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Modeling the Static Fringe Field of Superconducting Magnets
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The resonance frequency-space and the frequency gradient- accompanied by pulses of magnetic forces on the sample ar
space relations are evaluated analytically for the static fringe mag-  the probe head. The resulting mechanical vibrations, induce
netic field of superconducting magnets used in the NMR diffusion eddy currents, and heating effects are the sources of artifacts
meas_urements. The_ model takes_into account the a_ctual design pf the PFG technique. These problems were elegantly overcome |
the high-homogeneity magnet coil system that consists of the main o yin g yse of the gradient provided by the fringe field of a super
coil ar_ld the cry_osr_um coils _and enables a precise calibration .Of Fhe conducting magnet). Fringe fields provide ultrahigh magnetic
on-axis magnetlc field gradient qnd thg resonance frequency inside field gradients (up to 180 T/m) and high stability, thus permit-
and outside of the superconducting coil.  © 2001 Academic Press ) ) . L 5 ’

Key Words: static fringe magnetic field; diffusion; nuclear mag- g diffusion coefficients as low as 18 m?/s to be measured.
netic resonance. Static fringe field (SFF) diffusion measurements were succes:s
fully applied to systems such as supercooled liquids, molecula
crystals, long-chain polymers, systems of confined mesoscopi

Since Hahn's introduction of the NMR spin-echo techniqugeometries and fractal structurés,(molecular sievess), and
for the measurement of atomic self-diffusion in 195) NMR  oriented phospholipid bilayerg). In addition, SFF provides ba-
has become a standard tool for the study of slow atomic diffais for the stray field magnetic resonance imaging (STRAGjI) (
sive motions in liquids and solids. The original Hahn’s methog&chnique and a novel two-dimensional method for the diffusior
employs the use of a steady-state magnetic field gradient, negefficient determination that involves sample shuttle betweel
mally produced by a Maxwell pair or a Helmholtz coil arrangethe homogeneous and the fringe fiel@k (
ment. Due to the inevitable coil-heating problem induced by One of the inherent problems of the SFF technique is its low
the steady current, the resulting gradients are small (typicatlgtection sensitivity due to the fact that RF pulses, no matte
g ~ 10-2 T/m) so that only relatively large diffusion coefficientshow short, shaped or not, are “soft” in the presence of a hug
typical of nonviscous liquids of the ord&r ~ 10°-10"*'m?/s gradient. Only a thin slice of the sample can be RF-excitec
can be measured in this way. For samples with short spin—spinwéth the frequency bandwidth of the pulse. For example, the
laxation timeT, and T, « T; (the spin—lattice relaxation time), bandwidth of a rectangular RF pulse of duratios= 1 us ex-
which s typical for strongly dipolarly coupled nucleiin the slowtends roughly over the frequency intervab = 2/t = 2 MHz.
motion limit, diffusion measurements are no longer feasible with a gradientg = 180 T/m this excites a slice of thickness
the Hahn echo sequence. There the three-pulse stimulated-etko= 27 Av/yg = 0.26 mm (assuming that the resonant nu-
sequence is preferable, its major advantage being the fact thatdie¢ are protons). The small number of irradiated nuclei thus
diffusion encoding takes place primarily during the interval beesults in a generally poor nuclear induction signal. In addi-
tween the second and the third pulse, where the magnetizatiotios, precise positioning of the sample in the fringe field be-
stored into the longitudinal direction and hence subjected solelgmes very important. In the part of space where the fringe
to the much sloweT; relaxation. In order to extend the diffusionfield gradient is the largest, the central absorption frequenc
measurements to lower values of the diffusion coefficients, thkso changes rapidly with the position, typically with a rate of
pulsed field gradient (PFG) spin-echo technique was introducaiout 3 MHz/mm. Thus inaccurate positioning of small samples
(2). Various PFG methods have proven over years to be sditr as little as a fraction of a millimeter can already result in a
able for the determination of small diffusion coefficients sincgisappearance of the NMR signal. The two above issues—th
they combine large gradients up to 50 T/m with large NMR sidew sensitivity due to the thin excited slice and the rapidly chang-
nals (gradients switched off during RF pulses). However, theirgy central absorption frequency in space—represent two majc
are several experimental factors limiting the applicability of thproblems in the detection of the NMR signal in the SFF exper-
PFG technique with respect to the extremely low diffusion caments. One partly overcomes this problem by constructing &
efficients. The most important factor is the accuracy and staore or less sophisticated device for a precise probe head po:s
bility of the balance of the dephasing and rephasing gradietitsning in the magnet and performs a calibration run of the NMR
(3). Strong, rapidly switching gradient pulses are unavoidabfyequency and gradient in the magnet workspace. However,
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would be highly desirable to know the resonance frequency a
gradient analytically as a function of the spatial coordinate i
order to change these two parameters at will. A clear bene
would be the possibility of conducting experiments at differ
ent gradients and frequencies in an easy way. This is certait
an advantage in physical and chemical studies of frequenc | A Rt
dependent NMR parameters. In addition, precise positioning 5
the sample and the associated proper choice of the resonag |
frequency would no more represent a “nightmare” of the fring®
field diffusion spectroscopist. In this paper we report an an@ |
lytical evaluation of the fringe magnetic field gradient and th
resonance frequency in space inside and outside the coil o |
typical superconducting magnet by a simple model that tak
into account the actual geometry of the superconducting ct
and the shim system. Though the model involves geometric
parameters that are specific to each individual superconducti
magnet, a straightforward fit procedure enables one to apply 1
model quite generally to most of the currently available magnet
types. FIG. 1. On-axis magnetic field (solid line) of a solenoid coil (lendth,

It is well known that a homogeneous magnetic field can lameter Ry, N; turns, and currerity) with two shim coils (length. 2, diameter
produced inside a solenoid coil whose length is much larg&®z. Naturns, and currenip) at each end to improve the field uniformity within
than its diameter. In superconducting magnets used in NMT?I main coil. The separate contributions of the main coil (dashed line) and th

m coils (dotted line) to the total field are also shown. The following coil

spectroscopy such geometry cannot be realized easily igrameters are assumdd/2Ry = 3. Ro/Ry = 1.2, L1/Ly = 10.d + Lp —

practical reasons. The magnet cryostat is desired to be sm@lla, andN;i11/N;1, = 15.25. The coils are shown schematically on the graph.
whereas its bore should have a large diameter. This inevitably

leads to short coil geometries; i.e., the coil length and diametar-axis field of the three-coil system is obtained as
are of the same order of magnitude. The magnetic field inside a

z

short coil is not very homogeneous. We assume a solenoid C%izz) A z+L4/2 z—Lq1/2

of Nz turns, lengthL;, and diameter R;. A currentl; through =M > 5 - 5 5

the coil produces a magnetic field, which is on the coil axis \/Rl +(z+L1/2) \/Rl +(z—L1/2)

(taken along the direction with the originz = 0 in the coil

center) given by the expression LA z+d+ Lo B z+d

\/R§+(z+d+L2)2 \/R§+(z+d)2
B(Z)— N]_l]_/,Lo Z+L1/2 _ Z—L1/2
2 | R+ @+Ly2? R+ (z— L2y . z-d  z-d-L, 2

1] JR+@—dp JR+@-d-Loy

; o , .The coefficientsA; = Niliuo/2L; andA; = Nalouo/2L , are
where o is the permeability of a vacuum. The field of a coi ot independent. One can be expressed in terms of the other |

whose length is three times larger than its diameter (this raFQ(ing into account that the field value (or the resonance fre

being typical for NMR magnets) is displayed as a dashed IIneency) in the center of the superconducting magnet is knowr

S o u
n _F|g. 1. The field is .|nhomogeneous a]ready close Fo th%he B(z = 0) = Bp boundary condition sets the relation be-
coil center so that a single short solenoid cannot fulfill the

homogeneity requirements of the NMR experiment. tween/, and A, via Eq. [2] as

In order to improve the field homogeneity within the L1
. . ) . 4 . Bp=A—MM
main solenoid, two identical short solenoid coils (knowz a [R2 + (L. /2% + (L2
cryoshims) are usually coaxially wound at both ends of the main 1 .
coil. The additional coils of length, andN, turns, carrying the
currentl each, are displaced byd from the center of the main +2A, d+L. _ d . 3]
coil (Fig. 1). The field of this three-coil system is now obtained \/Rg 4 (d + Ly)2 \/RS e

by summing up the three contributions of the type of Eq. [1].

To get the fields of the shim coils one has to make the transfdie field of the shim coils for the cas®/R; = 1.2, L,/L, =
mationsz - z+d + L,/2andz - z—d — L,/2in Eq.[1] 10, andd + L, = L;/2 (the geometry that is schematically
to account for the displaced centers of the shim coils. The tosown in Fig. 1) andy;/ A, = 1.525 is displayed in Fig. 1 as
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deuteron resonance frequency was measured on-axis in ste
of 1 mm from the coil center up to the distance 200 mm that
is already outside of the coil (the coil half-length is 145 mm,
as shown below). The results are displayed as open symbols
Fig. 2. Close to the coil center the resonance frequency chang
only insignificantly with the distance whereas on approaching
the coil end, the frequency starts to drop rapidly and reaches tt
value 8.796 MHz ar = 200 mm outside of the coil. There is a
pronounced linear regime for 120 mmz < 160 mm that yields
a more or less constant frequency gradient. The experiment:
data were fit with Eq. [2]. An excellent agreement between the
model and the experiment (solid line in Fig. 2) was obtained with
the geometrical fit parametdrs = 29.09 cm, R; = 12.94 cm,
L, =6.11cm, R, = 1220 cm, and = 8.48 cm and the en-
ergizing parameterd; = 21.909 MHz andA, = 6.442 MHz
(vielding N111/N21, = 16.2). The coil geometry reconstructed
from these parameters is shown in Fig. 2 together with the ser
arated field contributions (in frequency units) of the main coil
O e e (dashed line) and the shim coils (dotted line). It is observec
300 200 -100 O 100 200 300 that the linear frequency regime with the constant SFF gradier
z (mm) is located around the coil edge. Since the resonance frequen
as a function of space is how known analytically, it is easy to
FIG. 2. On-axis deuteron resonance frequency of a 6.34-T, 50-mm-boget an analytical form also for the SFF gradient by a simple
superconducting magnet. Open circles are the experimental data; the solid ie&jvation of the frequency—space curve. This is shown in Fig. 3

is a fit with Eq. [2]. The solid line is a sum of the main coil (dashed line) an%here the Iargest gradient of 62 T/m is obtained at the distanc
the shim coils (dotted line) contributions. The coil system reconstructed from

the geometrical fit parameters (given in the text) is displayed also. z =150 mm, thus just at the position .Of the coil edge- )
The knowledge of the two analytical curves displayed in

Fig. 3—the frequency—space relatiofz) and the gradient—

a dotted line, whereas the total field of the three-coil system§Bace relationg(z)—are of clear advantage in the SFF
displayed as a solid line. It is seen that the use of the shim coils
drastically improves the uniformity of the field within the main
solenoid. Equation [2] depends on five geometrical paramete
(L1, L2, R1, Ry, andd) and one “energizing” parameter (either
A; or Ay). All these are in principle known from the magnet
construction (its technical documentation) and the currentintl 70+
coils. However, the shim coil parameters contribute just a sme ]
change to the main coil field at both ends of the coil, so that tt
main coil parameters are rather independent from those of t £ 50+
shim coils. We shall demonstrate in the following that actuallj"; 404
no preliminary knowledge of these parameters is needed, k..
they can be determined reliably from the fit to Eq. [2].
The modeling of the SFF gradient and the resonance fr= ]
quency as a function of space was performed for a Brukz
Spectrospin superconducting magnet with a 50-mm roon
temperature bore and a center magnetic field of 6.349T< 0+
270 MHz for protons). A precision, thread-based probe hee
positioning system involving a digitally controlled stepper mo-
tor and an incremental encoder was manufactured, so that the
probe positioning could be done in fine steps of /Gt with FIG.3. The on-axis static fringe field gradient (solid line) of the investigated
no noticeable up—down hysteresis. The resonance frequef&g-T magnet. The deuteron resonance frequency (open circles and the dast
vs space calibration run was performed opCDdeuterons line) and the coil geometry are also shown for convenience (note that on thi

> _ . . graph the vertical dimension of the coil is not scaled properly to the horizontal
(VO( H) = 41463 MHz in the coil center). BD was placed dimension). The gradient curve is a derivative of the resonance frequency cury

in a glass capillary of 20@m inner diameter and 8 mm lengthwith rescaling to display itin T/m units). The numbers on the vertical axis apply
and was positioned perpendicular to the magnetic field. Theboth the resonance frequency and the gradient.
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experiments. Since both relations are precisely known in any REFERENCES
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