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In standard cylindrical gradient coils consisting of wires wound iments can be generated by specially designed superconduct-
in a single layer, the rapid increase in coil resistance with efficiency ing magnets (3) , but also occur naturally in the fringe fields
is the limiting factor in achieving very large magnetic field gradi- of conventional high field superconducting magnets. Chang
ents. This behavior results from the decrease in the maximum et al. used an ‘‘anti-Helmholz’’ arrangement of supercon-
usable wire diameter as the number of turns is increased. By adopt- ducting coils, which gives a gradient of approximately 180
ing a multilayer design in which the coil wires are allowed to

Tm01 , in a variety of experiments carried out on systemsspread out into multiple layers wound at increasing radii, a more
with low mobility (3) . The maximum rate of change of fieldfavorable scaling of resistance with efficiency is achieved, thus
with position below a 400-MHz, 89-mm bore superconduct-allowing the design of more powerful gradient coils with accept-
ing magnet is about 60 Tm01 (4) . Such gradients in theable resistance values. By extending the theory used to design
stray field have been widely employed in STRAFI (4) exper-standard cylindrical gradient coils, we have developed mathemati-

cal expressions which allow the design of multilayer coils, and the iments and in diffusion measurements (5) . Use of these
evaluation of their performance. These expressions have been used systems in gradient generation has the advantage of giving
to design a four-layer, z-gradient coil of 8 mm inner diameter, large, highly stable gradients over reasonably large volumes,
which has an efficiency of 1.73 Tm01 A01 , a resistance of 1.8 V, but the disadvantage of only providing a fixed magnitude
and an inductance of 50 mH. This coil produces a gradient which gradient which cannot be switched off. The permanent pres-
deviates from linearity by less than 5% within a central cylindrical ence of the gradient poses severe lower limits on the band-
region of 4.5 mm length and 4.5 mm diameter. A coil has been

width of the RF pulses which must be used in NMR experi-constructed from this design and tested in simple imaging and
ments and also restricts the range of pulse sequences whichpulsed gradient spin echo experiments. The resulting data verify
can be implemented. Magnetic field gradients of similarthe predicted coil performance, thus demonstrating the advantages
magnitude, which can be rapidly switched on and off, andof using multilayer coils for experiments requiring very large mag-
varied in magnitude offer some considerable advantages.netic field gradients. q 1998 Academic Press

Key Words: NMR; gradient coil; PGSE; microscopy. To date, most experiments employing very large, switched
magnetic field gradients have been based on the use of quad-
rupolar gradient coils (6–8) . Three recent designs give gra-

INTRODUCTION dient strengths of 1.05 Tm01 A01 for samples with a maxi-
mum diameter of 1.5 mm (6) , 0.21 Tm01 A01 for samples

Very large magnetic field gradients are required in a vari- of 2.7 mm maximum diameter (7) , and 0.28 Tm01 A01

ety of NMR experiments. NMR microscopy and pulsed gra- with samples in standard 5-mm NMR tubes (8) . Quadrupole
dient spin echo (PGSE) experiments can particularly benefit gradient coils are based on wires wound around the surface
from the availability of switchable gradients of more than of a cylinder, whose axis is normal to the applied magnetic
10 Tm01 strength. In NMR microscopy large field gradients field. This type of coil generates a gradient in a direction
are needed to achieve fine resolution, particularly in the normal to the axis of the coil. The quadrupole coil geometry
‘‘diffusion-limited’’ regime, where diffusion under the read has certain disadvantages for sample mounting, since in ver-
gradient is the dominant broadening mechanism (1) . In tical bore magnets the sample must be mounted horizontally.
PGSE experiments, strong gradients in the field are neces- Orientation of the sample with respect to the gradient direc-
sary for the measurement of diffusion in low-mobility sys- tion is also not as straightforward as it is when using a
tems and also allow the investigation of motion occurring conventional gradient coil, in which the coil cylinder axis
on short timescales (2) . is parallel to the applied field.

Very large magnetic field gradients for use in NMR exper- In this paper we describe a new method of building very
strong magnetic field gradient coils with low resistance and
consequent power dissipation, which have standard geome-1 Current address: Laboratorium für Physikalische Chemie, Universitaes-

strasse 22, ETH-Zentrum, CH-8092 Zürich, Switzerland. try. Although this method is potentially applicable to the
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287MULTILAYER GRADIENT COIL DESIGN

design of coils which will generate gradients in the z compo- which is defined by the current distribution that the wire
paths are designed to mimic, this spacing is proportional tonent of the magnetic field along any of the three Cartesian

axes, here we describe the application to z gradient coils the coil radius and inversely proportional to n .
Equations [1] and [2] make it clear that in order to max-only.

imize the gradient strength produced by a gradient coil, it
is sensible to construct the smallest coil which will accom-THEORY
modate the RF coil and sample, to use the maximum ampli-
fier current Ia , and to maximize the number of turns, n , onIn designing a gradient coil there is always a tradeoff
the coil. There are however two main constraints, besidesbetween the gradient strength per unit current (usually
that of the feasibility of coil construction, which limit theknown as the gradient coil efficiency), h, inductance, L ,
maximum attainable value of n .resistance, R , and the size of the region within which the

Inductance. For large gradient coils, the rapid increase infield variation is linear with position. Increased efficiency
inductance with n is usually the limiting factor. As n isusually leads to worse linearity, higher inductance which in
increased the inductance eventually becomes so large that itturn implies longer gradient rise-times, and higher resistance,
is not possible to achieve an acceptable gradient rise timeresulting in greater power dissipation in the coil (9) . As is

shown below, the scaling of the above parameters with coil
size means that the highest coil performance can be achieved

t É LIa

Va

. [3]using small coils and that for such coils the resistance, and
consequent power dissipation in the coil, constitute the lim-
iting factor in achieving high gradient strengths. Resistance. For smaller coils in which the size dependence

In constructing a gradient coil, the required current paths naturally yields a low inductance, the coil resistance is the
may be formed from wires or by making cuts in a conductive limiting factor. As n is increased, the coil resistance rises
layer. With small cylindrical coils (õ2 cm in radius) the and the voltage needed to pass the maximum current through
latter approach is technically difficult, because of problems the coil increases until
of machining at such small scale, and also because the re-
moval of conducting material by cutting inevitably leads to
low current-carrying cross sections in regions of the coil R Å Va

Ia

. [4]
where a high current density is required. For small, highly
efficient coils, wire winding is thus the usual method of
construction. For larger values of n , there is no further gain in gradient

For a cylindrical coil of radius a , consisting of n turns of strength because the maximum current is limited by the resis-
wire of diameter d , wound in a single layer, the following tance and maximum output voltage.
scaling relationships hold In a coil where the wire diameter is limited by the mini-

mum wire spacing, the resistance increases rapidly with n

h }
n

a 2 , L } n 2a , R }
na

d 2 . [1]
R }

n 3

a
, [5]

These mean that for a given peak gradient strength and rise-
time, the required amplifier power, VaIa , and the power dissi- so that for a fixed coil radius
pated in the coil, P , show the following behavior:

h } R 1/3 . [6]

VaIa }
L

h 2 } a 5 , P }
R

h 2 }
a 5

nd 2 . [2]
This means that doubling the efficiency of the coil by using
twice as many turns results in an eightfold increase in the
resistance (a factor of two due to the increased wire lengthThe considerable gains in performance which result upon

reducing the coil radius, a , are obvious from the above equa- and a factor of four due to the reduction in current-carrying
cross sections, as shown in Fig. 1a) . The rapid scaling oftions. Unfortunately the reduction in resistance and power

dissipation for very small coils is not as dramatic as might resistance with the number of turns poses a severe limit on
the attainable gradient strength. It results mainly from thebe simply deduced from the form of Eqs. [1] and [2]. This

is a consequence of the reduction in the minimum usable unnecessarily rapid reduction in current-carrying cross sec-
tions with increasing n . This problem can be overcome bywire diameter as the coil size is reduced. Generally the

largest wire diameter which can be used is set by the mini- adopting a multilayer coil design in which the wires are
allowed to spread out in the radial direction. In this situation,mum wire spacing in the coil pattern. For a given coil design,
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288 BOWTELL AND ROBYR

where j m
f (r, k) is the Fourier transform of the azimuthal

component of j , with respect to f and z ,

j f
m (r, k)Å 1

2p*
`

0`

dz *
2p

0

dfjf(r, f, z)e0imfe0ikz , [9]

while Im and Km are the modified Bessel functions. The
power dissipated by this current distribution is

P Å *
r0

ri

rdr ∑
`

mÅ0`
*

`

0`

dk
1
s
É j m

f (r, k)É2

1 S1 / m2

k 2r 2D , [10]

where s is the electrical conductivity of the medium in which
the current flows. The inductance is given by the more com-
plicated expression

FIG. 1. To double the efficiency of a coil of fixed radius it is necessary
to double the number of turns. (a) In a single-layer coil this leads to a

L Å 0 m0

I 2 *
r0

ri

rdr ∑
`

mÅ0`
*

`

0`

dk( j m
f (r, k))*(I *m(kr)factor of four reduction in the current-carrying cross section. (b) In a

multilayer coil the doubling can be achieved by a
√
2 reduction in the wire

diameter and a
√
2 increase in the number of layers. 1 *

r0

r

dr *r *K *m(kr *) j m
f (r *, k)

/ K *m(kr) *
r

ri

dr *r *I *m(kr *) j m
f (r *, k)) , [11]with the inner and outer radii of the layers fixed, the effi-

ciency scales as

where the first term in the parentheses corresponds to the
h } R 1/2 , [7] mutual inductance between a given layer and all layers found

at greater radii, while the second term corresponds to the
so that as illustrated in Fig. 1B, doubling the efficiency via mutual inductance with the layers at lesser radii. I is the
a factor of two increase in n causes only a fourfold increase current passed by the coil. These equations are applicable
in R (a factor of two due to the increased wire length and to transverse and longitudinal gradient coils, with the former

being based solely on terms j m
f (r, k) with m Å {1, whilea factor of two due to the

√
2 reduction in wire diameter) .

the latter require only the m Å 0 term, as is the case withThis behavior opens up access to much higher gradient
standard cylindrical coils. If active screening (10) is to bestrengths at reasonable coil resistance and power dissipation.
incorporated, so that the field at radii r ú r0 is zero, theThe design of multilayer gradient coils requires minor
current distribution must fulfill the equationextension to the theory used to design standard single-layer

cylindrical coils (9) . A multilayer cylindrical coil confined
between radii ri and r0 (ri õ r0) can be described by a *

r0

ri

drrI *m(kr) j m
f (r, k) Å 0. [12]

current distribution j(f, r, z) , which is zero for r ú r0 and
r õ ri . The analysis presented here is limited to current
distributions which have only azimuthal and axial compo- METHOD
nents, since the presence of a radial component will make
coil construction difficult. Further work on exploring the Using the theory described above, it is possible to imple-
feasibility of using all three components of the current distri- ment the full range of analytical methods for the design of
bution is currently in progress. For such a current distribu- gradient coils (9) , including the target field (11) , minimum
tion, the magnetic field in the region r õ ri is given by inductance (12) , and minimum power (13) approaches. For

designing a strong, longitudinal unscreened gradient coil,
we have adopted a different approach in which a weighted

Bz(r, f, z) Å 0 m0

2p *
r0

ri

dr *r * ∑
`

mÅ0`
*

`

0`

kdk j m
f (r *, k) combination of the inductance, power dissipation, and gradi-

ent homogeneity is optimized. This approach is similar to
that employed by Carlson (14) in the design of standard1 e ikze imfK *m(kr *)Im(kr) , [8]
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289MULTILAYER GRADIENT COIL DESIGN

cylindrical coils. To design a coil of length, 2l , the current A (nq ) Å ∑
P

pÅ1

Gzpbnq(rp , zp) [19]
distribution, j , is initially divided into a number of equally
spaced layers, N . In each layer the current distribution is
generated from Q axial harmonics. In the case of a z gradient and
coil j has only an azimuthal component which is given by

B (nq ) , (n =q = )

jf(r, z) Å ∑
N

nÅ1

d(r 0 rn) ∑
Q

qÅ1

lnqsinS qpz

l D [13]
Å ∑

P

pÅ1

bnq(rp , zp)bn =q =(rp , zp)

in the region 0lõ zõ l and is zero elsewhere. After Fourier
/ 4a

st
rndn ,n = *

`

0

dkg*q (k)gq =(k)transformation this gives

0 4bm0rnrn =*
`

0

dkg*q (k)gq =(k)I1(krõ)K1(krú) ,j 0
f (r, k) Å ∑

N

nÅ1

d(r 0 rn) ∑
Q

qÅ1

lnqgq(k) , [14]

[20]
where

where t is the thickness of each layer, dn ,n = is the Kronecker
delta, while rú and rõ correspond to the larger and smallergq(k) Å i(sinc(kl / pq) 0 sinc(kl 0 pq)) . [15]
of the two radii, rn and rn = .

The merit of the resulting current distribution can be as-We can define the internal field generated per unit amplitude
sessed by calculating the values of h 2 /L and h 2 /R (ÅG 2 /by the qth harmonic in the n th layer as
P) , as well as the field variation within the desired region
of homogeneity, using Eqs. [8] , [10], and [11]. The wirebnq(r, z)
positions for the actual coil design are calculated by finding
equally spaced contours of the stream function, S (9) , inÅ 0 im0

p *
`

0

dkrnk sin(kz)K1(krn)I0(kr)gq(k) . [16]
each layer. In a z gradient coil, the stream function is simply
given by the integral of jf with respect to z . The procedure
described above gives rise to a coil in which the turns in allTo design a coil, a region of homogeneity is first specified
layers can be simply connected in series. However, sincein the form of a grid of P points (rp , zp) at which the gradient
the total integrated current in one-half of each individuallinearity will be monitored. An optimal coil can then be
layer is not necessarily related to that in any other layer bygenerated using the above equations by calculating the coef-
a ratio of integers, the current distributions need to be slightlyficients, lnq , which minimize a weighted combination, G, of
modified so that an integral number of turns in each layerP , L , and the sum of the squares of the deviation of the
will correctly represent the required current distribution. Thisfield from a perfect gradient over the grid of points:
modification can be accomplished by introducing positive
and negative delta function singularities of appropriate mag-

G Å aP / bL / ∑
P

pÅ1

(Gzp 0 Bz(rp , zp))2 . [17] nitude at the zero crossing of jf at z Å 0 (14) , in all layers
bar one (usually the innermost layer) . In fact for the large
numbers of turns used in our actual design this procedure

Here a and b are constants whose values set the relative was unnecessary, because imperfect representation of the
importance of the power dissipation and inductance in the total integrated current causedõ1% perturbation of the field
minimization process. within the coil’s homogeneous volume. The field variation

The values of lnq which minimize G are found by solving due to the final coil design can be calculated using the Biot–
the set of n 1 q first-order simultaneous equations produced Savart equation in the standard manner (9) .
by forcing all ÌG /Ìlnq to zero. These can be written in
matrix form as

RESULTS

Bl Å A [18] The main aim of this work was the production of a very
strong, z gradient coil, which would accommodate samples
contained in standard 5-mm NMR tubes, operate in a staticFor simplicity we denote the matrix element coefficients as

(nq) , where n is the layer number and q is the harmonic magnetic field of 11.7 T, and interface to an existing NMR
microscope (15) . The latter uses two parallel M600 ampli-number. It can be shown that B (nq ) (n =q = ) and A (nq ) are then

given by fiers (Crown International) to drive each gradient coil. These
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290 BOWTELL AND ROBYR

FIG. 2. The variation of (a) h2/L and (b) h2/R, with the number of layers in the current distribution. The coil design parameters are given in the text.

FIG. 3. The variation of (a) h 2 /R , (b) h, and (c) L , with the number of layers in the coil design composed of discrete wires. The design parameters
are given in the text.
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291MULTILAYER GRADIENT COIL DESIGN

TABLE 1
Data from Coils with a Varying Number of Layers

No. of h2/R
layers No. of turns per layer h (Tm01 A01) R (V) (T2 m02 A02 V01 L (mH)

1 32 1.00 1.70 0.59 14
2 26, 23 1.45 1.83 1.15 33
3 23, 20, 17 1.73 1.85 1.61 51
4 21, 18, 16, 14 1.92 1.84 2.00 67
5 19, 16, 14, 13, 11 1.98 1.65 2.39 76
6 18, 16, 14, 12, 11, 9 2.06 1.68 2.53 88
7 17, 15, 13, 11, 10, 9, 3 2.09 1.62 2.70 95
8 17, 15, 13, 11, 10, 9, 8, 7 2.21 1.80 2.713 112

Note. The design parameters are given in the text.

are capable of providing a peak output of 50 amp at 100 V. spacing of wires in the inner layer. The latter assumption
will lead to an underestimation of the resistance of a real coilWe consequently aimed for a gradient coil with an inner

diameter of 8 mm, which provided a usable volume within because of the necessary inclusion of a layer of insulation on
the wires. Values of h were calculated using the Biot–Savartwhich the gradient deviated from linearity by less than 5%,

consisting of a 4.5-mm diameter cylinder of 4.5 mm length, equation. Inductances were derived from the efficiency val-
ues and those of h 2 /L . The numerical values are shown inand which had a resistance of approximately 2 V and an

inductance of less than 100 mH. The coil length and outer Table 1.
Figure 3b shows the considerable increase in h which candiameter were not significantly constrained. In the light of

above we initially opted for an inner layer centered at a be achieved by increasing the number of layers. The rapid
growth in L with n shown in Fig. 3c results both from theradius of 4.5 mm and a layer thickness of 0.36 mm. This

gives a unity ratio of the length and diameter of the cylindri- reduction in h 2 /L and the increased magnitude of h. Figure
3b indicates a reduction by a factor of between 3.5 and 4 incal region of homogeneity to the inner layer radius.

Figure 2 shows the variation of h 2 /R and h 2 /L with the h 2 /R for the wire wound coil, compared with the continuous
current distribution. It should however be borne in mind thatnumber of layers in the coil. These values are calculated

directly from the current distribution, assuming s Å 1.71 1 a coil constructed by cutting conducting layers would also
suffer a significant reduction in h 2 /R because of removal of1008 Vm. In each case the current distribution was calculated

as that which gave the minimum value of R /h 2 while just the conducting layer. In the single-layer coil, for example,
it would be necessary to generate a cut thickness of less thanfulfilling the homogeneity requirements. This was accom-

plished by varying a, with b set equal to 0. The absolute 60 mm in order to achieve a similar resistance to the wire
wound coil.values of h 2 /L calculated in this manner are expected to be

very similar to those given by a wire wound coil. As indi- After consideration of the data shown in Fig. 3 we chose
to build a four-layer coil design, as a compromise betweencated by Fig. 3, h 2 /R values for wire wound coils are sig-

nificantly lower than those calculated using the continuous ease of construction and maximum achievable gradient
strength. To produce a coil which was feasible to construct,current distribution, because of the reduced effective current-

carrying cross section which inevitably results from the use it was necessary to slightly reduce the number of turns in
each layer compared with those given in Table 1, and toof wires. The trend of increasing efficiency with the number

of layers at fixed resistance is, however, clear from both use a somewhat smaller wire diameter than that set by the
minimum spacing of turns. The final coil design has a totalfigures. Figure 2b indicates that the inductance at fixed effi-

ciency increases as the number of layers goes up for this of 120 turns made of 0.224-mm diameter copper wire. The
wire positions are shown in Fig. 4. The calculated efficiency,type of unscreened coil. This agrees with earlier work (16)

which indicates that a single-layer unscreened coil generally resistance, and inductance of this coil design are 1.8 V, 49
mH, and 1.65 Tm01 A01 , respectively. The spatial variationhas an inductance lower than that of a multilayer coil.

Wire positions were calculated from these current distri- of the field generated by the coil is displayed in Fig. 5, which
shows contours of (Bz /Gz 0 1) at multiples of 5%. Thebutions, with the number of wires chosen to give a resistance

falling between 1.6 and 1.9 V. Figure 3 shows the values of central homogeneous volume within which the field deviates
from linearity by less than 5% can be clearly seen.h 2 /R , h, and L calculated for the resulting coils. In calculat-

ing the resistance of each coil it was assumed that the wire The coil was wound on a glass-reinforced plastic former
with an 8-mm diameter bore. At the start of the process ofdiameter was the same in all layers and equal to the minimum
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292 BOWTELL AND ROBYR

FIG. 6. A picture of the completed coil assembly showing the gradient
coil ( left) and the RF coil insert (right) .

immersed in epoxy resin, and held under vacuum and at
607C for 24 h while the resin set. The resin was then turned
down to a diameter of 9.72 mm, and the grooves for the
next layer were cut. The wires in the second layer were
wound in the opposite direction to those in the first, so thatFIG. 4. The wire positions in the 120-turn coil design are indicated on
simply connecting together the turns most offset from thethis longitudinal cross section through the coil.
coil center in both layers gave the same sense of current
flow in both layers. After covering the coil in epoxy once
more, the whole process was repeated for the third and fourthcoil construction, the central region of the former was turned
layers. The outer diameter of the finished coil was 15 mm.down to an outer diameter of 9 mm, and grooves defining
A short, saddle RF coil with a sensitive volume matched tothe wire paths were cut into the former surface. The wire
the homogeneous region of the gradient coil was wound onwas then wound into these grooves and periodically fixed
a former with 6 mm outer diameter and 5 mm inner diameter.in place with cyanoacrylate glue. The pitch and depth of the
Figure 6 shows a picture of the completed coil assembly.cuts ensured that the wire centers were located at a diameter

Using an LCR meter, the coil was determined to have anof 9 mm. Once one layer had been wound, the former was
inductance of 49.4 { 0.5 mH and a resistance of 1.76 { 0.01
V. Both numbers are in good agreement with the calculated
values. The coil efficiency was measured using a simple one-
dimensional imaging experiment. Figure 7a shows a one-
dimensional profile of a phantom whose form is shown in
Fig. 7b. The 512-point profile was acquired using a simple
spin-echo sequence with an acquisition window of 2.048 ms
duration and a current of 0.58 amp passing through the coil.
Using the known 400-mm separation of the groove centers,
the coil efficiency is calculated to be 1.73 { 0.05 Tm01 A01 .
This is approximately 5% larger than the theoretical value,
but such a discrepancy could be explained by an error of
less than 2% in the layer radii.

As a test of the coil’s performance in generating large
field gradients, we measured the diffusion coefficient of
glycerol at room temperature. A simple spin-echo sequence
incorporating two gradient pulses of 314 ms duration sepa-
rated by 32.4 ms was employed. Figure 8 shows the mea-
sured variation of echo amplitude with coil current squared.
The resulting diffusion coefficient was calculated as 1.02 1FIG. 5. The variation of (Bz /Gz 0 1) for the coil of Fig. 4 is shown
10012 { 0.03 m2 s01 which is in agreement with previouslyin this contour plot. Contour levels are set at 5% intervals. The field variation

was calculated from the wire positions using the Biot–Savart equation. published values (17) .
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293MULTILAYER GRADIENT COIL DESIGN

FIG. 7. (a) One-dimensional profile of a simple phantom taken in the z direction using a spin-echo sequence. The 512-point profile has a resolution
of 11.4 mm. (b) The phantom consists of an epoxy resin plug of 4.1 mm outer diameter which was inserted into a water-filled, 5-mm NMR tube. The
resin carries six water-filled grooves of 200 mm width and 500 mm depth whose centers are separated by 400 mm. There is also a 1-mm thick groove
which runs along the length of the resin insert. Water in this groove gives rise to the small baseline level seen in the profile.

CONCLUSIONS viates from linearity by less than 5%, of 4.5 mm length and
4.5 mm diameter. A single-layer coil with a similar effi-

We have developed a framework for designing multilayer ciency and homogeneous volume would have a resistance
cylindrical gradient coils. This allows the generation of coils of over 8 V. The four-layer coil has been constructed and
which have an efficiency at fixed resistance significantly its performance tested via simple one-dimensional imaging
higher than that of standard single-layer coils. This approach experiments and the measurement of the diffusion coefficient
has been used to design a z gradient coil unit which accepts of glycerol (18) . This coil is now being used to measure
samples contained in 5-mm NMR tubes. The coil has four spatially resolved diffusion coefficients in very low-mobility
layers which give an efficiency of 1.73 Tm01 A01 , an induc- systems (19) . The maximum current which has so far been
tance of 50 mH, and a resistance of about 1.8 V, with a used with this coil is 30 amp, giving a gradient of 52 Tm01 .
cylindrical homogeneous volume within, which the field de- The multilayer approach to coil design should also be

applicable to transverse gradient coils, leading to similar
gains in coil performance. Such coils are however likely to
be harder to construct because the links between layers will
need to be made at a less favorable position (the centers of
the individual fingerprint units) if space is not to be wasted
by the inclusion of linking wires.
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