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Passive Shimming for Magic-Angle-Spinning NMR

So Noguchi, Seungyong Hahn, and Yukikazu lwasa

Abstract—The superconducting dipole magnets wound with components, that are generated by all the components of the
HTS wires have been developed for a magic-angle-spinning NMR. magnetic moment of correction iron pieces. Consequently,
The magnetic field of the dipole magnets is tilted fromz-axis. we calculated the spherical harmonics coefficients of all

Since the highly homogeneous magnetic field is required, the th tic field ts f Il th fi t
magnetic field of the dipole magnets is necessarily compensated € magnetc neld components for a € magnetc momen

by passive and/or active shimming. However, the compensation COmponents. That is, we derived the equations to calculate
of all the components has not been reported. Usually, due to all the components of the magnetic field around the magnet
the axial symmetry of a solenoid magnet, onlyz component center, that are generated by a correction iron piece, using the
of the magnetic field is homogenized. In this paper, all ther, gpherical harmonics series expansion for passive shimming.
y, and z components of the magnetic field generated by the Usi timizati thod. th . hi .

superconducitng dipole magnet are compensated because of the _Smg a”,OP Imlza lon me .9 » (e passive S iImming Was
tilt from the z-axis. tried for eliminating the coefficients of the spherical harmonics
series expansion of all the magnetic field components for the

Index Terms—Nuclear magnetic resonance, numerical simula- . . Lo
design of the magic-angle-spinning NMR.

tion, shimming, superconducting dipole magnet.

II. SHIMMING METHOD
I. INTRODUCTION

. _ _ A. Spherical Harmonics Coefficients by Line Current
HEN a superconducting magnet generating highly ho-

mogeneous magnetic field, such as MRI and NMR, is The line cgrrentdI at the .point P genera‘Fes the magnetic
designed, it is necessary to compensate a magnetic field arotifigfor PotentialiA at the point Q as follows:
the center with passive and/or active shimming [1]. Passive dI

shimming is often employed to compensate the magnetic dA:MOélyrR @

field using some pieces qf iron. Since the magnetic f'eWhereuo and R are the permeability of free space and the
homogeneity of a few PPM is required around the center Oftla%tance between the points P and Q. The magnetic field
MRI/NMR magnet, the spherical harmonics series eXpansgﬁnerated by the curre®, is derived from
of the magnetic field is calculated on the design stage [2], [3].

Commonly, a magnet for MRI/NMR is axially symmetric. B, = /V < dAdL. )
Therefore, only thez component of the magnetic field is l
considered to be compensated [4]. When the magnetic figile spherical harmonics function gives
is compensated with passive shimming, theomponent of

the magnetic moment of correction iron is also considered 1 i zn: , (n—m)t o P™(cos )
so that only thez component of the magnetic field is ho- R == " (n4m)epton
mogenized around the center. In recent years, some kinds of x P™ (cos 0) cos[m(v — ¢)]} 3)

MRI/NMR magnets whose shape is axially asymmetric have

been developed but generate a homogeneous magnetic fieldtweree,,, P*, r, andry are the Neumann factoe,f, = 1 if

the zdirection [3], [5]. The generated magnetic field is also: = 0, otherwises,,, = 2), the associated Legendre function,

axially asymmetric, therefore all the components of the centéae distance from the origin to the points P and Q, respectively.

magnetic field have to be compensated by shimming. The anglesy, 6, v, and¢ are shown in Fig. 1. Consequently,
In the shimming, although all the components of the magnebstituting (1) and (3) into (2), we can derive

moment of the correction iron piece also have to be considered,

the coefficients of the spherical harmonics series expansion B, = Z Z [r" P™(cos 0)
in only the z-direction magnetic field is eliminated. However, n—0m=0
recently, a newly developed MRI/NMR magnet generates a x {C°(n,m) cosmip + D(n,m)sinmi}| (4)

tited magnetic field, such as a magic-angle-spinning NMR
[5]. Therefore it is necessary to eliminate the coefficients ¥here

the spherical harmonics expansion of all the magnetic field C°(n,m) .| C¢(n,m) .| Ci(n,m)
c = 1y c + 1y yc
_ _ D¢(n,m) D¢(n,m) D¢(n,m)
Manuscript received Jul 16, 2013. v
S. Noguchi is with the Graduate School of Information Science and . CS(n,m) 5
Technology, Hokkaido University, Kita 14 Nishi 9, Kita-ku, Sapporo +2. DC(n m) ( )
z )

060-0814, Japan (phone: +81-11-706-7671; fax: +81-11-706-7671; e-mail:

noguchi@ssi.ist.hokudai.ac.jp). o and i,, i,, and 4, are the unit vector in thes-, y-, and
S. Hahn and Y. lwasa are with the Francis Bitter Magnet Laboratry,

Massachusetts Institute of Technology, 170 Albany St., Cambridge, o213gdirection, respectively. The coefficients® and D® are
USA. obtained from the numerical integration with respect to the



MT-23-2POAK-01 2

line current when the coil shape is axially asymmetric, such P
as a dipole magnet. 1
’ o . ) 2| am,
When the main magnet is tilted from theaxis, the spheri- Ak T - - dTTI/(;;
cal harmonics coefficients can be easily transformed using the TTE=zIIE dm
method presented in [6]. 0 P
1 |:
1 1
z oy
— 11 14
dl,dm —FZA-c--4y Y
Ul P1 /\)2;‘ ~1
>

T

Fig. 2. Dimension of a piece of correction iron with constant magnetic
momentdm = (dm,,dmg,dm) in cylindrical components.

C. Shimming Method

For homogenizing the magnetic field around the center, the
coefficientsC® and D¢ are compensated with the coefficients
C® and D®. That is,

(S ] [Shm]=[0]

Fig. 1. Line currentdI and magnetic momendm at point Q generates
magnetic vector potential A and magnetic fluxd® at point P.

B. Spherical Harmonics Coefficients by Magnetic Moment

The magnetic field generatel3; at the point P is obtained o
from with n > 1 has to be satisfied.

In the passive shimming, the configuration of the correction
iron pieces is optimized to eliminate the the coefficiets
where d® is the magnetic flux. The magnetic fluie gen- @nd D¢ by adding the coefficiente” and D* by the micro
erated by the magnetic momeditn at the point Q is given genetic algorithm gGA) [8]. Fig. 3 shows the flowchart of

dBS = —Movpdq) (6)

by the uGA for shimming. The magnetic momemtn in the
dm. 1 cylindrical components is computed by the magnetic moment
dd = — = 7
Tnpe VOR (7)  method.
Here, the dimension of the correction iron piece is given in
Fig. 2. With the assumption of the constant magnetic moment q
dm = (dm,,dme,dm;) in cylindrical components, we can I/ LGA \
obtain the following equation from (6) and (7): |
z2 P2 (2 dm 1 Decide configuration of correction
B, = / / / EVPVQ Epd'(/)dpdz (8) iron piece by GA process
zZ1 P1 1 I
Consequent|y1 SUbStiIUting (3) into (8)1 we can derive Calculate magnetic moment dm
~ n by magnetic moment method
B, = Z Z [r" P (cos 6) |
n—0m—=0 Calculate spherical harmonics
x {C*(n,m) cosmyp + D*(n,m)sinmap}] (9) coefficients
[
where Calculate and evaluate objective
S functi
C®(n,m) — Cs(n,m) ti CZ (n,m) unction
D?(n,m) - Di(n,m) Y| Dg I

y(nvm) |\ /
.| C5(n,m)
B | - —
The coefficientsC® and D® are obtained from the numerical

integration with respect to the volume of the correction irofi9- 3. Flowchart of the passive shimming computation ugic.
piece and shown in [7].
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I1l. PASSIVE SHIMMING OF MAGIC-ANGLE-SPINNING where w(n) is a weight function ofl0=2". The objective
NMR function F' = 1.275 x 10~3 before the passive shimming.

A. Dipole Magnets and Passive Shimming

The HTS dipole magnets have been developed and maBu-Passive Shimming Result
factured for the magic-angle-spinning NMR [S]. Fig. 4 shows iy 5 shows the optimized configuration of the correction

t_he schematic view of the dipol_e magnets. The 1.25 T ma_gr?ﬁ}n pieces with the magnetization vectors. The magnetiza-
field generated by the HTS dipole magnet has to be tiltgh, \ectors are computed by the magnetic moment and the

54.74 deg. iry-z plane. Table | shows the spherical harmonics,y rated magnetic field of the magnetic field is 1.2 T. The
coefficients of the magnetic field generated by the dipolg .| value of the objective function i — 0.410 x 103,

magnets, however < 4. Table 1l shows the spherical harmonics coefficients of the
correction iron pieces. Figs. 6 and 7 show the absolute value
of the non-zero spherical harmonics coefficients:of 2 and

n = 4, respectively. Where as the total values of the spherical
harmonics coefficients withh = 2 are effectively reduced as
shown in Fig. 6, those witm = 4 are not vanished at all

““““““ as shown in Fig. 7. Actually the value @é,(4,0), C.(4,0),

and D.(4,1) remains largely. It is necessary to decide the

Fig. 4. Dipole magnets for magic-angle-spinning NMR. The design region wfeight function carefully to reduce the spherical harmonics
the correction iron pieces is divided into 2 (radially)72 (circumferentially) P

x 36 (height wise). The configuration of the correction iron pieces i(s:(")em(:u:"nts wholly.
optimized by theuGA.

#

B

TABLE |
SPHERICAL HARMONICS COEFFICIENTS OFDIPOLE MAGNETS

Coefficient = component y component z component

C*(0,0) 0.0 ~1.02488 0.72458
Ce(1,0) 0.0 0.0 0.0
Ce(1,1) 0.0 0.0 0.0
C*(2,0) 0.0 2.99221 0.11988
ce(2,1) ~2.46555 0.0 0.0
C°(2,2) 0.0 ~1.08113 1.02779
C*(3,0) 0.0 0.0 0.0
Ce(3,1) 0.0 0.0 0.0
C°(3,2) 0.0 0.0 0.0
C°(3,3) 0.0 0.0 0.0
C*(4,0) 0.0 3010.01 —2117.02
ce(4,1) 888.047 0.0 0.0
C°(4,2) 0.0 —246.408 174.552
C*(4,3) ~190.477 0.0 0.0
Cc(4,4) 0.0 54.7271 -38.6949
De(1,1) 0.0 0.0 0.0
De(2,1) 0.0 ~1.64560 0.79069
D<(2,2) ~1.74369 0.0 0.0
D<(3,1) 0.0 0.0 0.0
D°(3,2) 0.0 0.0 0.0
D<(3,3) 0.0 0.0 0.0
De(4,1) 0.0 -809.678 575.546
D<(4,2) -418.947 0.0 0.0
D<(4,3) 0.0 119.083 -84.0985
De(4,4) 74.82244 0.0 0.0

Fig. 5. The optimized configuration of the correction iron pieces with the

- . . . . magnetization vectors. The saturated magnetic field of the correction iron
The 1GA optimizes the configuration of the correction worbieges is 12T 9

pieces. The design region of the correction iron pieces is

subdivided into radially 2 circumferentially 72< heightwise  Although the coefficients of the spherical harmonics with
36 segmental elements. TheSA decides whether the iron,, — 4 could not be reduced effectively, the homogeneity
piece exists in a segmental element or not, like a topologyound the center is evaluated. Table Ill presents the in-
optimization [9]. The following objective functio#” is mini- - homogeneity of the magnetic field within the sphere of 10

mized: mm diameter. The homogeneity is enhanced by the passive
4 n shimming.
F = Z Z Z w(n) {|C; (n,m) + C§(n,m)| All the components of the magnetic field are simultaneously
i=w,y,z n=1m=n homogenized in this paper, although onlgomponent of the

+ |Di(n,m) + D (n,m)|} (12) magnetic field are considered hitherto. However, only the pas-
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TABLE |I 10000 1 T ; R
SPHERICAL HARMONICS COEFFICIENTS OFCORRECTIONIRON PIECES ; B Dipole Magnets
B DonPieces
Coefficient _z component y component =z component S0 — ]
C*(0,0) 0.0 —0.00064 0.00317
Cs(1,0) 0.0 0.0 0.0
C5(1,1) 0.0 0.0 0.0 £ o000
Cs(2,0) 0.0 —2.56057 —0.12369 %
Cc5(2,1) —2.46538 0.0 0.0 g
C3(2,2) 0.0 0.81339 -1.25330 E 000
C5(3,0) 0.0 0.0 0.0
Cs(3,1) 0.0 0.0 0.0
C5(3,2) 0.0 0.0 0.0
Cs(3,3) 0.0 0.0 0.0 2000
Cs(4,0) 0.0 5772.92 6788.71
C3(4,1) 115.135 0.0 0.0
Cs(4,2) 0.0 1008.26 490.959 0
gz Ejv i; 298 ?)404 383 26% 50 OgB% (4.2) Cy(4.4) Dy(4,1) Dy(4,3) C2(4,0) Cz(4.2) Cz(4,4) Dz(4.1) Dz(4.3)
Ds(l, 1) 0.0 0.0 0.0 Non-zero-Coefficients
S
gsgi ;g 1 738903 L 632?(‘;3 -1 70(7)005 \II:\/II?h 7. 7T2e absolute value of the non-zero spherical harmonics coefficients
D5(3,1) 0.0 0.0 0.0 n=s
D#(3,2) 0.0 0.0 0.0
Ds(3,3) 0.0 0.0 0.0 TABLE Il
Ds(4,1) 0.0 -627.027 2309.17 INHOMOGENEITY OFMAGNETIC FIELD WITHIN 10 MM SPHERE
D#s(4,2) 766.329 0.0 0.0
D#3(4,3) 0.0 —-368.381 249.080 . . .
Ds(4, 4) 327.633 0.0 0.0 w/o shimming (ppm)  with shimming (ppm)
2 component 11 1.2
y component 90.1 33.3
3.0 ; : : . z component 62.0 12.4
B Dipole-Magnets All Components 107.6 35.6

5 ; :
2.5 e i Iron-Pieces
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