dr' d( ) U/ @bl =0 g (15)

Z b2
by referring to Eq. (8) where the shape of the stripe was
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cylindrical. In the above expression the radius of stripe b is
replaced by the horizontal half length of rectangular stripe

Similar to the cylindrical case, the field modulation at the
center of the chamber due to the ith stripe that exists at
(X;, Y;) can be described using

b, because magnetic flux B traverses the stripe vertically.
|

(X; + §)é
(X; + &)? + (¥, + n)?

dB(t) ) b, b,
AB. . — ar P Jaoszpane - f d f '
4 7Tb2_/- dr’ _ ¢ ~b, n

dB(t') 2 i
dr el (Zbio) =0 (X, Y, 16
- [P (X, 7)), (16)
b2 — X? Y+b, (Y+b) X+b, bP-X? Y+b, (Y+b) X—b
X, Y)=——= Ltan~! Y+ ( ) tan~! 42 L tan~! y ( ) -1 x
2 X+ b, 2 Y + b, 2 X — b, 2 Y + b,
b2 —X? Y—b, (Y —0b) X+b, b:2-X? Y—b, (Y —0b) X—-b
+ X ! t -1 y Yy t -1 X _ X ! t -1 Y + Yy t —1 X
2 " X+t b, 2 M y—b, 2 " X-—b, PR
X(Y; +b X+b)+ ¥ +b) X(Y,—b X + b,)? + (Y — b,)?
oy, + KT D) KB (4B XH = k) (b (Y b -
2 (X b)* + (Y + b))? 2 (X b)* + (Y = by)*
When the ferromagnetic yoke surrounds the rf-shielded chamber, the above formula can be generalized as
/dB(t ) 40/ (22 1) m m n
ABLw = o f dr ) S S (C1rQlmh+ (<)X 2mg 4 (-1r¥] (18)

i=1 mn=—o0

by summing the effects of the image currents, instead of
the ferromagnetic yoke.

B. Effects of induced currents caused by the magnetic
flux traversing the area enclosed by the pair of Cu
stripes and flanges on both sides of the chamber

When the magnetic field traverses the area enclosed by
the pair of Cu stripes and flanges on both sides of the

FIG. 5. (Color) The effect of the ferromagnetic yoke, which is
denoted by the blue object, is replaced by that of the image
currents that are represented by pink objects. The image currents
are located at [2mh + (—1)"asiné;, 2ng — (—1)"a cosé;, z],
where m and n are arbitrary integers. The orange objects denote
the current conductors to produce the external magnetic field
B(1).

f
chamber, the induced current flows over all the stripes. It
is essential to take this effect into account to evaluate the
field modulation correctly, because the flanges on both
sides of the chamber connects the Cu stripes electrically
in reality, and the induced currents flow over all the stripes
interactively. In this subsection, the field modulation inside
the chamber due to this effect will be considered.

As given in Fig. 3, since each stripe is at
(*asind;, —acosb;, z) the system of N Cu stripes was
simplified into that of N/2 coils by combining the ith
and —ith stripes and flanges on both sides of the chamber
(refer to the left in Fig. 6). In order to take into account the
effect of the yoke in our theory, the assumption was made

"=
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FIG. 6. (Color) The schematic picture of the ith Cu coil, which
is denoted by the red line. The brown objects denote capacitors.
The coil is originally defined by combining the ith and —ith Cu
stripes and the flanges on both sides of the chamber as shown in
the left figure. As a result of applying Gauss’s law in one of
Maxwell equations (divB = 0), the form of this coil can be
deformed to that in the right figure, because the longitudinal
component of magnetic field is assumed to be zero.
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that the longitudinal component of the magnetic fields
could be neglected. This simplification enabled changing
the form of the coil given on the left in Fig. 6 to that given
on the right, as a result of applying Gauss’s law in one of
Maxwell equations (divB = 0). From here on in, we sim-
ply collectively call the ith coil that which is composed of
the ith and —ith stripes. Using this simplification, the
system of an rf-shielded chamber in an excited dipole
magnetic field is rewritten to that of multicoils. The appro-
priateness of this simplification is discussed by comparing
our results with simulated results using OPERA-3D ELEKTRA
in the next section [13].

The magnetic field at (x, y, z) needs to be known when
current / flows on the ith coil. When intrinsic frequency f

of the current in this coil is sufficiently lower than that of
|

factor ocZ,/2, the displacement current can be ignored
in the Maxwell equation, and can then be evaluated using
Ampere’s law. Since copper is used in the stripe that
shields the electromagnetic field, it can be evaluated as
ocZy/2m = 1.0 X 10'"® Hz. Since this value is usually
sufficiently higher than the normal mode frequencies of
coils (for example, refer to Fig. 32 in the next section), this
simplification was applied. As the assumption was made
that the longitudinal component of magnetic fields could
be ignored, only the situation was considered where cur-
rent I flows at (asinf; —acosf; z) and —I at
(—asind;, —acosb;, z7) inside the ferromagnetic yoke,
and hence the induced magnetic field H at (x, y, z) can be
written:

H — i K—[y — 2ng + (=1)"acosh;], x — 2mh — (—1)"asind;, 0}

m,n=—00

27 {[x — 2mh — (—1)"asinb, > + [y — 2ng + (—1)"a cosb, ]}

i K—[y —2ng + (=1)*acosh;], x — 2mh + (—1)"asind;, 0}
2m{[x — 2mh + (—1)"asin®,; > + [y — 2ng + (—1)"acosé,*}’

mn=-—00

where the effect of the ferromagnetic yoke is replaced
by the image currents at [2mh + (—1)"asinf;, 2ng —
(=D"acosbh;, 7] and [2mh — (—1)"asinf,, 2ng —
(=1D)"acosh;, z] (refer to Fig. 5). Differing from the case
in the previous subsection, the direction of the current,
specified by integers m and n, is the same for a different
m and n when deriving Eq. (19).

Since each coil interacts through mutual inductances, it
is necessary to calculate, in advance, the self and mutual
inductance between the ith and jth coils to obtain the

|

L= —2le b Zol

19)

f
current for each coil. The magnetic flux crossing the jth
coil arriving from the current on the ith coil, can be
obtained by the integration of wyX Eq. (19) from
—asing; to asinf; over x and from —1/2 to I/2 over z
on the fixed y = —a cosf; plane, where [ is the longitudi-
nal length of the chamber. The mutual inductance between
the ith and jth coil is obtained by dividing this magnetic
flux by current —/. The self and mutual inductance matrix
L;; is then given by

[asing; — 2mh — (=1)"asind,;]* + [—acosf; + (—1)"acosh; — 2ngJ*

Y 7 22g sinf;  2me Z

m,n=—00,m,n#0

for i = j, and

[asing; — 2mh — (—1)"asing;* + [—acosf; + (—1)"acosd; — 2ngJ*

Og[—a sinf; — 2mh — (—1)"asinb;* + [—acosd; + (—1)"acosh; — 2ng]*’

(20)

__ %l 5
Ly = 2arc Z

m,n=—o00

[—asin; — 2mh — (—1)"asind,;* + [—acosf; + (—1)"acosd; — 2ng*’

2D

for i # j, where integers m and n do not become zero simultaneously in the summation of the second term of
Eq. (20). When the ferromagnetic yoke does not surround the chamber, the effects of the image currents do not have to
be taken into account. Equations (20) and (21) reproduce the well-known formula [14]:

for i = j,

_ Zl b
o mc OgZa sind;’
Lij - Zol (asinﬁj*asiné’i)hr(*ac030j+a0050,-)2 (22)

27c (—asind;—asing;)>+(—acosf;+acost;)*’

for i # j.

It should be noticed that inductance matrix L;; given by Egs. (20)—(22) is symmetric.
The current on each coil will now be calculated using electric circuit theory [15]. When time-dependent dipole magnetic
flux density B(r) is excited outside the chamber, current I; on the ith coil (actually consisting of the ith and — ith stripes), is

in line with the following equation:
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FIG. 7. The schematic picture of the ith Cu stripe in terms of
the electric circuit theory. The character C denotes the capacitor
associated on the Cu stripe, R does the resistance of Cu stripe,
L;; is the mutual inductance between the ith and the jth coil, and
L;; is the self-inductance of the ith coil.

CLy; &, dl;, I,
B"(t)alsin®, = 4 REE4E
(D)al sind; Z 2 a2 Var T

(23)
where R is the resistance of each Cu stripe and C the
associated capacitance. Here the assumption is made that
each stripe can be described using the electric circuit in
Fig. 7 and that the influence on the original magnetic flux
of the induced current is insignificant. Since the inductance
matrix L;; is symmetric, this equation can be diagonalized
using the orthogonal matrix U;;. When the eigenvalues of
the inductance matrix are provided with A;, the current on
the ith coil can be solved as

N/2
I, = ,]f dtf ——
k=1

X sinf, e[(R/A,-)f(z//\,)\/(L\,-/c)7R2](t’ft)

N/2
Uj; f dtl ——

]k 1
% Singke[(R/A,/)Jr(Z/Aj)\/(Z/\/-)/C)—RZ](t’—t)_
Once the current of the ith coil is known, the magnetic

field on the axis of the chamber can be obtained using the
|

B”(t’)alU

B”(t’)alU]k

(24)

N/2 0

(—1)"al,; sin@,[ —4m>h* + a*> + 4n’g?

FIG. 8. (Color) The red line denotes the path to which Ampere’s
law is applied. The approximation is made that the field on the
x = 0 plane is constant in the derivation of Eq. (25). The blue
and orange objects represent the ferromagnetic yoke and the
current conductors to produce the external magnetic field B(z),
respectively.

superposition of the currents of all the stripes. If the
assumption is made that the field on the x = 0 plane is
constant, a simple formula for the field modulation ABy
can be approximated using

(25)

as a result of applying Ampere’s law to the path depicted in
Fig. 8, because the azimuthal component of the magnetic
field is zero at the surface of the ferromagnetic yoke with
its relative permeability of u' = oo,

A more rigorous formula can be also obtained by sub-
stituting Eq. (24) into Eq. (19) where the effects of the
magnet yoke are replaced by those of the image currents. It
should be noted here that the contribution of this image
current is already included in the inductance matrix for-
mula given using Egs. (20) and (21). When the magnet
yoke surrounds the chamber, the final expression of the
modulation of the magnetic flux at the axis of the chamber
is

— 4n(—1)"ga cosb;]

=3P

i 1 mn=—o0

By comparing Eq. (25) with Eq. (26), a discussion is made
in the next section whether the approximation of the mag-
netic field being constant on the x = 0 plane, which was
used in deriving Eq. (25), is appropriate or not.

[4m>h* + 4n’g?> + a® — 4ng(—1)"a cosh,;]? — 16m>h*a*sin’;’

(26)

[
III. APPLICATION

In this section, the theory is applied in some simple
cases: the bump magnet during the injection period
and the bending magnet, in particular for 3 GeV RCS at
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isolated

FIG. 9. (Color) The chamber with flanges is fixed by dielectric
materials (green objects), which are supported by metal poles
(red objects) with the 3 GeV RCS at J-PARC. Cu stripes
terminate at either end as capacitors. One side of the chamber
would be approximately isolated, while the other side would act
as the Earth

J-PARC. The modulation of the magnetic field inside the
chamber is concretely calculated for these cases.

As given in Fig. 9, a chamber with flanges is fixed by
dielectric materials, which are supported by metal poles
with the 3 GeV RCS at J-PARC. The capacitance made up
of the dielectric materials and the Cu stripes is typically
evaluated as being in the tens of pF. Since that value is
significantly smaller than the capacitance of the attached
capacitors (typically 0.3 wF), the approximation was made
that the one side of the chamber would be approximately
isolated, while the other side would act as the Earth (be-
cause the corresponding flange is grounded).

A. The modulation of the magnetic field inside the
chamber when the injection bump magnet is excited

A linac beam is usually injected into the ring through
creating a bump orbit during the injection period. With a
high intensity proton machine like that used at J-PARC, it
is important to evaluate the influence of the field modula-
tion on the beam due to the interaction between the rf-
shielded chamber and the original magnetic field.
Furthermore, a significant decision must be made with
the field pattern of the bump magnet in order that the field
modulation does not cause any deterioration in the char-
acteristics of the beam.

1. The field modulation due to the magnetic flux
traversing the Cu stripe

First, the field modulation due to the magnetic flux
traversing the Cu stripe is considered. The formulas given

in Eqgs. (13) and (18) describe this effect. Before exploring
the above case where the bump magnet excites the magnet
flux, the accuracy of the aforementioned formulas is veri-
fied by comparing the theoretical results with the simulated
results using OPERA-3D ELEKTRA with a much simpler field
pattern, which is given in Fig. 10. The formula given in
Eq. (13), which is applicable in the case where the stripes
are cylindrical, is more rigorous than that given in Eq. (18),
which applies to the rectangular stripe. However, it is
rather difficult to deal with a cylindrical stripe using
OPERA-3D ELEKTRA. Hence, only a rectangular stripe is
considered and the results are compared with those calcu-
lated with Eq. (18).

A chamber with radius a = 15.25 cm was surrounded
by a magnet yoke of longitudinal length 80.0 cm, which
was the longitudinal length of the chamber, too. The gap
height 2¢ was 32.0 cm while the gap width 24 is 64.0 cm.
In this case the magnetic field was assumed to be excited
during 0.5 ms and its flux density at x =y = 0 to have
become 1664 G (refer to Fig. 10). All the Cu stripes were
independent, or not connected electrically. For the sake of
simplicity, a square-type stripe b, = b, = 2.5 mm was
chosen. The conductivity of each stripe o was given by
5.9 X 107 /Qm. There were a total 44 Cu stripes (two of
them at x = 0) in order to reduce the necessary memory
size.

The accuracy of the simulated results will now be dis-
cussed by changing the mesh size along the time axis.
Figure 11 gives the field modulation at the center of the
chamber for the different size of mesh. The red, blue, and
black points describe the results where the mesh size was

2000 . .

1500

1000

B[gauss]

500 .

0 | I | I
0 0.1 0.2 0.3 0.4 0.5

t[ms]
FIG. 10. (Color) The magnetic field is excited during 0.5 ms and

its flux density at x = y = 0 to have become 1664 G (analytical
data).
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AB[gauss]

S0 01 02 03 04 05

t[ms]

FIG. 11. (Color) The field modulation at the center of the
chamber. The red, blue, and black points describe the results
where the mesh size was 0.1, 0.05, and 0.025 ms, respectively.

0.1 ms, 0.05 ms, and 0.025 ms, respectively. A 0.025 ms
mesh size proved sufficiently small to obtain the correct
results, as they were sufficiently convergent.

In preparing to compare the simulated results with the
theoretical results, it was necessary to confirm that the
condition given in Eq. (6) was satisfied (0.5 ms could be

AB[gauss]

S0 01 0z 03 04 05

t[ms]

selected as time 7)), because it is indispensable in deriving
Eq. (13). In fact, it could be satisfied as follows:

ZO 0'b2
4CTO

~023<1. 27)

The simulated results will now be compared with the
theoretical results. Both the simulated and theoretical re-
sults are given in Fig. 12. The left figure denotes the field
modulation at the center of the chamber while the right
figure gives the maximum current density [i.e. the current
density i(&, ) at the edge of stripe ¢ = b,]. The red points
give the simulated results while the blue line gives the
theoretical results. The black line in the left figure repre-
sents the results of the case where the shape of the stripe is
cylindrical (b = 2.5 mm). The simulated and theoretical
results are in good agreement for the amount of field
modulation and current density. A small discrepancy how-
ever does appear in the excitation time. This is a result of
the approximation that the radius of cylindrical stripe b
could be replaced by the horizontal half size of rectangular
stripe b, in deriving the formula for the field modulation of
Eq. (18). Comparing the results where the shape of the
stripe is square (blue line) with where the shape of the
stripe is cylindrical (black line), as in the left of Fig. 12, it
can be seen that the field modulation with the cylindrical
stripe is about 2/3 smaller than that with the rectangular
stripe. This drop in field modulation can be explained by
the fact that the cross section of the cylindrical stripe is
smaller than that of the square type.

5000

4000

3000

2000

i(Em)[A/cm2]

1000

O 01 oz 03 04 os

t[ms]

FIG. 12. (Color) The field modulation at the center of the chamber (the left figure) and the current density at the edge of stripe (the
right figure). This field modulation is caused by the magnetic flux traversing isolated Cu stripes. The chamber radius a is 15.25 cm and
its longitudinal length is 80.0 cm. The gap height 2g is 32.0 cm and the gap width 2/ is 64.0 cm. The red points describe the simulated
(numerical) results and the blue line does the theoretical (analytical) results where the stripe is square: 5 mm X 5 mm. The black line
in the left figure represents the theoretical (analytical) results where the stripe is cylindrical: b = 2.5 mm.
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Since the theory has proved to be capable of providing
sufficiently accurate results for the field modulation, the
influence on the beam of the magnetic flux B(z) that makes
the bump orbit during the injection period is now consid-
ered. As a simple model, this can be described using

B(t) = D(r — t5)O(t — ty) — D(t — 15)O(t — 1;)
+D(t; — 1)0(t — 1))

—9?52%—amu—w

3 2

+gil@u—gwu—@, (28)
I3~ 1

O(r) as the step function and D the constant value.
Magnetic flux B(¢) is characterized by the rising time #; —
ty, flattop time ¢, — ¢;, and damping time t; — t,, as given
in Fig. 13. For the sake of simplicity, only the case where
the shape of the stripe is cylindrical is considered.
Substituting the first differential of Eq. (28) with time
into Eq. (13), the field modulation can finally be expressed

as
|

0.12 T

0.1 ¢ ]

0.08 | ]

0.06 | ]

B[T]

0.04 .

0.02 - ]

foo0 500 0 500

1000
t[us]

FIG. 13. (Color) The behavior of the bump magnet flux B(z)
(analytical data). This is characterized by rising time
t;(= =300 ws) — to(= —800 ws), flattop time #,(= 300 us) —
t;(= =300 ws), and damping time #(= 800 us) —
£,(= 300 ps).

—[2ng + (=1)"y, P

+ [2ng + (= 1)y, PP
for t0<t<ll, (29)

for H<tr<t,, (30)

) (1 _ e[(4c)/(Zgb2¢T)](fz_’))]

fort, <t<t;, (31)

DZ b ) Yoo [2mh + (—1)"x; ]
AB =_""" " (1 - [(40)/(Zyb? )]t —1) —1)m !
y.ferr c ( e )lzzl m’nz,w( ) {[th ¥ (= l)mxi]z
4
AB, s = %”‘T(e[mo/(zobza)](tl—t) — A6/ o)1)
’ c
y i i -1 [2mh + (=1)"x, ] — [2ng + (=1)"y;}
i=1 mn——oo {2mh + (=1)"x; ] + [2ng + (=1)"y; P}
AB, . — ﬂ[ [0/ @bt~ _ @)/ Zop? ity -1 _ 11
> 8c t3 - t2
y i i (-1 [2mh + (—=1)"x;]* — [2ng + (—1)"y;
i=1mn=—o0 {[2mh + (_1)mxi]2 + [2ng + (_1)"}’i]2}2
AB, s = [@e)/ b Nt =) — @)/ Zoh? Nty —1)

(1) [2mh + (—1)"x; > —

t5— 1t
[2ng + (—1)"y;

T 10 (G0 Zgp2 s =) Gltde)/Zob? o))~ r))]

Tl
ﬁ P

— 00

In order to clarify the field modulation property caused
by the eddy current, the chamber is surrounded by the
magnet yoke with an equal gap height and gap width of
2g = 2h. The magnetic flux is assumed to be excited as
given in Fig. 13 [characterized by the rising time
t1(= —800 ws) — to(= —300 ws), flattop time
(= 300 us) — 1;(= —300 us), and damping time
t3(= 800 ws) — 1,(= 300 ws)]. The same parameters
were used for the chamber as those in the previous case.
Namely, the longitudinal length of chamber / = 80.0 cm,

{[2mh + (_1)mxi]2 + [2’18 + (_l)n)’i]z}z

for t; <t. (32)

its radius @ = 15.25 cm, and the radius of each Cu stripe b
2.5 mm. The number of Cu stripes N was especially chosen
to be 100 in order to obtain a more realistic field modula-
tion than that in the previous case.

Let us imagine a situation where the chamber is covered
in stripes from the lower side; for example, five cases
where 20, 40, 60, 80, and 100 stripes covering the chamber
can be used. The case where the chamber is not surrounded
by the magnet yoke is initially considered, because image
currents do not have to be considered. The results are given
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FIG. 14. (Color) The dependence of the field modulation at the center of the chamber on the number of Cu stripes, when the magnetic
flux traverses the Cu stripes themselves. As a typical set of parameters, the radius of the chamber @ = 15.25 cm and the radius of Cu
stripe b is 2.5 mm. The original magnetic flux changes as in Fig. 13 (analytical data). The right figure shows the theoretical results
without the magnet yoke and the left figure does the results where the size of magnet yoke is specified as 22 = 2g = 32.0 cm. The red,
blue, green, black, and pink lines represent the cases that 20, 40, 60, 80, and 100 stripes cover the chamber from the lower side. The
100 stripes corresponds to the case where the chamber is completely covered by Cu stripes. The field modulation might become the
smallest when the chamber is completely or half covered by stripes when the effect of the yoke could be negligible, while it is the
largest in reality in the case where the chamber is completely covered by the stripes due to “the effect of the yoke.”

on the right in Fig. 14. The red, blue, green, black, and pink
lines in this figure represent the results for the cases with
20, 40, 60, 80, and 100 stripes, respectively. It is possible to
cancel the effect of the eddy current at the center of the
chamber by summation of the effects of the stripes, par-
ticularly when the number of strips is 50 and 100, because
the dominant term is proportional to cos26; as given in
Eq. (12).

On the other hand, the magnet yoke is very close to the
chamber in reality. The left in Fig. 14 gives the results
where the size of the magnet yoke was specified as 2h =
2g = 32.0 cm. The red, blue, green, black, and pink lines
in this figure represent the results for the cases with 20, 40,
60, 80, and 100 stripes, respectively. The situation is quite
different from that without the yoke. In particular, the
maximum field modulation is seen in the case where the
chamber is completely surrounded by Cu stripes. Figure 15
gives the dependence of the field modulation on the size of
the magnet yoke when the chamber is completely sur-
rounded by Cu stripes (N = 100). The discovery was
made that the effect of the yoke is negligible, when the
size of the magnet yoke is sufficiently large (typically 3
times larger than the radius of the chamber a). However in
reality, the effect is actually very significant.

The case where the magnetic flux B(7) is provided with a
more realistic field pattern will now be considered. The left
in Fig. 16 is the magnetic flux used during the injection
period with the 3 GeV RCS at J-PARC. The original

0.0004 | .
0.0002
-
= 0
<

-0.0002

-0.0004 + e

-800-600-400-200 0 200 400 600 800
t[us]

FIG. 15. (Color) The dependence of the field modulation (theo-
retical results) on the size of magnet yoke where the chamber
is completely surrounded by Cu stripes (N = 100). The red,
blue, green, black, and pink dotted lines represent the cases
where both the gap height g and the width & is equal to
a(the radius of the chamber) + b(the radius of the Cu stripe),
where both g and / are 2 times larger than a, where both g and &
are 3 times larger than a, where both g and & are 4 times larger
than a and where both g and h are 5 times larger than a,
respectively.

032401-11



SHOBUDA, IRIE, AND IGARASHI

Phys. Rev. ST Accel. Beams 12, 032401 (2009)

0.12

0.1 + i

0.08 +

0.06 |-

B[T]

0.04

0.02 + 4

2500 0

t[us]

$o00 500 1000

0.0004

0.0002

AB[T]
o

-0.0002

-0.0004 + -

-800-600-400-200 0 200 400 600 800

t[us]

FIG. 16. (Color) The left figure represents the magnetic field pattern, which is used at the injection period with the 3 GeV RCS at J-
PARC (measured data). The right figure represents the field modulation (theoretical results) at the center of the chamber when this
(measured) magnetic flux traverses the Cu stripe. The red, blue, green, black, and pink lines represent the cases where 20, 40, 60, 80,

and 100 stripes cover the chamber from the lower side.

measured field pattern was given for 500 ns intervals.
However, the magnet power supply is provided with a
low-pass filter at the output, the cutoff frequency of which
is 70 kHz. The field data is then averaged over every 14 us
to obtain that given on the left of Fig. 16 [16].

The theorem of partial integration enables the formula
for the field modulation of Eq. (13) to be rewritten as
follows:

de o -
— _ 4c b o -
AB, o = (B(t) — L}c 41/ B(1) )/ 2o z))
b2 N 0o

x5 2 2 o

i=1mn=—0
[2mh + (=1)"x; ] — [2ng + (=1)"y;
{2mh + (=1)"x;F + [2ng + (=1)"y, P}’
(33)
where the assumption is made that B(r) = 0 at t = —oo,
Substituting this field pattern into Eq. (33) can be used to

obtain the field modulation at the center of the chamber
|

when the magnetic flux traverses the Cu stripe. The results
are given on the right in Fig. 16. Comparing the results on
the left of Fig. 14 with those on the right in Fig. 16 results
in the discovery that the simple model, described using
Eq. (28), is able to estimate the field modulation appropri-
ately. The small discrepancy comes from the fact that the
differential of the magnetic flux with time is not perfectly
linear during the excitation and damping period.

2. The field modulation due to the magnetic flux
traversing the Cu coils

Second, the field modulation due to the magnetic flux
traversing the “Cu coils” is considered. Equation (25), or
(26), describes the field modulation due to this effect. If the
assumption is made that the bump magnet is excited in line
with Eq. (28), the current on the ith coil can be calculated
by substituting the second differential of it with time into
Eq. (24). The current on the ith coil /; can then be obtained
using

Ii =0 for r < to, (34)
; N/2 DalUijU;kl Singke[(R//\/)+(1/A./)\/R2—(QA//C)](to—t) . N/2 DalU,-_,-U]Tk' Sineke[(R/)lj)—(1//\1)\/1?2—(ZA,//C)](IO—I)
P - 2 27 Z_ ) 2A;
Jk=1 R~ — Tj Jik=1 R~ — T/
for t0<l<tl, (35)
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N2 DalU;Uy! singy (R4 HIANE=0A 100 — olR/4)+(1/4)/RE=24,7OK ~0)

-3
k=1 2

2
R" =

N Nz/z DalUy;U! sinfy (el F/4)=0/4 IR=RA/ON =0 _ J(R/A)=(1/2)\[R=CA,/ON =)

2,

j k=1 2 2
J R G

for n << 1, (36)

- Z - alU; Uy Sm‘)k[ D RIA) =1/ ANRZBATCTtg—1) _ (IR /A)+(1/ 4\ =G T~

for t, <t <t;, (37)

for t; <t, (38)

Ii ==
Jk=1 R? T
o 2 alU;; Uk sinf;, —
D, RN H/M) ROl -0 4 z J [D(lR/2)=(1/2)§/R=CX Oy~
Jk=1 R2 - T
— LR~/ M) R=RNTON0 =0y _ py. flR/4)=(1/4) =N CV =11
N2 QiU U si
L=-Y AU S0k 1y R+ /) J=BATCN 1) _ IR/, +1/4) RGO~
Jk=1 R? — %
—D (e[(R//\j)Jr(l/)\j)\/Rz7(2/\]»/C)](t27t) — e[(R//\j)Jr(l//\j)\/Rz*(2/\j/c)](t3*t))]
N/2
Y alU,; U Smek[ (el R/A) =1/ MNRE=CRTONt0—0) _ R/ A)~(1/A)RE=CA 70Nt~
jk=1 R2 — c
— D (el ®/A) =1/ A)R=RETON 1) — I(R/A)=(1/0) =R/ =0y]
[
where D| = D(t; — t,)/(t3 — t,). Summing these currents

over index i from 1 to N/2 gives the modulation of
magnetic field inside the rf-shielded chamber.

The feature of the field modulation when the current
flows in a single coil in an open space is easier to under-
stand than with a realistic complicated rf-shielded chamber
inside a magnetic yoke. This case is considered first as the
|

simplest example. In this case expressing the currents
using Egs. (34)—(38) becomes much more simple. Since
it is already known that a general expression for the mag-
netic field is given by Eq. (19), field modulation B, at the
center of the chamber can be obtained using:

B, =0 for t < ¢, (39)
ZODlSin2QID(e[(R/LID)*(1/LID)\/RZ*(ZLID/C)](YO*I) — e[(R/LID)*(l/LID)\/R27(2LID/C)](10*f))
B, = for 1o <t<t,, (40)
cmy|R? — 2
v C
)
B, = ZPBINOD (11141 L) =L CVNto—1) — Gl /L) +(1/Lip)y = CLip O~
’ c'n'\/Rz — ZL%
— e[(R/LlD)_<1/LID)‘\/Rz_(zLID/C)]([O_t) + e[(R/LID)_(l/LlD)\/Rz_<2LID/C)](t]_[)) for t <t < ty, (4])

y

2 _ 2Lp
c14|R ¢

H)
_ ZoISITOD iy R L)+ o)L OOt =) — IR/ L) +(1/ L) =L Yt —1))

— Dle[(R/LID)+(1/LID)\/Rz*(sz/C)](fz*f) — D(e[(R/Lm)*(l/LID)\/RZ*(ZLID/C)](IO*Z) + e[(R/LID)*(l/LID)\/Rz*(ZLID/C)](fl*f))

+ D, e[(R/L[D)_(l/LID)‘\/ R? —(2L1[>/C)](f2—f)]

fort, <t<t;, (42)
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L)
B. = M[D(e[(R/LID)+(1/LID)\/Rz_(ZLID/C)](tO_t) — e[(R/LID)+(1/LID)\/R2_(ZLID/C)](tl_t))

y
2 _ 2Lp
c'n'\/R ¢

— Dl(e[(R/LID)+(1/L10)\/RZ_(ZLID/C)](IZ_I) — e[(R/LID)+(1/LID)\/RZ_(2L10/C)](13_f)) — D(e[(R/LID)_(l/LID)‘\/RZ_(2L1D/C)](t0_t)
— e[(R/LID)_(l/LID)‘\/Rz_(ZLID/C)](tl_t)) + Dl(e[(R/LID)—(l/LID)\/Rz—(ZLID/C)](tz—f) — e[(R/LID)—(l/LID)\/Rz—(zLID/C)](fs—T))]

The field modulation due to the current of the coil
specified by index ID = 1 is now considered. As a typical
parameter, capacitance C is chosen to be 0.3 uF. The other
parameters are the same as those in the right of Fig. 14. The
results are given in Fig. 17. The damping time of the field
modulation 7, can be characterized by

Lip
) R . (44)
In this case, it is evaluated as 7, = 622 us, which is then
consistent with the results of Fig. 17.

As mentioned in the Introduction, the attached capaci-
tors are usually chosen of low impedance for the circulat-
ing beam, and high impedance for the induced current with
the frequency components of the outside time-dependent
magnetic field. Differing from the bending magnet of an
RCS, a bump magnet can be of an even higher frequency.
The power spectrum (Fourier transformation of the field
pattern) for the bump magnet described in Fig. 13 is
represented in Fig. 18. There is some doubt however that

0.15

0.1

0.05

AB [uT]
[a)

-0.05

-0.1

-0

15 1 ! ! I I I I
-800-600-400-200 Q 200 400 600 800
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FIG. 17. (Color) The field modulation at the center of the
chamber due to the current of only a single coil in an open
space, which is specified with index ID = 1. As a typical
parameter, capacitance C = 0.3 uF. The other parameters are
the same as those in the right of Fig. 14.

for t; <t. (43)

[

they show high impedance, for example, in the frequency
peak around 1.5 kHz. The field modulation in the case
where the coil in an open space has shorted ends is repre-
sented in Fig. 19. Comparing the results given in Fig. 17
with those in Fig. 19, it can be seen that the field modula-
tion is enhanced by an approximate order of magnitude 3,
because much more current is flowing in the stripes. This
clarifies the role of capacitors as a blocking capacitor with
the low frequency components.

Before proceeding with any further investigation it
needs to be confirmed whether the simplification where
the rf-shielded chamber with flanges is considered as a
multicoil systems is appropriate or not. For this purpose,
the induced current on the Cu stripes without any capaci-
tors is simulated using OPERA-3D ELEKTRA. As represented
in Fig. 20, the chamber is surrounded by a yoke whose
longitudinal length is 80.0 cm, and with gap height 2g =
32.0 cm and gap width 24 = 64.0 cm. The radius of cham-
ber a is 15.25 cm. In order to also find the longitudinal leak
effect of the original magnetic flux from the area where the
magnet yoke is, the longitudinal length of chamber / was
considered to be twice as long as that of the yoke: namely
[ = 1.6 m. Similar to the previous simulation that was

0.00014 .

0.00012

0.0001

0.00008

power

0.00006

0.00004

0.00002

0

0 2 4 6 8 10
flkHz]

FIG. 18. (Color) Power spectrum for the field pattern B(t) rep-
resented in Fig. 13.
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FIG. 19. (Color) The field modulation where the coil in an open
space has shorted ends.

done to investigate the field modulation due to the mag-
netic flux traversing the Cu stripes, the magnetic field was
assumed to have risen during 0.5 ms and that its flux
density at x = y = 0 would be 1664 G (refer to Fig. 10).
The total number of Cu stripes was 44 (two of them at x =
0) so as to reduce the amount of memory needed. The

»
=
=
—
e
Z:

Current conductor
to produce the external magnetic field

FIG. 20. (Color) The chamber that is surrounded by the ferro-
magnetic yoke with the current conductors whose longitudinal
length is 80.0 cm, gap height 2g = 32.0 cm, and gap width 24 =
64.0 cm. The radius of chamber a is 15.25 cm. The longitudinal
length of it is chosen to be / = 1.6 m which is twice as long as
the yoke length to find the longitudinal leak effect of the original
magnetic field from the area where the magnet yoke exists.

shape of each stripe was a 5 mm X 5 mm square. The
resistance of each stripe was determined to be 10 ) in
order that the induced magnetic field modulation would be
a few percent when compared to the amount of the original
magnetic field. This reduced conductivity makes the field
modulation due to the magnetic flux traversing the Cu
stripe about 0.01% smaller than that with case o = 5.9 X
107/Qm [refer to Egs. (29)—(32)]. That effect could then
be ignored in this simulation.

The Cu stripes were specified as “ID’’, which was
defined in Sec. Il A (since the coils were defined by com-
bining stripes that are symmetrical in this theory, N = 42
needs to be substituted into the definition of 6yp). Similar to
the previous subsection, the accuracy of the results of this
simulation was investigated by changing the mesh size
along the time axis. Figure 21 gives the current density
of the Cu stripes specified with ID = 11, which corre-
sponds to the largest coil in the system. The red, blue,
and black points represent the case where the mesh size
was 0.1, 0.05, and 0.025 ms, respectively. The discovery
was made that the 0.025 ms mesh size was sufficiently
small to obtain the correct results similar to in the case
discussed in the previous subsection.

The simulated results will now be compared with the
theoretical results. Figure 22 gives the current density at
0.5 ms on the Cu stripes specified as ID, and the time
dependence of the current density of the Cu stripes speci-
fied with an ID of 11. The red points represent the results of
the simulation, while the blue points the theoretical results.
In obtaining the above theoretical results, the assumption
was that the uniform magnetic flux B(z) would only tra-
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FIG. 21. (Color) The dependence on the mesh size of the current
density for Cu stripes specified with ID = 11. The red, blue, and
black points represent the results where the mesh size is 0.1,
0.05, and 0.025 ms, respectively.
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FIG. 22. (Color) Comparison between the theoretical and simulated results with OPERA-3D ELEKTRA where all the stripes have shorted
ends. The left figure shows the current density at 0.5 ms on the Cu stripe specified with ID and the right figure does the time
dependence of the current density for the Cu stripes specified with ID = 11, which corresponds to the largest coil in this system. The
red and blue points represent the simulated and theoretical results, respectively. The assumption was made in the theory that the
uniform magnetic flux B(7) traverses only the area specified by —a = x = ¢ and —40 cm =< z =< 40 cm. The theoretical results and
the numerical calculation were in agreement with a below 6%—7% accuracy.

verse the area specified by —a = x =a and —40 cm =
z =40 cm and that the inductance matrix L;; could be
approximated using the summation of Egs. (20)—(22) with
[ = 80 cm. The theoretical results and the numerical cal-
culation were in agreement with a below 6%—7% accuracy.

This discrepancy mainly arose from the assumption that
the original magnetic field B(z) was uniform and its longi-
tudinal component zero. Actually, the current with ID =
11 was reestimated using information from the three-
dimensional B(f) used in the simulation as input in the
theory. In this analysis, the original coil defined on the left
of Fig. 6 had to be used, because the magnetic field has a
longitudinal component. With this coil, magnetic flux ®
should be calculated as

d = [9 dsi - B(1), (45)

where 7 is a normal vector perpendicular to the surface of
the coil and integration region () is specified as the surface
of each coil. This manipulation causes the left-hand side of
Eq. (23) to need modifying in order for B(r) to have the coil
dependence of B,(r). In other words, magnetic flux density
D in Egs. (34)—(38) should have the coil dependence of Dy.
The result is given in Fig. 23. The agreement between the
simulated and theoretical results is much better than the
results depicted on the right in Fig. 22.

Since the validity of the theory had been confirmed, the
rf-shielded chamber equipped with capacitors could be
considered. From a realistic point of view, it is significant

to consider the situation where the capacitors have been
partially broken. If only k capacitors are still working on
the lower side of the chamber, the current can only flow on
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FIG. 23. (Color) The time dependence of the current density for
the Cu stripes specified with ID = 11. The red and blue points
represent the simulated and theoretical results, respectively.
Information from the three-dimensional B(z) is used in the
simulation as input in the theory. The agreements of both results
become much better than those on the right of Fig. 22.
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the Cu stripes. As a simple case, the situation where the
original magnetic flux, as given in Fig. 13, was excited
outside the chamber was considered. The dependence on
the number of working capacitors k of the field modulation
is given in Fig. 24 (the capacitance C = 0.3 uF was used
as a typical parameter. The other parameters were the same
as those in the left of Fig. 14). The left figure gives the
behavior around + = —300 us, while the right figure be-
havior around # = 300 ws. The red, blue, and black lines
represent the cases where the number of working capaci-
tors k were equal to 40, 60, and 100, respectively. Since the
initial condition was the same for all the cases, the larger
the number of working capacitors k, the larger the amount
of field modulation, for any time before #;. After time ¢,
the situation was not so simple. Since the eigenfrequencies
of the coils differed in each case, the oscillation changes at
time ¢, and t, had different timings. If the differential of the
field modulation with time were to be positive at time #; or
t,, the oscillation would be enhanced, because the differ-
ential of the original magnetic field with time was reduced
at those times. If the differential of it with time were to be
negative, the oscillation would not have been enhanced
when compared to the previous case. This phenomenon
causes a reverse in the amount of field modulation with
respect to the number of working capacitors. Actually, this
reverse in the amount of field modulation can be seen in the

0.001 ‘ ! \

-0.001

300 -280

t[us]

340 320

right of Fig. 24 under the field pattern given in Fig. 13. The
field modulation for the case k = 60 is smaller than that
with the case k = 40 for any time after r = t, = 300 us,
although the number of working capacitors k = 60 is big-
ger than k = 40.

In order to use Eq. (25) or (26), the current on the ith coil
needs to be calculated correctly. If the mutual inductance
between coils is ignored, the formula for the induced
current on the ith coil would be much simpler. Whether
the effect of the mutual inductance could be ignored was
investigated by comparing the results of Eqs. (34)—(38)
with those without the effects of the mutual inductances.
The results are given in Fig. 25. The left figure gives the
case where 20 capacitors are working on the lower side of
the chamber, while the right figure the case where all the
capacitors (k = 100) are working. The red and blue points
in those figures represent the results of Egs. (34)—(38) and
those using the formula where the mutual inductances were
neglected, respectively. There are large discrepancies. The
damping effect is reduced when the effect from the mutual
inductances is included. This is because the Q; value
(= A;/R\[A;C) for the jth mode is changed through the
inductance matrix L;; being diagonalized, which is repre-
sented by Egs. (20) and (21). Figure 26 gives the result of
comparing the Q; value with and without the effect of the
mutual inductance. Confirmation was made that the Q;
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FIG. 24. (Color) The dependence on the number of working capacitors k of the field modulation (theoretical results) caused by the
magnetic flux traversing the Cu coils. The original magnetic flux is excited outside the chamber, as in Fig. 13 (analytical data). The left
figure gives the behavior of field modulation around r = —300 ws, while the right figure behavior around # = 300 ws. The red, blue,
and black lines represent the cases where the number of working capacitors & is 40, 60, and 100, respectively. The attached capacitance
C = 0.3 uF was used as a typical parameter, The other parameters are the same as in the left of Fig. 14. Namely, the chamber radius a
is 15.25 cm, the radius of Cu stripe b is 2.5 mm, the total number of Cu stripes N is 100, and the conductivity of copper o is
5.9 X 107 /Qm. The chamber is surrounded by the magnet yoke with its longitudinal length 80 cm, and its equal gap height 2g =

32.0 cm and gap width 22 = 32.0 cm.
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FIG. 25. (Color) The comparison of the field modulation (theoretical results) obtained by Eqs. (34)—(38) with that done by the formula
where the mutual inductances are neglected. The left figure represents the case that 20 capacitors are working on the lower side of the
chamber. The right figure represents the case where all the capacitors (k = 100), which cover the chamber, are working. The red points
represent the results calculated by Egs. (34)—(38) and blue points do those done by the formula where the mutual inductances are
neglected. It is indispensable to consider the effect of mutual inductance, in order to evaluate the field modulation correctly.

value had indeed been enhanced by the diagonalization. In
other words, it should be noticeable that the amount of field
modulation had been enhanced as a whole, when compared
to the case where only the effect from the self-inductance
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FIG. 26. (Color) The red and blue points represent Q; value with
and without the effect of the mutual inductance, respectively.
The Q; value for the jth mode had been enhanced by the
inductance matrix L;; being diagonalized, when compared to
the case where the mutual inductance is neglected.

was included, thus making it indispensable in evaluating
the field modulation correctly that the effect of the mutual
inductances between all the coils be considered. Once the
current on the ith coil is obtained, Eq. (25) or (26) can
describe the field modulation inside the chamber quite
appropriately.
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FIG. 27. (Color) The rate of change of magnetic flux |dB/Bdt|

for the “measured” field pattern that is given by the left of
Fig. 16.
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There is a possibility that the analysis using the above
model, where the original magnetic flux follows the field
pattern given in Fig. 13, has been too simplified to use in
estimating the field modulation, because a derivative dis-
continuity exists with magnetic flux B(¢) in Eq. (24) when
Eq. (28) is used as the field pattern. Similar to the case in
the previous subsection, a more realistic field pattern
should be used, like the left in Fig. 16. As this figure
reveals, different to the pattern given in Fig. 13, the differ-
ential of the magnetic flux with time is not constant in the
excitation and damping periods. The rate of change of
magnetic flux |dB/Bdt|, which is given in Fig. 27, provides
|

more information on this field pattern. The amount of
|dB/Bdt| can be comparable to the normal mode frequen-
cies 1/2m/X;C for this rf-shielded chamber (refer to
Fig. 32). It can also be seen that the magnetic flux actually
fluctuates even in the flattop period. This could mean that
the traverse of the Cu coils by the magnetic flux following
this field pattern induces the large field modulation inside
the chamber.

When the derivative of magnetic flux B(r) with time is
continuous, the formula for the induced current described
in Eq. (24) can be rewritten using the theorem of partial
integration. The result is then expressed as follows:

N/2 N2 U..(5R? -
. U; ZB(t)alUk Slnﬁk U,](SR j)alU jk sinf d 1B(")eRIAN =) j ;_
l t'B(t)e sin-———— (l 1)
=t Aj =] N~ R &
N2 U, 4RalU;! sing , \/” R
-y /\2" £ f dt'B(1")e R0 cos X (1 — 1), (46)
k=1 j Aj

where the assumption is made that magnetic flux B(7) and
its derivative with time dB(t)/dt at t = —oo is zero. After
substituting the magnetic flux, which is shown in the left of
Fig. 16, into Eq. (46), and the induced current into Eq. (26),
the field modulation is obtained. The results are given in
Fig. 28. The left figure represents the case where 20 ca-
pacitors are working on the lower side of the chamber. The
right figure gives the case where all the capacitors (k =
100) are working. Comparing the results, which are given
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|
by red lines in Fig. 25, that correspond to the case where
the original magnetic flux is excited of Eq. (28) with those
given in Fig. 28 reveals that the behavior of those field
modulations are quite different. Nevertheless, some of the
phenomena can be understood through analysis of the
previous simpler model. For example, Fig. 28 shows that
the time when the maximum modulation occurs is not
necessarily the same for different numbers of working
capacitors k. This is because whether the oscillation of
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FIG. 28. (Color) The field modulation (theoretical results) due to the traverse of the area enclosed by different stripes by the measured
magnetic flux (that is given by the left of Fig. 16). The left figure represents the case where 20 capacitors are working on the lower side
of the chamber. The right figure represents the case where all the capacitors (k = 100) are working.
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FIG. 29. (Color) The dependence of the maximum field modu-
lation on the number of working capacitors k when the measured
field pattern (that is given by the left of Fig. 16) is excited.

the field modulation is enhanced or not depends on when
the original magnetic flux kicks it, as discovered in the
previous analysis. Furthermore, as given in Fig. 29 that
describes the dependence of the maximum field modula-
tion on the number of working capacitors k, the maximum
field modulation does not necessarily become larger as k
does, although it is a rather broad tendency.

Figure 29 also reveals that the field modulation may be
about 1.7% when compared to the original maximum value
of B(t) (=~0.115T), if the chamber is completely sur-
rounded by Cu stripes. In order to reduce the noise on
the beam position monitors besides the chamber, or to the
impedance source in terms of the beam instability issue, it

is preferable that the chamber be completely surrounded by
them, as mentioned in the Introduction. Since there is the
broad tendency seen in Fig. 29 that the maximum field
modulation becomes smaller as the number of stripes does,
it is better to optimize to what degree the chamber should
be surrounded by Cu stripes, from the view point of the
design of accelerators.

The usefulness of Eq. (25) will now be discussed. In this
discussion, the case where the magnetic flux B(z) follows
the more realistic field pattern given on the left of Fig. 16 is
considered. The field modulation was calculated for the
cases where the number of working capacitors k was 20,
60, and 100, respectively, using both Egs. (25) and (26).
The results are given in Fig. 30. The left, middle, and right
figures give the cases where the number of working ca-
pacitors k was 20, 60, and 100, respectively. The blue
points give the results calculated using Eq. (25) and the
red points using Eq. (26). As there is a larger number of
working capacitors, the approximation that the magnetic
field on the x = 0 plane is constant is appropriate, because
the effect of the Cu stripes at both the right and left sides of
the chamber dominates. Equations (25) and (26) are in
good agreement of within a few percent for the case
with the larger number of working capacitors. Hence, use
of Eq. (25) saves on having to replace the yoke by image
currents.

B. The modulation of the magnetic field with a bending
magnet in an RCS

With an RCS, it is important to evaluate the COD in
advance, because it cannot be corrected if the effect of it is
too big, while with steering magnets it can be done if the
amount of field error is tolerable. Since the strength of the
magnet in an RCS changes over time, this phenomenon
may cause a field modulation inside the chamber. The
assumption was made that the magnetic flux changes as
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FIG. 30. (Color) The comparison of the field modulation (theoretical results) obtained by Eq. (25) with that done by Eq. (26) (when the
original magnetic field is assumed to be excited, following the measured data that is given by the left of Fig. 16). The blue points
represent the results calculated by Eq. (25) and red points do those done by Eq. (26). The left, middle, and right figures show the cases
that the number of working capacitors k is equal to 20, 60, and 100, respectively. As the number of working capacitors is larger, the

approximation that the magnetic field on x = 0 plane is constant becomes appropriate.
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FIG. 31. (Color) The time dependence of the original bending magnet B(r) is given in the left figure (analytical data) and the
modulation of it (theoretical results) is in the right figure. The field modulation inside the chamber is insignificant. The same
parameters as in Fig. 24 are used. Namely, the length of the chamber / is 80 cm, the radius of chamber a is 15.25 cm, the total number
of Cu stripes N is 100, the attached capacitance C for each stripe is 0.3 wF. The chamber is surrounded by the ferromagnetic yoke
whose longitudinal length is 80 cm, gap height 2¢g = 32.0 cm, and gap width 2k = 32.0 cm. As a typical set of parameters, ramping
time 7 = 20 ms, the radius of curvature p = 12.578 m, the injection momentum p;,; = 0.61 GeV/c, and the extraction momentum

Pfin = 3.8 GeV/C.

B(r) = l(‘Pﬁn/C + Pini/ ¢ cos” ¢ + Pini/c + pfin/c)’
2 T 2
(47

where p is the radius of curvature of the bending magnet, T
the ramping time, and p;,; and pg, are the injection and
extraction momentum in units of eV/c, respectively (refer
|

N/2 Ui

to the left of Fig. 31). They are related to the total energy £
of the beam through the dispersion relation: E%/c?> — p> =
m%cZ, where m,, is the proton rest mass. Substituting the
second differential of Eq. (47) with time ¢ into Eq. (24)

results in the formula for the current /; on the ith coil as

R — %)(cos%t — o L@®/A)+(1/2)), /R2_(2).j/c)]r) +Z sinZs

I =— Z al(pgn/c = pimi/ )7 L

k=1 20T R — 24

B (,% - %\/Rz — %)(cos%t — o [R/A)=(1/A)R =22/ Oty 4 T sinZ t

U7 sind, I:(,% + )‘%

27, 2
E+ LR -+ g

ﬁ_i‘/ 2 _ 2Ny o
()\/- Y R C) T

The modulation of the dipole field is calculated by sub-
stituting Eq. (48) into Eq. (26). As a typical example, the
case can be considered where ramping time 7 = 20 ms,
the radius of curvature p = 12.578 m, the injection mo-
mentum p;,; = 0.61 GeV/c, and the extraction momen-
tum pg, = 3.8 GeV/c. For the other parameters, the same
values described in Fig. 24 are used. The results are given
on the right in Fig. 31. Figure 32 gives the N/2 normal
mode frequencies: 1/27+/A;C for this chamber. The modu-
lation is seen to be insignificant. Since all the frequencies

]. (48)

are within a few hundred kHz, much higher than the
inverse of ramping time 1/7(= 50 Hz), the original mag-
netic field is considered to have been adiabatically excited
when compared with the eigenmode frequencies of the
coils.

IV. SUMMARY

A theory was developed for use in evaluating the field
modulation inside an rf-shielded chamber when the outside
dipole magnetic field is time-dependently changed. Our
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FIG. 32. (Color) The N/2 normal mode frequencies
(1/27/X;C) where i is mode index. These frequencies are
much higher than the inverse of ramping time 1/7T(= 50 Hz).
It may be considered that the original magnetic field is consid-
ered to have been adiabatically excited when compared with the
eigenmode frequencies of the coils.

theory can predict the effect of the induced currents
quickly and also estimate the field modulation inside the
chamber within 6%—7% accuracy. This uncertainty is
mainly caused by the fact that the original dipole magnetic
field actually has a longitudinal component that leaks from
the area where the magnet yoke is. The theory can be easily
generalized to include the longitudinal effect if the 3D field
map of the original magnetic field is known. This manipu-
lation enables the field modulation inside the chamber to
be calculated much more accurately.

The type of field modulation was classified into two by
source: one from the traverse of the magnetic flux over a
Cu stripe and the other from the traverse of magnetic flux
over the area enclosed by a pair of Cu stripes and the
flanges. If the ferromagnetic yoke was sufficiently far
enough away from the chamber (typically 3 times more
than the radius of the chamber), the field modulation due to
the traverse of the magnetic flux over the Cu stripe would
be almost canceled out, especially for the case of a sym-
metrical chamber (square or cylindrical chamber) covered
in symmetrical stripes (square or cylindrical stripes).
However in reality, the ferromagnetic yoke is very close
to the chamber and the effect of it significant. The field
modulation then, reaches a maximum when the chamber is
completely surrounded by Cu stripes. Even in this case, the
field modulation from the magnetic flux traversing the Cu
stripe is smaller (typically less than the order of magnitude)
than that caused in the traverse of the area enclosed by a
pair of Cu stripes and the flanges.

The rf-shielded chamber was simplified as being a mul-
ticoil system in our theory to consider the effect of the
magnetic flux traversing the area enclosed by a pair of Cu
stripe and the flanges. This simplification proved to be
applicable in this case by comparing theoretical results
with simulated results. It is important to consider the effect
of the mutual inductance between coils. The effect of it
enhances the amount of field modulation because the
damping time of the induced current is longer. The discov-
ery was also made that the simpler formula given by
Eq. (25) is very useful in evaluating the field modulation
at the axis of the chamber, especially when the ferromag-
netic yoke surrounds it. Infinite image currents are unnec-
essary, using that formula being considered.

As typical examples, the procedure was applied in two
cases: the bump magnet during the injection period and the
bending magnet in the RCS. We were able to determine a
field pattern for the bump magnet so that the field modu-
lation caused by it does not deteriorate the characteristics
of the beam. From the point of view of the design of
accelerators, the degree to which the chamber in the
bump magnet should be surrounded by Cu stripes in re-
ducing the field modulation could be optimized, while the
noise on the beam position monitors, or the impedance
source could be sufficiently small. Another discovery was
that the field modulation is negligibly small inside the
bending magnet in the RCS, because the bending magnet
field is considered to have been adiabatically excited when
compared with the intrinsic frequencies of an rf-shielded
chamber.
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APPENDIX A: VALIDITY OF THE REPLACEMENT
OF THE FERROMAGNETIC YOKE BY IMAGE
CURRENTS

In the text, we mentioned that the effect of the ferro-
magnetic yoke on the field modulation can be included
in estimations by replacing it by image currents. In order
to confirm that this was correct, we will show that the
azimuthal component of this field modulation is zero on
the magnetic pole face. This Appendix is used to con-
cretely do so using the case where the field modulation is
induced by the magnetic flux traversing the Cu stripe, as an
example. A similar method can also be applied to the case
where it is induced by the magnetic flux traversing Cu
coils.
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The field modulation at (x, y) due to the ith stripe can be expressed using

[ d,dB(t) [(4e)/Zob2))(F 1) Z (=

m,n=—00

Hi(xry) bzz
0

y /b b a rsing[—y + 2ng + (—1)"y; + rcose, x — 2mh — (—1)"x; — rsing, 0]
r f
[x —2mh — (=1)"x; — rsing > + [—y + 2ng + (—1)"y; + rcose]?

. (AD

with image currents. It is sufficient to show only that the azimuthal component of H; is zero on the magnetic pole face,
because the total magnetic field is expressed by the superposition of all the stripes. As shown in Fig. 3, since the gap height
and gap width is 2g and 24, respectively, the field modulation on the magnetic pole face is denoted with that on the surfaces
:(x = *xh,y) and (x, y = *=g), where x and y moves from —#4 to i and —g to g, respectively.

As a typical case, we prove that the x component of H;(x, —g) is zero. The component of H; ,(x, —g) can be expressed
using

2 | dB(t ,
Hy G —g) = 25 f’ ' d() [0/ Zob? ) —1) Z (1)

'7Tb2Z0 mn——oo
b 2 si + 2ng + (= 1)"y; +
y / drfdga r* sing[g .2ng2 (=1)"y; + rcosg] N (A2)
[x = 2mh — (=1)"x; — rsing]* + [g + 2ng + (—=1)"y; + rcos¢]
By replacing index n by n — 1 and variable ¢ by ¢ — 7, it can be rewritten as
dB(t) 4¢)/(Zob?o)](H —
s ) =2 [ B g § o
b 2 —o + —(—1)y. —
y ] drfdgo r* sing[ g Zéag (=1)"y; — rcosg] 5 (A3)
0 [x —2mh — (=1)"x; + rsing]* + [—g + 2ng — (—1)"y;, — rcos¢]
Finally, by transforming index n to —n and variable ¢ to — ¢, the following is obtained:
dB(t) 4c)/(Zyb* o) m
Hi(x, —g) = sz f dr 2230 o)/ zgpr o))~ z)mn;m(_l)
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Comparing the description of H;,(x, —g) in Eq. (A2) with [51 D. Raparia, in Proceedings of the 2lst Particle

that of Eq. (A4), we find that H, ,(x, —g) must satisfy the Accelerator Conference, Knoxville, Tennessee, 2005
relation (IE]/EE, Piscataway, NJ, 2005), p. 553, http://www.jacow.
org/.
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