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Figure 1.3

source of the magnetic eld, and a controller that keeps order. Figure 1.3 is a block
diagram of a typical NMR apparatus. Some common requirements are dictated by
the typical signal size of few to tens of microvolts that needs to be ampli ed 100000
to 1000000-fold in order to be detectable.

Many of the requirements vary over many orders, depending on the application.
The magnetic eld strength can vary from the Earth s eld (e.g. Halse, et al. in
Chapter 2) to few tens of Tesla, a range of ve orders of magnitude. (Some of the
strongest eld magnetic resonance experiments have been carried out, not in
magnets but in the vicinity of strongly polarized atoms.)

One important parameter is the recovery time of the NMR apparatus after an
excitation, as this determines how soon the signal can be seen. The dif culty of
obtaining short recovery times is the main reason for the relative slowness in the
progress of imaging objects with short T,. The common MRI sequences that use
spin echoes rely on the samples having a long spin spin relaxation time T,, so
they do not rely on short-recovery-time hardware. Thus, they are most suitable for
low-viscosity liquids which happen to be abundant in many systems, especially
in biology. The question of how to study short(er) T, samples was the subject of
several presentations at this conference.

1.3
NMR of Short-T, Samples

Liquids tend to have T,  T; while solids tend to have T, < T). Therefore, it is much
easier to obtain big signals from liquids than solids (because the short T, may
make the signal decay in time short compared to the recovery time of the NMR
apparatus). The general rule is that the more something is like a solid, the shorter
T, becomes. This means normal tissues might have a quite long T,, whereas
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cartilages, bones and lungs have very short T, and are not commonly imaged in
clinical MRI units. Today, hardware and pulse sequence improvements are avail-
able that address this issue, and some of the presentations at the conference have
dealt with this problem. Thus, there will be an increasing number of NMR (and
imaging) of shorter T, samples such as soft bones, lungs, plastics, and so on, per-
formed in the near future as we improve our ability to measure short-T, samples
easily, and especially for larger samples.

1.4
Field Dependence of Signal Strength

The signal-to-noise ratio (SNR) of NMR signals depends strongly on the strength
of the static magnetic eld. Conventional wisdom states that the SNR goes up
as frequency to the 7/4th power. This fact is the driving force behind the push
to perform experiments at ever stronger magnetic elds. (It might be interesting
to know that it was believed early in MRI that whole-body imaging in elds
higher than 1T would not be possible because of electromagnetic absorption and
other problems, although I have now heard of a 7T whole-body scanner which
should have a SNR that is enhanced from the original estimate by around 30-
fold.) Today, the instrument manufacturers now pushing to raise the eld above
23T for high-resolution NMR which means a proton resonance frequency of
1GHz.

So, how is it possible for some of us, especially at this conference, to consider
performing NMR (and MRI) at signi cantly weaker elds? One helping factor is
that it is usually possible to use solenoid coils at the weaker elds because the
magnet geometry is different at the lower elds than at the axial elds of normal,
superconducting magnets. Solenoids are better coils than the normal type used in
common cylindrical superconducting magnets with an axial eld (e.g. birdcage,
saddle and Alderman Grant coils) because the effective turns density is higher.
Thus, the penalty of moving to weaker elds is partly offset by the availability of
solenoid coils.

Another approach is simply to make the sample larger to compensate for the
loss of signal at the weaker eld, and this is done in many geophysical NMR
applications, including borehole logging.

1.5
Sample Size Dependence

NMR spans the range from the subsurface detection of water with 100m surface
coils to microcoil studies with samples that are fractions of a nanoliter. In units
of milliliters, the sample for the surface coil is 10 or 11 orders of magnitude larger,
while the microcoil samples are six orders or more smaller. This total range of 16
to 17 orders is dif cult and unusual for any measuring method.
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1.6
Transmitter and Receiver Coils

Coils are the all-important link between the sample and the measuring appara-
tus as is well-known, a bad coil can completely ruin an experiment. So, there is
a choice of either using separate coils for transmitting and receiving, or the same
coil can be multiplexed to perform both tasks. Separate coils are used often in
clinical imagers where the transmitter coil is built into the magnet housing while
the receiver coil is tailored to the sample. This is because a bad transmitter coil
only increases the need for more input power, whereas a bad receiver coil will lead
to loss in SNR that is not recoverable. Therefore, we can usually tolerate inef cien-
cies in transmission, but not in reception.

One criterion for a good (receiver) coil is that it generates an intense magnetic

eld at the sample per unit current in the coil. David Hoult proved this using
the reciprocity principle [1]. This seemingly simple principle leads to some inter-
esting conclusions that are not always appreciated. For a given overall coil geom-
etry, the turns density is important because the eld generated is directly
proportional to the number of turns. For identical windings, the quality factor
Q= L/rcan be maximized to limit the bandwidth, although the bandwidth does
not have to be set by the NMR coil. Andrew McDowell has a scheme to tune
microcoils with terrible Q-values due to thin wires that have substantial resistivity
[2] at frequencies that are too low to deal with convenient values of tuning capaci-
tors. He obtains excellent SNRs by connecting the microcoils in series with large,
high-Q dummy coils. The microcoil acts as a resistor to the tank circuit, while
the dummy coil sets the resonance condition. Additional descriptions of these
coils will be provided later, in conjunction with the accompanying ultracompact
magnet.

1.7
Shrinking Magnets

Here again, I will discuss a fringe area of NMR and MRI. The most common
magnet in NMR/MRI is the persistent-mode superconducting magnet that gener-
ate elds along the axis, having replaced the iron core electromagnet as the domi-
nant magnet in the 1970s, for good reasons. These magnets create very strong and
uniform elds that are stable, but they are expensive to buy and neither cheap nor
easy to maintain. This latter fact may be the single most important factor in these
magnets not becoming the basis for common uses of NMR/MRI outside labora-
tories, for example in factories, stores and outdoors. However, this situation is
slowly changing with the modern permanent magnet, which performs better than
ever before, are easy to maintain, require small installation spaces, and are rela-
tively inexpensive to purchase and to maintain. The re-emergence of these magnets
is due, in part, to the discovery of new rare-earth-based magnetic materials such
as SmCo and NdFeB. However, another important reason is the realization that
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Table 1.1 The advantages and disadvantages of the various magnet types.

Type of magnet Strengths Weaknesses

Permanent Small size; low maintenance; Weaker eld
cheapest

Electromagnet Variable eld strength Weaker eld

Superconducting Strong  eld; most stable eld High maintenance; most expensive
strength

1T/05mm

Figure 1.4

NMR can achieve much at the relatively low eld, and this was not realized in
the past.

In Table 1.1 the advantages and disadvantages are listed of a variety of magnets,
including those electromagnets not mentioned previously. Although electromag-
nets are convenient for changing eld strengths, they otherwise are bulky, expen-
sive (due to the need for fairly elaborate power supplies), and they suffer from
short-term eld uctuations.

The effect of the coil that offsets some of the loss in SNR in going from a high-

eld superconducting magnet to a lower- eld permanent magnet was mentioned
previously. Therefore, these permanent magnets which are relatively compact,
inexpensive and maintenance free will become increasingly popular. Figure 1.4
shows several small permanent 1T magnets (plus a coffee cup for scale compari-
son) that are used in our laboratory. The two larger magnets (manufactured by
NEOMAX, a division of Hitachi Metals Co. in Japan) are NdFeB magnets with
gaps of 40 and 25mm, and have homogeneity of 10ppm over half of the gap,
without shim coils. The smallest unit is a SmCo magnet (made by Aster) which
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Figure 1.5

has a gap of 5mm, weighs 700g, and has an unshimmed homogeneity of 1/, ppm
with a 300 pm microcoil sample. The NdFeB material is inexpensive and strongly
magnetized, but has the disadvantage for NMR of a large temperature coef cient
of the eld ( $1000ppmK®). Therefore, temperature regulation and a eld-fre-
quency lock are advisable. In order to take advantage of ... ppm homogeneity, the
temperature would have to be regulated to within 250 microdegrees if there were
no eld-frequency lock present. Unfortunately, this is a daunting task and will
limit sample access because of the signi cant insulation that would be needed.
Thus, it makes sense to divide the task of eld stability between temperature regu-
lation and eld-frequency lock.

For larger gaps, the magnet in Figure 1.5 should be considered. This
0.27 T/150 mm magnet, which is produced by Aster, is big and heavy and has verti-
cal and horizontal access, which is a good feature to have for ow NMR. There is
no fringe eld due to the substantial return paths provided by the four cylindrical
posts, and the gradient coils take up almost 25 mm, so that the space available for
the probe is approximately 125 mm.

The NEOMAX magnets such as those shown in Figure 1.4 are also available in
larger sizes. For example, the 1 T/60mm magnet which we have used in our labo-
ratory for a number of years weighs approximately 220kg and can easily be moved
around on a wheeled stand. Although it has been used for mouse imaging, the
small gap (the 60 mm measurement does not include the gradient coils) limits its
usefulness when compared to more modern NEOMAX magnets that leave a
60mm gap, even with the gradient coils installed. The newer magnets also have
crossed access slots at right-angles so that it is possible to have both vertical and
horizontal access at the same time.
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described by Xiao [13]. However, even though these incredible devices are obvi-
ously mobile, they are neither small nor cheap.

1.9
Future Prospects

Who knows what the future holds? Nobody predicted many of the recent advances
in this eld, such as even chemical shift, NMR imaging or the Earths eld J-
coupling spectroscopy experiments [14]. Who would have thought NMR would be
performed in the grasslands of Siberia [15] or on the Ross Ice Shelf in Antarctica
[16]?
Having said that, there are certain points for the future which must surely come
true. First, there will be a future! Besides the predictable directions of using higher
elds and developing more sophisticated ways in which to manipulate spins, there
will be diversi cation in new directions, as I have implied here. There will also be
a spread of NMR/MRI techniques to areas that have not yet been exposed to such
technology, or have been to only very limited degrees. This whole advance will be
aided by the miniaturization of the magnets and electronics it may not be too
long before there is a cell-phone version of NMR!
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