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Passive Shimming by Eliminating Spherical Harmonics Coefficients
of All Magnetic Field Components Generated by Correction lron
Pieces

So Nogucht, SeokBeom Kiri, Seungyong Hahh and Yukikazu lwash

1Graduate School of Information Science and Technology, Hokkaido University, Sapporo 060-0814, Japan
2Graduate School of Natural Science and Technology, Okayama University, Okayama 700-8530, Japan
SFrancis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

When a magnet generating highly homogeneous magnetic field is designed, a shimming is required. The shimming is usually
performed so that the magnetic field only in the axis direction is compensated by iron pieces and/or coils. The compensation is
commonly achieved by eliminating the coefficients of the spherical harmonics expansion of the magnetic field generated by the main
magnet. Some papers showed the coefficients of the spherical harmonics expansion in only theirection for passive shimming.
However, recently some magnets generate a magnetic field tilted from the-axis, such as a magic-angle-spinning NMR/MRI. It is,
therefore, necessary to eliminate the coefficients of the spherical harmonics expansion in tle and y-directions.

Index Terms—Magnetic moment, MRI, NMR, passive shimming, spherical harmonics expansion.

I. INTRODUCTION harmonics coefficients of all the components.

T is necessary to compensate a magnetic field around
the center with shimming when it is required to generate  |l. COEFFICIENTS OFSPHERICAL HARMONICS

highly homogeneous magnetic field, such as MRI and NMR.a_ Spherical Harmonics Coefficients by Magnetic Moment

The passive shimming, one of the shimming methods, is to .
compensate the magnetic field using some pieces of iron [1 _The magnet fluxi® generated by the magnetic momeint

[3]. Since the magnetic field homogeneity of a few PPM i t point Q as shown in Fig. 1(a) is presented by
required around the magnet center, the spherical harmonics _dm 1
expansion of the magnetic field is usually employed [4], [5]. e = Va

A magnet for MRI or NMR is commonly axially symmetric. .
g y y 5y ]where uo and R are the permeability of free space and the

Therefore, only thez--component of the magnetic moment of |, ‘ bet th int 4P 7 fvelv. Usi
correction iron pieces used for passive shimming is taken in prrance between the points Q an [7], respectively. Using

account so that only the-component of the magnetic fielgthe spherical harmonics functio/ R is given as

1)

B 47 g R

is homogenized [4]. The paper [5] presented the spherical o n (n—m)! "
harmonics coefficients of the-component of the magnetic B - Z Z {Emmm),wpﬁn(cos @)
field generated by all the components of magnetic moment be- n=0m=0 oo

cause the open MRI magnet generates the axially asymmetric x P (cos ) cos [m(y — ¢)]} (2)

magnetic field. In addition, the configuration of the correctio, .o e, is the Neumann factorP™ is the associated

iron piepes was.o.ptimized in order to eliminate the spherice gendre function; andr, are the distance from the origin to
harmonics coefficients. the points P and Q, and, 0, v, and¢ are the angle shown in

Recently a newly developed magnet generates a magn%til&_ 1(a), respectively. The magnetic field3,, is expressed
field tilted from thez-axis for a magic-angle-spinning NMRas

[6]. Hence, the coefficients of the spherical harmonics ex-
pansion of all the magnetic field components, that are gen-
erated by all the components of the magnetic moment, a#ere, the dimension of the correction iron piece with magnet
strongly desired to be eliminated by the passive shimmingiomentdm = (dm,,dmg,dm.) in cylindrical components
Consequently, we derived the spherical harmonics coefficiesgiven in Fig. 1(b). The magnetic fiel#,, generated by

of all the magnetic field components to all the magnetigie correction iron piece is obtained by the integration of the
moment components, and then we tried the passive shimmiggume, as follows:

of the magic-angle-spinning NMR. In the passive shimming,

the configuration of the correction iron pieces are optimized g _ /22/’)2/w2 dﬂvPvQ (1> pdidpdz.  (4)
by the micro genetic algorithmuGA) in order to the spherical o Jpy Sy, AT R

dBy = —poV pd®. 3

Manuscript received June 29, 2013. Corresponding author: S. Nogu&ﬂ?re' itis agsumed that the magnetic- momewt_is CQnStant
(email: noguchi@ssi.ist.hokudai.ac.jp). in a correction iron piece. The following equation is derived
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from calculating (4).

Z Z [r" P (cos )

n=0m=0

x {C®(n,m) cosmy + D*(n, m)sinmap}] (5)

where
Bl ] = o B |- [ |
i, [ e ] ©)

and i, iy, andi, are the unit vector in the-, y-, and z-
direction, respectively. The detail of the coefficierits and
D# cannot be given here because of no space [8].

z
dm
P__& 4 Q
4 '
/o ™
\O
Loy . Fy
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z
2 Freeenioa dmzdm(.,
A [esssoos —:—--: ___________ ‘
-l dmy,
U
Py
x
(b)

Fig. 1. (a) Magnetic momentm at point Q generates magnetic fld® at
point P and (b) dimension of a piece of iron widlin. = (dm,, dmg,dm.)
in the cylindrical components.

B. Spherical Harmonics Coefficients by Current

The current density; with length of ds generates the
following magnetic vector potential A:

)

jds in Fig. 1(a). The following equation is derived from (2)
and (7):

de (n—m)tr™
dA 47rr0 nzomzo { G m)iT — P (cos «)
X Py (cos 0) cos [m(y — ¢)]} (8)

The magnetic field generated by the currdht is

C)
wherev is the volume of the magnet. Finally, we can obtain

using (7) — (9)

Z Z [r" P (cos )

n=0m=0

x {C°(n,m) cosmy + D(n, m) sinmwy })(10)

BC:/VXdAdv

where
(S ] = [ )+ (560 ]
| | *

The coefficientsC¢ and D¢ of the ring coil are represented

in [7]. It is, however, necessary to compute the coefficients

C° and D¢ by a numerical integration when the magnet

configuration is axially asymmetric, such as a dipole magnet.
When the main magnet generates a tilted magnetic field, the

spherical harmonics coefficients can be transformed using the

method presented in [9].

C. Passive Shimming
For compensating the magnetic field with passive shimming,

C*®(n,m) C°n,m) | |0
[ D*(n,m) ] + [ D¢(n,m) } o { 0 }
with n > 1 has to be satisfied.

In the passive shimming, the configuration of the correction
iron pieces has to be optimized in order to eliminate the
coefficients C°(n,m) and D¢(n,m) by adding D%(n,m)
and D*(n, m). The magnetic momentm is computed by a
numerical simulation method, such as a finite element method
or a magnetic moment method.

(12)

[1l. PASSIVE SHIMMING

A. Magic-Angle-Spinning NMR

The passive shimming is applied to a pair of dipole magnets
of the magic-angle-spinning NMR [6]. Fig. 2 shows the dipole
magnets with the tilt of 54.74 deg. in thez plane, the center
magnetic field is 0.3 T, and its dimensions are referred in
[6]. Table I shows the spherical harmonics coefficients of the
magnetic field generated by the dipole magnets, however
4.

For passive shimming, theGA [10] optimizes the configu-
ration of the correction iron pieces. Considering the symmetry,

whereR is the distance between the points P and Q, replacitige design region of the correction iron pieces, as shown in
the magnetic momendm with the current density elementFig. 2, is divided into 2 (radially)x 36 (circumferentially)
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Region of Iron Piece ..~

'''''

360

unit: mm

+ [ D} (n,m) + Di(n,m)]). (13)
wherew(n) is the following weight function.
w(n) = 107" (14)

The weight function is decided according to the desired bore
size of the homogenized magnetic field. When whole the iron
pieces are absent, the initial objective functibn= 4.634 x
104

The magnetic momenim of every iron piece is computed
by the magnetic moment method in the cylindrical coordinate.

B. Passive Shimming Result

Fig. 3 shows the optimized configuration of the correction
iron pieces, and Table Il represents the spherical harmonics
coefficients of the magnetic field affected by the correction
iron pieces. The objective function optimizedfs= 0.806 x
10~*. Figs. 4 and 5 shows the absolute value of the non-
zero spherical harmonics coefficients with = 2 and 4,
respectively. The coefficients af= 2 are reduced adequately,
however, those of. = 4 are not.

Fig. 2. Dipole magnets for magic-angle-spinning NMR. The configuration of

the iron piece is optimized by theGA. The quarter region of the configuration

is considered due to the symmetry, and it is divided into 2 (radially36
(circumferentially) x 18 (heigtwise) segmental elements.

TABLE |

SPHERICAL HARMONICS COEFFICIENTS OFDIPOLE MAGNETS

Coefficient = component y component z component

C°(0,0) 0.0
Ce(1,0) 0.0
ce(1,1) 0.0
C°(2,0) 0.0
Ce(2,1) ~0.86867
Cc(2,2) 0.0
C*(3,0) 0.0
Ce(3,1) 0.0
C°(3,2) 0.0
C<(3,3) 0.0
C*(4,0) 0.0
ce(4,1) 296.141
C°(4,2) 0.0
Cc(4,3) -63.652
Cc(4,4) 0.0
De(1,1) 0.0
D<(2,1) 0.0
D°(2,2) 0.61434
D<(3,1) 0.0
D<(3,2) 0.0
D<(3,3) 0.0
D<(4,1) 0.0
D°(4,2) ~140.003
D<(4,3) 0.0
D<(4,4) 25.005

—0.24444

0.17281

Fig. 3. The optlmlzed conflguratlon of correction iron pieces/fyA. The

% 18 (h8|ght\lee) segmental elements, and;mm decides blue-colored pieces are in the inner layer, and the red-colored ones in the

outer.

whether the iron piece exists in a subdivision or not, like
a topology optimization [11]. The object functioR to be

minimize is

R DD » o

i=x,y,z n=1m=0

) (|C5 (n,m) + CF(n, m)|

Table Il shows the inhomogeneity of the magnetic field
within 10 mm sphere to the dipole magnets with and without
passive shimming. The inhomogeneity is drastically improved
to 4.3 ppm. In this optimization, the size of the iron piece is too
large to reduce all the spherical harmonics coefficients largely.
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TABLE Il e
SPHERICAL HARMONICS COEFFICIENTS OFIRON PIECES S = Di‘w\[‘ww‘
T 1000 B Tron Pieces - -
Coefficient =z component y component z component
C5(0,0) 0.0 —0.00367 0.00217 W Toial
C3(1,0) 0.0 0.0 0.0 P
Cs(1,1) 0.0 0.0 0.0 800
C3(2,0) 0.0 0.65458 -1.06536 g
C3(2,1) 0.86747 0.0 0.0 2
C5(2,2) 0.0 -0.45050 0.25618 £ o0
C3(3,0) 0.0 0.0 0.0 E
Cs(3,1) 0.0 0.0 0.0 =
C3(3,2) 0.0 0.0 0.0 100
C3(3,3) 0.0 0.0 0.0
C5(4,0) 0.0 -652.938 -150.717
C5(4,1) —-221.509 0.0 0.0 o
C3(4,2) 0.0 16.939 -83.884
C5(4,3) 33.197 0.0 0.0
C5(4,4) 0.0 10.404 5.949
Ds(1,1) 0.0 0.0 0.0 0o = = = e s .
DS(Q, 1) 0.0 —0.13893 0.43639 Cx(4,1) Cx(4,3) Dx(4,2) Dx(4.,4) Cy(4,0) Cy(4,2) Cy(4,4) Dy(4,1) Dy(4,3) Cz(4,0) Cz(4,2) Cz(4.4) Dz(4,1) Dz(4.,3)
Ds (2’ 2) —0.93808 0.0 0.0 Non-zero Coefficients
D3(3,1) 0.0 0.0 0.0
D5(3,2) 0.0 0.0 0.0 Fig. 5. Absolute value of the non-zero spherical harmonics coefficients with
D5(3,3) 0.0 0.0 0.0 n=4
D3(4,1) 0.0 255.983 -261.175
D3(4,2) 25.019 0.0 0.0 ] . ) ] )
Ds(4,3) 0.0 -21.214 8.166 field of the tilted dipole magnets so that the configuration of
D(4,4) 6.058 0.0 0.0 the correction iron pieces was optimized by th8A. In the
future, it is necessary to eliminate higher order coefficients
L2 g i — - g g ; with a smaller piece of iron. In addition, it is necessary
10 B Dipole Mognets : . to employ active shimming with passive one. The proposed
2 08 B Total z i method in this paper is useful in the simultaneous active and
= : : : passive shimming.
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