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|. Introduction

Since the ealiest days of Nuclea Magnetic Resonance (NMR) it has been clea (1-10) that
relaxation medanisms were to play an important rolein al its applicaions. In fad, even the first
detedion d an NMR signal (11-12) has been delayed (12-13) by severa years because the
chasen compounds had, uruckily, excessvely longrelaxation times.

From the pioneering BPP (Bloembergen-Purcell-Pound formula (7), pulished already in 1948,
it becane immediately evident that, qualitatively speaking,

NMR relaxation times, particularly the longitudinal ones, are dependent, through the Larmor
frequency, uponthe magnetic field induction Bo.

The relaxation mecdhanisms require some kind d nuclea interadion subjed to stochastic
fluctuations, typically due to randam moleaular motions.

The most pronourced relaxation prenomena (in terms of field dependence) were to be
expeded at relatively low fields where low-frequency moleaular motions can have avery
large impad onthe longitudinal relaxationtimes T;.

The dependence of T1(B) on the field B has been soon ricknamed as the T, dispersion curve or,
more recently, Nuclear Magnetic Relaxation Dispersion (NMRD) profile. The first experimental
curve of thistype (Figure 1) has been pubdished in 1950by Ramsey and Pound(15,19.

Fig.1.Relaxation time mnstant asa function of magnetic field for Li’ in LiF.

Thisvery first NMRD profil eis reprinted from the aticle published by
Ramsey and Pound(15) in 1950.
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Many more such curves were measured in subsequent years, some of which were reported by
Abragam(17). At the time the Abragam's work was pullished it was already quite dea that the
dispersion curves could become avalid tod for the study of molecular dynamics, thus laying
down the founcitions of variable field NMR relaxometry. In principal, the dispersion curves are
potentially powerful tod s for the discrimination between various molealar dynamics models.

The development of this branch of NMR, however, has been qute slow compared to the
explosive progressof NMR spedroscopy and, later on, NMR imaging. There ae many reasons
for this dow start, the most obvious ones being:

Complexity of NMR relaxation theories (1,7-9,18-48).
Lack and/or complexity of moleaular dynamics models.
Pradicd difficulties inherent in measuring the dispersion curves.

Sincethisis esentially an engineaing paper, we shall dwell only onthe last point. Already from
the BPPformula it was qualitatively clear that, in order to become dficient and useful todls, the
dispersion curves must extend over a wide interval of relaxation field values (preferably several
orders of magnitude).

Achieving this goal using the traditional, fixed-field approach was amost impassble. One ca, o
course, use an electromagnet and a broad-band NMR console and, re-tuning the system at every
point of the measured profile, carry out a mnventional relaxation time measurement at many field
values. Apart from being painfully slow, however, such an approad is limited to at best one
decale of rather high field values. At fields correspondng to less than abou 1 MHz of *H
Larmor frequency, the signal excitation and detedion techndogiesin fad change too much to use
the same type of instrument and, in additi on, the signal becomes often too weak to be deteded.

Limited fixed-field, traditional relaxation measurements at very low fields, including the Earth
field, were of course carried ou (49) using spedaly build NMR systems. Such measurements
confirmed the general tendency of relaxation times to be more 'discriminating’ at low fields than
a high fields. The fact has been even used to produce amedical low-field NMR system capable
of diagnosing particular fetal pathologies by means of in-vivo measurements of the longitudinal
relaxation time of the amniotic liquid. Even such systems, however, were limited to a quite
narrow relaxation field interval.

It became dear very soon that in order to cover comfortably a wide range of relaxation field
values, ore had to use an excitation/detedion assembly operating at some fixed field and, duing
the relaxation periods of a relaxationr-measurement NMR sequence, subjed the sample to
ancther, easily variable field. One rather obvious lution for such an arrangement was to
combine afixed field, conventional NMR relaxometer operating at a high field with an auxili ary
variable dedromagnet and, duing the sequence, mecharically shuttle the sample between the
two magnetic fields.

For amost threedecades, many T, dispersion curves (including the first one shown in Figure 1)
were adually measured by moving the sample manually from one magnet to the other. Quite
soon, havever, mechanical devices (50-64) have been developed to adieve the task, some of
which were quite sophisticaed.

Since, duing an adua measurement, the shuttling processis repeded many times in a cyclic
manner, the technique has been named field-cycling (FC) NMR relaxometry, a term which
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underlines the fact that it isthe magretic field variation that matters and nd the manner in which
it isachieved.

The main drawbad of mechanica shuttling consists in the relatively long time needed to move
the sample physicdly between the two fields. Even with the best devices, there ae severe limits
on the maximum acceeration/deceleration, dctated by the medianicd stability of the sample
transport system as well as of the sample. Consequently, relaxation times much shorter than 100
ms (R, above 10) are dmost impossble to measure, ruling out an enormous segment of
potentially interesting applications. On the other hand, mecdhanicd shuttling systems had been
succesgully combined with high-field, high-resolution NMR spedroscopy (64), a fegure which
is gill quite unique.

Starting in the early 70's, a new approad began to take hald, consisting in keguing the sample
fixed while the field, produced by an air-core dedromagnet, is being switched between dfferent
field values. This approad, named fast field-cyding (FFC) NMR relaxometry, explored primarily
by Redfield (35,7) Noad (61,65,67,7) Koenig (58,66,8) and Kimmich (61,73,76,77,8) has
the potential of handing much faster relaxing samples (the aurrent upper limit of manageable R,
is between 1000and 10000 depending uponthe shape of the NMRD profil€). It requires a novel
type of magnets and paver supgies, the development of whichis dill i n progress

The alvent of the FFC instruments has opened a number of important applicaion areas
(moleaular dynamics of liquid crystals, paramagnetic contrast MRI agents, proteins, pdymers,
etc) and thus provided a powerful impulse for further development of variable-field NMR
relaxometry. Since 1996, Stelar entered the field and, bulding on the Noad-Schweikert
techndogy (67), started prodwcing the first commercial FFC NMR relaxometers. The avail abili ty
of such instruments has further enhanced the drive towards new applicaions, apart from
confirming the enormous patential of the technique & a primary tod for the study of moleaular
dynamics of even qute mmplex systems.

In what foll ows, we wish to describe the most important technicd aspects of Fast Field Cycling
NMR relaxometry, including both the required speda hardware (magnet, power supgy, etc.) and
the measurement methoddogy (data acquisition sequences and, to some extend, the subsequent
data evaluation). Naturally, the description shall be based primarily on ou own experience which
has nat yet been described in detail elsewhere.

II. Premises of FFC NMR relaxometry

In a conventional NMR instrument the resonant magnetic induction d a nuclide immersed in a
field with magnetic induction B occurs at the Larmor frequency w, =gB, where g is the nuclide's
gyromagnetic ratio. Since the NMRD profiles shoud cover severa orders of magnitude of the
field value B, they necessarily include sedions with very low B values.

Unfortunately, the detedion d the signals induced by a given nuclide becmes more and more
difficult when B becomes small because of the progressve decrease of the signal to nase ratio
(S/N). It is often quded that the sensitivity decreases with square of the field ar, according to
more redlistic estimates (65,69, with factors such as B2 or B”*. The use of field-cycling
measurement methods (for details, see Sedion VIII) is a truly nea way of avoiding al the
problems of low-field NMR and al ows one to measure relaxation rates over something like five
decales of the relaxation field magnitudes withou ever changing the RF excitation and detection
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hardware!! In principle, it makes it even posgble to measure relaxation rates in zero field which
would be completely impossbleto doin any other way.

A field-cycling experiment requires that the sample be subjed at different times, and for variable
durations, to dfferent values of the magnetic field B. From the instrumental point of view, there
are basicdly just two ways to achieve thisgoal.

The first method consists in mechanical trandation d the sample between areas with dfferent
field intensities (15,16,5064). However, such medhanicd "shuttling' methods are inherently
dow. It follows that they are gplicable only to samples with long relaxation time, limited
esentialy by the shortest posgble time it takes to move the sample from one pasition to ancther
whichistypicdly abou 50 ms.

Magnet Cooling
Enclosure
Coolin
g nY; Magnet
System
> Power Supply
— 1| Tap
Water
1 Magnet interface
Host Preamp VT Controller
Computer T — L RF Unit
Acquisition Unit

Fig. 2.Basic block diagram of a FFC NMR Relaxometer

The second field-cycling method (65-67) uses eledronic moduation d the airrent flowing
through the il of an eledromagnet. This technique, commonly caled Fast Field Cycling (FFC)
NMR relaxometry, permits much faster variations of the field induction and thus extends the
applicability of the field cycling approacd to very short relaxation times T, a present down to
fradions of amillisecond.

The instrumental aspects which shall be discus=d in the foll owing Sections regard primarily the
fundamental characteristics and the functional behavior of those parts of an FFC NMR
relaxometer which are daracteristic of the FFC tedhnique (Figure 2) Subsequently shall be
discussed also some of the methoddogicd aspeds of FFC NMR relaxometry, such as different
data a@uisition sequence and data accumulation and evaluation methods.

Abowe dl, the Authors wish to share the experience they have acquired during the development
of a mmercial series of routine and research FFC NMR relaxometers.
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Il . The FFC magnet
Il A. General considerations

Any NMR field-cycling (FC) relaxometry experiment presumes that the sample is sibjed to a
magnetic field of various intensities for time intervals of varying durations. More spedficaly,
between the various intervals of a relaxationtime measurement, the external magnetic field
induction B (the Zeeman field) must be made to commute rapidly between several predefined
values, such asthe paarization field By, the relaxation field B, and the acquisitionfield B,.

These values belong to the most important parameters of the experiment and their total range is
given by the dedric charaderistics of the gparatus. The time interval required to commute, or
cyde between the different field levelsis usualy call ed switching time. The minimum switching
time values depend uponthe desired size of the field jump DB, defined by the experiment, as well
as on the dedrica characteristics of the magnet (primarily its inductance and resistance) and o
the power supdy (primarily its maximum voltage). The latter fadors, in fact, define the
maximum field-variation rate (i.e., the slewing rate s = dB/dt) of an eledromagnet, an asped
which shall be discussed in detall in Sedion IV.C. Evidently, ore of the prerogatives of FC
relaxometry is to keep the switching times of magnetic fields as ort as possble, in principle
much shorter than the relaxation rates T, of the sample we want to measure. For the sake of
completeness ore shoud mention also the fad that there exist very spedal situations in which
extremely high slewing rates may be undesirable. In particular, this regards relaxation time
measurements in extremely low fields where transversal comporents of Earth and environmental
fields may interfere in a manner which depends upon whether the field switching is adiabatic
(Larmor periods much shorter than switching times) or nonadiabatic(Larmor periods comparable
to switching times). Detail ed analysis of such phenomena, however, is beyond the scope of this
exposition. (70)

From the aove it follows that the geometry of an FFC electromagnet must be carefully studied
taking into accourt not just the maximum field Bpx but aso the maximum slewing rate
(dB/dt)max achievable with a given pawer suppy. Optimization d both Bymax and (dB/dt) max |eads
to the necesgty of a cmpromise, whaose resolution dfines the final spedfications of an FFC
magnet (naturally, the compromise must include dso ancther aspect of the problem, as the
maximum eledricd power, and all techndogicd limit s and manufaduring constraints ).

[l . B. Optimal configuration of an FFC magnet.

A traditional eledromagnet with a ferromagnetic yoke would be totally inadequate for FFC
experiments snce its design ams at the maximization d the field, while no attention is being
paid to the slewing rates which turn ou to be extremely low. The high inductance values of such
magnets are adieved exploiting the very high magnetic permeability m of ferromagnetic
materials. At room temperature, the relative permeability mimy is, for example, abou 1200 for
pure iron, 1300for cobalt and 400for nickel (the values for spedal aloys can be substantially
higher). Sincefield induction B=nH is directly proportional to m whil e the magnetic intensity H
Is given orly by the total energization current, high values of mmake it passbhle to efficiently
minimize the dedric power needed to produce agiven field. On the other hand, the same fad
implies an extremely high magnet inductanceL. As aresult, the typicd inductance values of iron-
based electromagnets (1-10 Henry) make them unsuitable for field-cycling experiments. To drive
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such inductive loads at speals charaderistic of FFC experiments, in fad, the produced over-
voltages V = -L(dI/dt) would be enormous, implying extremely costly and complex high-voltage
power suppies.

In general, in order to be &le to achieve high sdewing rates, ore has to keg the magnet
inductance L reasonably low which, onthe other hand, means that the aurrent required to achieve
a desired value of B is going to be rather larger (hence the necesdty to find a suitable
COMPromise).

Despite the @ove objedions to iron-based magnets, a limited use of materias with high
magnetic permeability m might till be alvantageous in the design o low-inductance FFC
magnets. It might permit, for a given value of L, to construct magnets with large useful volume
and/or lower the required power. Unfortunately, the presence of such materials leads to a number
of design and employment problems. Ferrites, for example, exhibit arather large hysteresis which
compli cates the management of measurement cycles. Metalli c ferromagnets, such as soft iron a
Alnico, have a rather limited frequency resporse since their magnetization involves a
reorientation (rather than re-magnetization) of elementary domains. In bah cases, moreover, the
permeability has a strong temperature dependence which constitutes an additional source of
magnetic field instabiliti es.

Several gspecial eledromagnet configurations described in the literature (79-83) have
characteristics which, theoreticaly, might be cmpatible with FFC requirements. However,
considering the éove objedions, it’s safe to clam that, at present, the configuration most
suitable for FFC NMR relaxometry is a cylindrical magnet composed of one or several coaxial
air-core solenoids.

Such a onfiguration permits to read elevated maximum field values Bnax With acceptable
slewing rates dB/dt. On the other hand, it presents also a number of design problems and some
pradicd disadvantages.

One of the disadvantages consists in the fact that in axial magnets it is rather difficult to use
probes with solenoid RF coils. The difficulties are related to sample insertion/removal
complicaions and to numerous Patial constraints, exacerbated by the presence of a glassdewar
for sample-temperature cntrol (see Sedion VI). This is unfortunate becaise the dternative
sadde mils are substantially less efficient, espedally at the relatively low excitation/detedion
frequencies used in FFC NMR.

The magnet design problems are mostly related to the fact that in any real solenoid the field
inhamogeneity DB/B at its center is completely insufficient for NMR experiments as to reach the
required hamogeneity in a simple solenoid, its length-to-diameter ratio would have to be
extremely large. Consequently, in a cylindrical magnet, it is always necessary to adopt spedal
designs which optimize field hanogeneity over the whole sample volume & the ceater of the
magnet.

One of the simplest and most dired approaches is to moduate the arrent density distribution
along the solenaid (85-97). A suitable longitudinal current density distribution can be obtained by
varying the gaps between the loops or by adding speda corredion coils at the extremes of the
solenaid or, as sall be described later, by varying the aosssection d the individual loops. All
these methods aim at reducing the length of the solenoid withou an excessve degradation d
field hamogeneity at its center.
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Fig. 3.Modulation of magnetic flux density B along the axis of an solenoid.

The figure shows three examples of how one can moduate the density of the airrent | along the
axis of an solenoid and thus indirectly moduate the magnetic field B along its axis a) Graduated
current density b) Linear varied winding density c) Outer notch

Il . C. Eledric and geometric parameters determining maximum B and dB/dt

Consider a cylindricd magnet formed by a simple solenoid with dmensions defined by the inner
radius ro (half the bore), ouer radius r; and length 2 as the one shown in Figure 4. We shall
asume that the magnet has ohmic resistance R and an inductance L and that we passthrough it a
variable arrent | which leads to correspondng variation d the magnetic field induction B at its
center. In arder to dothat, we shall use apower supdy with an ouput voltage V, controlled so as
to guaranteethe desired current | (we shall seelater the cndtions under which this can be dore).

Fig. 4.Crosssedion of asimple solenoid

According to Ampere's law, for any magnet which does not contain ferromagnetic materials,
there is a linear dependence between the aurrent | and the central field B. In the cae of a thin
layer solenoid withrp =ry =r, therelationshipis:

A or]-1/2
B=mH=m @+& % 1, Q)
& élgp

where mis the magnetic permeabili ty of the medium (in our case my; » my = 4p x 107 [VFAm]), |
and n are length and number of turns of the solenaid.

For ared cail of the type shown in Figure 4 , the magnetic field B can also be expressed with the
foll owing equation:

Pf
r OrO

B=G )
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which better highlights the relations between electricd power and geometric parameters and
geometric shape for acylindrica coil (71).

In equation (2) P isthe dedrical power applied to the magnet while G is a @efficient, known as
the Fabry factor, which depends exclusively uponthe normalized geometry of the magnet (for
example, in the cae represented by Figure 4, G depends only ontheratiosri/ro andl/rg).

For such acylindricd solenaid, the typical value of the G factor ranges from a minimum of 0.18
(for an unform distribution d currents 1), upto 0.22 apending on shape of current distribution
along the ais of the solenaid.

Notice the nontlinear dependence between the field B and the power P required to generate it
which, in fad, grows with the square of B.

The wefficient ro in Eq.(2) defines the resistivity of the solenoid condictor. It is evident that
deaeasing the resistivity one linealy decreases the power required to generate agiven field.
Hence the quantitative advantage of using metals with the lowest posshble resistivity. The
solenoid bae ry also affects very strongly the generated field inductance B. Though it is not
diredly evident from Eq.(2), other relative dimensions of the magnet (i.e., its form as oppased to
itsdimension) affed B only though the Fabry fador and that dependenceis relatively modest.

The factor f , known as the packing factor, expresses the ratio between the total conducting
volume and the total magnet volume. It shoud be kept as high as possble, provided that the
magnet design minimizes efficiently the isolating gaps between individual winding loops.

Equations (1) and (2) describe the dependence between the arrent (or power) and the generated
field. This direa relationship is inherently independent of any variation d the arrent. When the
current | is made to vary at a rate dl/dt, however, it induces acrossthe magnet an ower-voltage
L(dI/dt) which needs to be mmpensated using part of the gplied paver supdy voltage V. In
other words, the voltage V acrossthe magnet is composed of two terms, ore used to overcome
the ohmic resistance (RI) and ae to overcome the magnet inductance (L di/dt). For future
convenience, we expressthe situation by means of the following linea differential equation:

dag jdi _V- IR ®)

dt dt L
One must also bea in mind that the inductancelL is, in general, a complex function o the magnet
geometry. In the cae of athin-layer solenoid, for example,
2 2
npr

| (4)

Equetions (1)-(4) are used here essentialy to ill ustrate the intricate interdependence between the
maximum achievable field, the anployed electric power, the maximum slewing rate dB/dt and
the geometric parameters of the solenoid. A detailed, quantitative treatment (which must
necessarily be arried ou when designing an actual magnet) is beyond the scope of this review
since, for example, the calculation d G and L for a real magnet is quite complex and requires
numericd methods.

L=
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Analyzing Equations (2) and (3), one can show that:

- When B and dB/dt are optimized independently, their maxima ae naot reached with the same
design parameters of the magnet.

- The design parameters therefore always represent a cmpromise between the maximum
adhievable field and satisfadory slewing rates. The cmpromise can be resolved orce one has
defined the maximum available power, the basic geometry of the solenoid (in particular its
volume) and any optimization constraints (seethe next point).

- The optimization procedure must ke into account constraints such as maximum admissble
locd power disspation and maximum tolerable magnetic field inhamogeneity. In this way, such
constraints influence, often qute serioudly, the final performance of the magnet.

Il D. Exampleof areal 1Tesla FFC magnet.

We have seen that magnets for FFC NMR experiments shoud be designed in away to oltain, for
an apriori given maximum eledric power P, the highest possble field B, a satisfadory
homogeneity B/DB over a defined vdume and hgh slewing rates dB/dt (this implies low values
of the magnet inductance L), urder a number of constraints of which the most important ones are
the dfedive sample volume, an upper limit to maximum locd power disgpation (the hot spot
limit) and, last but nat least, reasonably easy manufacturing. All these requirements are strongly
interrelated and the systematic optimization d coil geometry is adifficult problem.

A numericd optimization procedure which keeps tradk of all these fadors has been pulblished by
Schweikert, Krieg and Noad (67). The dgorithm used in this procedure is almost unique; as far
as we know, there is only oredternative puldished by Kimmich et al. (73) that achieves a
similar degreeof completeness

We have foundthe Noadk-Schweikert approach very advantageous. Once we had mastered the
rather complex cutting and assembly techndogy, we used it with excdlent results to develop
commercialy avail able magnets for FFC NMR relaxometers with maximum field from 0.5 T up
to 1T (72)

Fig. 5 Example of a solenoid of the Noack-Schweikert type

The cylindricd configuration d a Noack-Schweikert type foresees the use of several coaxial
solenaids conreded eledrically so that their individual fields are summed together. The winding
of eat solenaid is redized by cutting a variable-step spiral in a thick-walled metal cylinder
(Figure 5). The dope of the spiral along the magnet length is continuously varied according to a
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pre-calculated, ogimized function. In this way the thickness of the individual winding loops
variesin away which ogtimizesthe aurrent distribution.

The mathematicd formalism used to cdculate the best current distribution consists of a numeric
inversion d the Biot-Savart differential relations between field and current for a given geometric
configuration d the cnductive loops. At the same time, all imposed constraints are being taken
care of by means of the standard Lagrange formali sm.

Having fixed the basic geometry and the required power, the dgorithm looks iteratively for the
current density distribution which maximizes the generated field whil e maintaining the necessary
field hanogeneity over a pre-defined vdume.

In arefined form, this design method has been used by Stelar to develop and manufacture FFC
magnets, commercialy available since 1997. In what follows we shal discussin more detail
some of the practicd aspects of this design approach when applied to the development of a 1T
magnet optimized for the highest Fabry fador and the highest slewing rates compatible with
current techndogy..

The first task in a Noack-Schweikert magnet design is the definition d the best initial set of
parameters and constraints, such as the number and dmensions of individual solenoids (layers),
the maximum eledricd power to be used and the best materials. To define these parameters, ore
must consider numerous limitations arising from the manufacturing techndogy as well as the
performance daraderistics of the @oaling system and d the power suppy. In fad, magnet
coadling efficiency leads to ore of the most stringent limits to using ever higher eledric power.
Moreover, because of finite manufaduring tolerances and aher techndogicd problems, the
magnetic field hanogeneity obtained in pradice is quite far from the calculated theoreticd
values.

In principle, ore @muld consider a number of metals and all oys to be used for the cnstruction d
the magnet but, considering their physical and electricd charaderistic, copper and silver are
undoultedly the best choices. This assertion sounds obvious but the use of other metals with
higher resistivity, such as aluminum aloys, is sometimes justified becaise of their negligible st
and mechanicd properties which simplify the manufacturing process The most important
physicd charaderistics of the best conductors such as OF copper (Oxygen Free) and silver, are
showninTablel .

Tablel. Main physical parameters of copper and silver in Sl units

Resistivity r Temperature Thermal M edhanical
coefficient a conductivity s cutting
Copper OF 1.78x 10° 0.0068 383 Very difficult
Silver 1.58x 10°® 0.0061 419 Difficult

Notes: Resistivity isin [W.m], its relative temperature wefficient a = (dr /dT)/r isin K™* and
thermal conductivity s isin W.m™.K™.

Apart from its higher costs and dfficulties to oltain suitably dimensioned silver tubes or
cylinders from commercial sources, silver is certainly the most favorable dioice since it is
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superior to copper in al comparison parameters. It is aso worth mentioning at this point that
gold, whil e better than aluminum, is substantially worse than bah copper and sil ver.

On the basis of EQ.(2), it is evident that the lower silver resistivity propationally reduces the
eledrical power required to produce agiven field. At the same time, it reduces the time @nstant
R/L of the magnet which is an important factor in minimizing the final field-switching times.
Sedion IV C discusses how the magnet time constant R/L and the power supdy output voltage
aff ect the maximum adievable slewing rate dB/at).

The lower temperature efficient and the higher therma conductivity of silver contribute to
improve the final field stability of the system. In fad, the geometricd dimensions of the magnet
layers change with the temperature of the metal, because of its thermal dilatation, and thus
modify its geometry, causing undesired thermal drifts of the field and, to a lesser extent, even
some field hanogeneity degradation. The variations of the field B with magnet temperature ae
not negligible and, when na correded by suitable muntermeasures discussed in Sedions IV.D
and XI.A, can affect the precision d relaxation rate measurements.

Our choice of the metal for the 1 T magnet was silver. Cutting of the magnet layers from silver
tubes was dore by means of a spedally designed, numericaly controll ed toaling machine (Figure
6). Traditiona toding machines in fact do nd have dl the degrees of freedom required to cut a
variable-slope spira in athick-walled cylindrical tube.

Fig. 6. The magnet layer cutting system

The spedfications of the aitting system are such as to give the designer a cmplete freedom in
defining the magnet geometry. The only restriction (if it can be cnsidered as such) isthat the at
thickness can na be smaller of 0.16 mm. This defines the minimum thickness of isolation
between adjacent layers which, in order to minimize the pading factor in Eq.(2), shoud be &
small aspossble.

Table Il lists the initial eledrical and medhanicd constraints used to cdculate the magnet. The
values were chasen onthe basis of nat only the target parameters of the magnet but also all the
considerations mentioned above.
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Tablell. Starting eledrical and medchanical constraints

Eledrical Mechanical
Brmax 1Teda Number of layers 4
Max. avail able power 12-14 KW Magnet length 100mm
Max. power density 1.5W/mm? |solation thickness 0.16mm
Metal resistivity 1.5%10°%Wm |Internal radius (layer 1) 11.8mm

After having subjected these starting data to the @ove described agorithm and ogimized the
values of B and dB/dt, ore obtains the resultslisted in Table Il1.

Tab Il . Parameters of the alculated magnet

Bmax 1.143T Inductance 330nH
V max 30.1V Number of layers |4

| max 400A Magnet volume 220cm?®
Max.power density | 1.1W/mm? | Internal bore 23.6mm
Resistance 0.0747TW Magnet length 100mm

Apart from the cdculated magnet parameters, the optimization software generates also a
complete data set for cutting each of the four layers. Using these, ore produces the rea layers
shownin Figure7.

Fig. 7.Thefour silver layersof a 1T FFC magnet.

The pictures show aso a detail of the inner wall of the smallest, most internal layer. The
thicknessof the aitsis 0.16 mm. At 400 A, the hottest spot power density dissipation reaches
1.1 W/mn?. One of the most difficult engineering challengesis to cool these hot spots of the
innermost layer efficiently enough to extract all the heat. If the cooling isinefficient, the layer
can be seriously damaged or even destroyed.
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Subsequently, the package of the four layers is mourted
inside a spedal glass and Plexiglas container (Figure 8)
which is designed to make the asembly medhanically rigid
and, abowve dl, to admit high throughpu for the @aling
liquid which it direds to flow flush with the surfaces of all
the magnet layers.

The wading of a magnet of the Noadk-Schweikert type
would nd represent a problem if the power were disspated
uniformly on al its surfaces. What considerably
complicaes the task is the fact that the distribution is very
nonuniform and, moreover, the highest power disgpation
densities occur on loops with the smallest thickness and
therefore the smallest surface aea expased to the @aling
liquid (Figure 9). In addition, in order not to compromise
the pading factor and thus the maximum adhievable field,
the gap between the layers must be kept as snal as
posshle, leasing just the minimum cleaance which can
still guarantee agood codling efficiency.

Fig. 8.The 1T magnet assmbled

insideitsenclosure.
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Fig. 9.Distribution of power density along the four solenoids of the magnet.
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IV. Magnet power supply
IV.A. General considerations and peauliarities of an FFC power supply

Besides all the requirements dictated by any NMR application, a power supdy designed to drive
an FFC NMR eledromagnet, whose peauli arities have been dscussed in Sedion II1. D, shoud
satisfy a number of spedfic additional feaures.

The FFC magnet power suppdy shoud be designed as a fast bipdar current source In order to
match the low impedance of the magnet (fradions of Ohm), the output impedance of the power
suppy shoud be extremely low. We will see below that, in fad, the most convenient way to
control the magnetic field B in an air-cored magnet is to control the aurrent | flowing through the
magnet to exploit the propartionality between B and I.

When designing a power supdy for an FFC electromagnet system, ore of the main chalengesis
to med the etremely high field-switching slewing rates required in some FFC experiments,
espedally considering that the shortest measurable T1 depends on the minimum switching time
achievable by the magnet and the power supdy combination.

From the dectricd point of view, the theoreticd minimum switching time is limited by the
maximum power supdy voltage and by the time @nstant L/R of the magnet with resistance R
and inductance L. In a basic drcuit like that shown in Figure 10 with a fixed power suppy
voltage V, when the switch trips on, the arrent evolves acarding to the ejquation

|(t)=\é91- el (5

and the correspondng magnetic field B(t) increases proportionaly to I(t).

Fig. 10.Evolution of the aurrent in a switched R, L circuit

When the switch is turned On, the voltage (bottom right) acossthe magnet jumps from 0 to V, while
the aurrent (top right) evolves acarding to Eq.(5). The starting slope of the I(t) curve (the dotted line),
corresponding to the maximum field-slewing rate, is given by V/L = (R/L)I ax-

It is evident that, for a given magnet, it is the maximum power suppy voltage which determines
the maximum field-slewing rates and switching times whil e, according to Eq (2), the maximum
avail able power determines the maximum achievable field.
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IV.B. Historic solutions and a modern approach

In 1954Packard and Varian (74) realized the first smple dedronic drcuit for switching between
two field levels defined by two values of current, defined by Ryt and Riyag, @ shown in Figure 11.

S |
L

Fig. 11.An early switching FFC circuit (Packard and Varian)

The dedronic switching methods used in the early days of the FFC technique look navadays
very simple. They were severely limited by the lac of suitable dectronic power devices which
would allow fast high-power switching on inductive loads. This problem was nat limited to FFC
and was eventually overcome by the development of modern power devices which alowed the
introduction d switching methods with considerably better performance.

In 1968 A.Redfield et a. (75), propcsed an FFC power supdy in which they introduced an
energy storage drcuit, whose specific purpose was to overcome the magnet inductance and reach
the desired value of B in a shorter time while minimizing the required pover. The most obvious
method to rapidly switch the aurrent in an inductive load withou a substantial increease in the
mean power consumption consists in applying arather high vdtage, bu doing so orly during the
relatively brief switching intervals. Redfield’s idea actually went a step beyond this smple
principle. When a magnet is energized, there is a considerable anourt of energy stored in its
magnetic field. Uponswitching off the magnet, this energy, rather then being wasted, can be used
to charge alarge storage capacitor to a high vdtage. In a subsequent cycle, the energy stored in
the capacitor is used to help energize the magnet by inserting the capacitor into the darging
circuit and wsing it as a voltage booster. The result is faster field switching with orly a marginal
mean pover increase.

In subsequent years, the @ove principle was used and further improved by Koenig and Brown
(58,66,B), Kimmich et a. (61,76,7F and Noack et a. (65,75), lealing to the redization o
magnet/power supdy systems with elevated slewing rates.

At present, modern power comporents sich as GTO (Gated Transistor On/Off device), IGBT
(Isolated Gate Bipdar Transistor), Power Mosfet (Metal Oxide Field Effed Transistor) and high
voltage cgadtors are easily commercially avail able and perfedly adequate to redli ze the energy
storage switching system. Nevertheless the redization d a complete power supdy based onthis
method turns out to be @stly and problematic when high reliability and routine usage ae
required. For this reason, starting in late 90's, Stelar introduced still another approad to the
problem which is equally efficient but easier to implement. This approach, whose tharaderistics
shall be discussed in detail the next two Sedions, consists of:
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1) controlli ng the magnet current rather than vdtage and
i) during the switching interval, making the aurrent to vary along suitable and well defined
waveforms.

The field-switching therefore becomes a rigidly controlled process rather than an ontoff action,
thus permitting to minimize field-switching times withou having to use excessvely high power-
suppy voltages and powers. The goa is to make sure that the system operates aways in the
linea region withou hitting saturation condtions. The saturation d the power supdy occurs
when the sum of the induced vdtage L(dl/dt) acrossthe magnet terminals and the ohmic voltage
Rl exceeds the maximum available power supdy voltage. In such a cae, the power supdy
control loopexits from the linea regionandis nolonger cgpable of operating as desired.

Power Supply

Vimag M

b Voffset

) |
Magnet Vimag :‘“ f Regulation
and control
sensor
t“ ower C)

Ve

M Vet V(T) Control Logic <\::|

Curren t Reference
and Field Waveform
Generator

Heat
Pump Exchanger Cooling System
Control
Water in
Primary circuit o
cooling liquid < Secondary circuit
cooling water Water out

Double Circuit Cooling System J

Fig. 12.Block diagram of an FFC magnet power supply.

Interconrections with the magnet and the aoling system are a so shown.
For further details, seethe text.

The functional block diagram of an FFC power suppy based on these principles is siown in
Figure 12. The Current Sensor generates a signal Vimag Which is propartional to the aurrent Iy
flowing through the magnet. The Regulation andControl unit generates a wntrol signal V control
for the Power Mosfet Bank which, ading as a 'variable resistance, guarantees that the adual
current Imy ends up to satisfy the condtion Vig = Vimyg a the input of the control comparator.
V& IS a reference voltage whose time dependence is defined by the control software during the
measurement sequence programming. As a fina result, the cntrol loop guarantees that, apart
from a propationality constant, the time dependence of the magnetic field B reproduces that of
the reference voltage Vg, provided that the desired field-switching waveforms never cause the
system to touch the saturation region.
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IV.C. Switching time onsiderations and limits

We have dready anticipated that in a power supdy of the type represented by Figure 12, the
current 1(t) and the field B(t) are linearly related to the reference voltage Vg only when the
device operates in the linear region, clear of saturation. The power suppdy hits the saturation
when

L[dI(t)/dt] + RI(t) =Vp whil e switching up and (6)
L[dI(t)/dt] + RI(t) =Vn whil e switching down. (7

Asusual, L and R are the inductance and the resistance of the magnet, while Vp and Vy are the
extreme paositive and regative voltages avail able from the positive and regative sedions of the
power supfy, respedively.

Equetions (6) and (7) define the cndtions which the arrent I(t) shoud satisfy in order to
adhieve the fastest possble transition ketween any two current values comprised between zero
and the maximum admissble magnet current I,.. When Egs (6)-(7) are satisfied, in fad, the
power supfy is exadly at the alge of saturation bu does not exced it.

During the switching periods, the maximum current-slewing rate di(t)/dt and, consequently, aso
the maximum field-slewing rate dB(t)/dt, are limited. For the aurrent-slewing rate, the bounds
follow direaly from Egs (6) and (7):

di(t)/dt = [Ve-RI(1)]/L whil e switching up and (8)

di(t)/dt = [Vn-RI(t)]/L whil e switching down. 9)
These equations can be eaily integrated, giving

1(t) = (Ve/R){1-exp[-(R/L)t]} (10
when switching from 0 to I and

1(t) = Imax exp[-(R/L)t]+(Vn/R){ 1- exp[-(R/L)t]} (11

when switching from I, to 0.

In order to achieve symmetry between the cases of switching-up and switching-down, ane neals
to impaose the condtion

-(VNR)= (Vp/R) - limax (12
under which Eq. (11) becomes
1(t) = (Ve/R) exp[-(R/L).t] - [(VH/R)-Ima] (13

The resulti ng fastest-switching waveforms, given by Egs. (10) and (13) and shown in Figure 13,
allow us to characterize the magnet - power supgdy system from the point of view of switching
rates and times. In particular, they leal to the following expresson for the minimum switching-
up time mSwt for a complete transition from 0 tO | yax:

mSwt = -(L/R) In[(Vp-Rlma)/Ve] (14)

Thanks to the symmetry condtion o Eqg.(12), mSwt is equal to the minimum switching-down
time for the complete jump from I to O.
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Fig. 13.Thefastest curre nt-switching waveform

The diagram shows the magnet current when switching between zero to the maximum
admissble aurrent 1. The horizontal line & V/R corresponds to the maximum positive
current which a power supply with voltage Ve can deliver into a magnet with resistance R.
The line V\/R defines the extreme negative aurrent which can be generated by the negative
power supply section with its extreme negative voltage V. The thick curve defines the
fastest up- and dowvn-going waveforms, clipped by the impaosed limits of 0 and I . The two
nonstationary sections have ageneric exporentia form with a time anstant given by L/R,
where L and R are the inductance and the resistance of the magnet. This defines the asolute
minimum switching time mSwt and the fastest-approach waveform. If one wants to actively
control the goproach, it is necessary to take into acount that, at any given current level |, the
slope of the actua 1 (t) curve may not exceed that of the fastest-approach function.

More generaly, ore can ask what are the minimum switching-up and switching-dow times
SWTy, and SWTgown for a transition between some abitrary current levels I, and I, comprised
between 0and I s IN this case, the resulting equations for the two times are slightly diff erent:

SWTyp = (L/R). {IN[(Ve-RI)/(Ve-RID]) (15)
SW T gown = (L/R)AIN[ (Vo R(I 1-Ima) )/ (V e+ Rl ma))]} (16)

Equations (15)-(16) expressthe shortest duration d the two switching intervals as a function o
spedfic magnet and paver suppy parameters. The dependence of the SWT o 0NV does not
diredly transpire from Eq. (16) but the importance of Vy in this context is evident from Eq.(12).
We will discussthis point in more detail i n the next Sedion.

IV.D. Why the bipolar configuration

As down in the block diagram of Figure 12 and implicitly stressed by the discusson in the
precaling Section, ou power suppy is of bipdar design, even though the magnitude of its
maximum negative voltage [V | is substantially small er than that of its maximum pasitive voltage
Vp.

This makes it passble to program - within limits - the sign of the magnet current and thus the
orientation d the magnetic field B along the magnet axis.
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In experiments at relaxation fields close to zero, the predsion, resolution and stability of the
absolute value of B, become criticd and a bipdar configuration, though it makes the design and
implementation d the hardware more complex, improves the preasion d the whoe system and
off ers the foll owing advantages:

Reduced switching-down times, espedaly at low fields, as discussed in Sedion|V.C.
Improved setting precision d the relaxation field for values close to zero

Possbility to ndl the aurrent offset due to eledronic control componrents

Possbility to ndl the aia comporent of the environmental magnetic field

In order to better illustrate these points, consider, for example, a magnet such as the one
described in Sedion I11.D. It reaches the maximum field of 1.143T, correspondng to 48.7MHz
of 'H Larmor frequency, with a arrent of 400 A. It follows that for a very low magnetic field
correspondng to, let us sy, 1kHz, ore has to set a aurrent of just 8 mA. In arder to dothat, one
shoud be ale to control the aurrent with a predsion and resolution d abou 20 ppm of the
maximum value! The required absolute predsion is therefore of the same order of magnitude &
the arrent off sets and thermal drifts of even the best analogue dedronic comporents.

Predse null cdibration d current off sets (which can be positive & well as negative) is possble
thanks to the bipdar configuration d the power supdy whaose negative-going sedion has a much
small er range than the positive sedion and can be set with a considerably higher resolution. This
increases the asolute precision d the field values for very small relaxation field settings and, in
pradice makes it possbleto extendthe NMRD profilesto fields as low as afew tens of nir.

In a laboratory environment, a measured sample is aubjed not just to the field generated by the
magnet but also - unless one implements particular screening or compensation cevices - to all
kinds of dispersed environmental magnetic fields due to, for example, the Earth magnetic field,
eledric power lines, other magnets, etc.

In atraditional magnet for NMR spedroscopy, the field By of the magnet is much higher than the
field comporents originating from outside sources. Moreover, devices such as efficient NMR
field stabili zers are used to suppressall i nterfering external fields. Consequently, the presence of
such field comporents can be usually ignored. On the ontrary, duing a FFC NMR measurement
the sample may be subjed to very low fields (ideally down to zero) which is pradicdly
impossble when the relaxation field value becomes comparable to the environmenta fields. The
amplitude of the such fields, if not compensated, represent therefore the lower relaxation field
limit for areliable NMRD profil e.

Thanks to the bipdar configuration d the power supfy, at least the static axial comporent %y,
of the environmental magnetic field can be easily compensated by means of a small current off set
a, JHHDAQ DQO IDAIHG R VAN %R \WHVCP HYDDH M0 %y, but of oppasite sign.

For a omplete suppresson d the locd magnetic field effects, however, one shoud compensate
also its transversal componrent perpendicular to the magnet axis. This requires a pair of auxili ary
coils, oriented in a crrect diredion in the magnet's azimuth pane, and cgpable of generating a
transversal field comporent of the mrred magnitude and sign (for more detail s, see reference
(70).
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V. E. Power regulation banks

The power comporents used to drive the magnet current are an important part of the FFC power
supdy and can criticdly affed its performance. All together, these comporents constitute the
power unit indicated in Figure 12 as the Power Mosfet Bank.

The power bank contains an adequate number (generally severa tens) of linea soli d-state power
devices, such as transistors or power Mosfets. Because of the availability of modern power
Mosfets that combine high performance with easy control, classcd transistors are nowadays no
longer used in applications of thistype (in ou case, we use thannel-N and channel-P Mosfets for
the positive and regative power suppdy sedions, respedively).

In order to control the large required currents, al the power devices are dectricdly conneded
into a parale array and, in ader to disgpate the large anourts of hea generated duing
particular phases of the FFC experiments, the power array is adively cooled.

Figure 16 of next Sedion V shows the power disspated by the magnet and by the power supgdy

asafunction d the magnet current. The total disspated power, aswell asits distribution ketween
the magnet and the power supdy, depend uponthe
working point which varies, often qute sharply, duing
an FFC cycle. The disdpated electric power is
converted to heat which must be diminated by means of
a suitable @ding system. The power disspated on a
single Mosfet device can easily reach pegk values of the
order of 200-300W, while the pe&k power disspated by
the magnet can be & high as 10-12 KW. This implies
the use of an efficient cooling system employing, as we
shall seelater, aforced circulation o codling liquid.

The positive sedion d the power banks sown in
Figure 14 wses 40 type-N power Mosfet devices which
can dive arrents of up to 400 A. The same banks
mount also 4 type-P devices for the negative sedion.
The number of devices in the negative section is much
smaller since the negative side is subjed to much
smaller power requirements. All 44 cevices are
mounted, together with their electronic control boards,
on four spedal liquid-coded, copper hed sinks. These,
thanks to the excdlent therma conductivity of copper,
combined with a design which maximizes the mntad
areabetween the apper and the aadling liquid, makes it

Fig. 14.The power mosfet bank possble to read the requested cooling efficiency.

From the dectric paint of view, each Mosfet device is equipped with its own driver circuit which,
in a cae of failure, disconreds it from the parale array. Thisis very important sinceit permits
the system to operate properly even when a few power comporents have burned ou. It is also
extremely useful sinceit incorporates a posshility to easily locae any of the broken comporents.
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IV.F. Active mmpensation of thetemperature dependenceof B

We have mentioned earlier that, as iown in Figure 15a, small but perceptible magnetic field
variations occur when the magnet temperature changes.

a)

b)

-

Fig. 15.Data acquired in a multi-block NP experiment (32t-values).

a) Experiment dore with the thermal compensation turned Off. The FID offset is clearly not
the same for al blocks, reveding magnetic field displacanents due to magnet temperature
fluctuations. The magnet temperature varies because the power dissipated on it in each bock
depends onthe varying t value.

b) The same experiment with the thermal compensation turned On.

7KHP DDAWHA/SHDMXUH YDUDARQO 7 LV OSSR P DMY SIRSRNR @D RWKH SRZ HUQVISDIMG B\
\WH P JQHADQ GKHH RHWR\WHVIHDOHR WHP DIQAARXUWHQNY 7 KHYDUDARQ RO % LVDIXGWRQ
R 07 ZKIFKUHGRVWH KOQIH/LQP DIHAVHRP R GHWWR\KHIP DOA_. DR 7 KHHNAXOW L
not easy to determine since it depends on many fadors sich as the magnet's geometry and its
medhanical rigidity, the thermal properties of the used materials, the dficiency of the waling
VWP HEY ,Q SIRWAH LWVLIERW RMRQIGU WH 0% 07 GBHGEFFH © DR HP SUWHD
characteristic of the particular magnet.

7TKHNQRGGEHR WH UHDNRQU% 07 FRPHEQHG ZLWWH DBDBOP DICHN HASHDMH Ty,
makes it possble to corred, at least in part, the magnetic field variations due to the varying
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magnet temperature. The magnet temperature sensor shown in Figure 12 isused primarily for this
purpose. Its output, after a transformation besed on the empiricd knowledge of the function
0%07 DRG RGHNQRQ %, GBHXEHFH LVIHGHEHAN W \WH RQROAURX VR \WH SRZ HJ

WS® (YHQMOD L\WHHDM/DP DN IHG YWUDAROHIXBO RVI% 07 EXAR RSSRWMJIQ
and thus compensates the original field-drift eff ect.

V. Codling system

The adling of the magnet and d its power suppy constitutes in pradice one of the magjor design
challenges of an FFC relaxometer. The fact that one uses a resistive magnet and a power suppy
operating in the linea region implies a large power disspation in a least some operating
situations (Figure 16). The generated hea must be removed from the system by means of a
suitable adling system, like the one shown in Figure 17.

20 000

18 000 - —&— Magnet thermal power

—— Mosfet banks thermal power
16 000 -

—e— Total thermal power
14 000 -
12 000 -

10 000 -
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Fig. 16.Distribution of dissipated electrical power
between the magnet and the Power Mosfet bank

As anticipated in Figure 12, the aadling system contains two thermally interconrected circuits.

The primary circuit is closed and filled with a spedal coding fluid which, driven by a high-
cgoacity pump, cods the magnet and the Power Mosfet banks. The wding fluid is a
commercialy available product (Galden™) whaose physical charaderistics had been optimized
for codling electric devices wherever it is not possble to use water. It is chemically aimost inert,
absolutely nontoxic, and electricdly noncondtctive.

At first sight, it might appear preferable to use water as a @waling fluid since it has better thermal
properties and lower viscosity. In pradice however, water had to be ruled ou because of
troudesome water eledrolysis phenomena which can occur between windings of the solenoids
when avoltage is appli ed accros the magnet..
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The secondary circuit uses water from any water distribution retwork or, when pacssble, from a
centrali zed coded-water system. The heat disspated from the magnet and from the power suppy
into the primary coadling circuit is transferred to the secondary circuit by means of a high-
performance ounter-current hea exchanger.

Fig. 17.Cooling system of a 1 Tesla FFC NMR relaxometer

V1. Signal detedion probe

As far as techndogicd principles are cncerned, an FFC NMR detection probe does naot differ
from the probes of any other NMR instrument. Nevertheless there ae a few design
characteristics of an FFC probe which are dictated by the type of the magnet used and its
geometrica constraints.

Considering that, sensitivity permitting, ore would like to measure NMRD profiles of any
nuclide. The RF frequencies used onan instrument with a1 T magnet like the one described in
Sedion I11.D range from abou 3 MHz to over 40 MHz. One can hardly achieve a omplete and
efficient coverage of such a wide range with a single probe. In general, two o more tunable,
broad-band probes are needed in order to be @le to cover nuclides with low g ratios such as
deuterium, aswell as high g nuclides uch as protons.

Considering the aia geometry of the FFC magnets, a number of pradicd problems makes it
amost unavoidable to use asadde-shaped detedion coil with cylindrical Helmholtz geometry,
even though it is well known that such a @nfiguration is lessefficient than a plain solenaid. To
some extent, the situation resembles the one encourtered in NMR spectroscopy when using axial
supercondictive magnets. In ou case, however, the problem is further exacerbated by the fact
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that saddle wils are very difficult to optimize & the relatively low RF frequencies charaderistic
of FFC NMR relaxometry.

An dternative to a sadde il would be asolenoid coil which, hovever, would have to be
oriented perpendicularly to the magnet bore and thus to the physical axis of the probe asembly.
Due to spatial constraints, such an arrangement complicaes considerably sample insertion,
espedally when the sample temperature has to be ntrolled and the assembly has to include an
enveloping dewar for temperature control of the sample.

Fig. 18.A FFC signal detection probe

In our fina redization (Figure 18), the probes use the Helmhaltz coil geometry, favoring ease of
use and efficient sample temperature cntrol over a wide range of temperature values. The
tunable, broad-band probe is inserted into the magnet from below and fixed to the bottom part of
the magnet assembly in a simple way reminiscent of most high-resolution NMR systems. Thanks
to this design, it is possble to use standard 10 mm NMR sample tubes which are inserted
comfortably from above withou any need to manipulate the probe.

VIl . Control console

By the term console we intend al the dedronic functional blocks used in a traditional NMR
spedrometer, excluding the field control. In particular, it includes the foll owing sub-systems:

RF generation and gating

Transmitter RF power bocster

RF receiver (gated quadrature phase detedor)
Low frequency signal handling (filters, amplifiers)
Timing devices, including a pulser/sequencer unit
Analog-digital converters

Local CPU and firmware for Host-independent data a@juisition management
Sample temperature @ntroller (VTC)

Hardware interfaces

Host data system

Software

Actualy, a omnsole to be used with an FFC NMR relaxometer does nat differ much from any
conventional genera-purpose NMR console. With the eception d the relatively simple
interfaces controlling the magnet power supdy and thus the field, al other hardware units are
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much the same & in any sufficiently versatiile NMR spedrometer or relaxometer (what does
differ quite alot, of course, isthe gplication software).

For this reason, a detailed description d the @nsole in this paper is superfluous, except for a
brief list of thase features which, in our opinion, any research-grade FFC console shoud pessss
in order to guaranteemaximum versatili ty of NMR dispersion measurements.

First of al, al the RF units are broad-band and the mnsole must be able to operate in the full
range of frequencies compatible with the maximum magnet field Biax. The first advantage which
follows from such a choice is the posshility to olserve, under optima condtions, na only
SIRRYEXWP 0D RKHILQMHNR QXOEY/Z LWD\WP DO\ URP DIGHWALDAR. XK Dv2H, 3P,
Na, °F, etc. In principle, a ®nsole operating at a fixed-frequency w would permit the
observation o all nuclidesfor whichw £ % However, in order to be ale to measure nucli des
ZLW®Z YDOH/ RGOIZRX® WOYH W FKKRRH TXW®Z w and thus penalize heavily the
DRIHYTEGIMI@BOWR QRHWDAR_6 1 | RUQXOBVZ LWHKIK YOOH/

In order to urderstand this, consider that in an FFC experiment the amplitudes of the aquired
signals are goproximately propartional to the signal acquisition field B, For example, in the case
of the basic pre-padlarized sequence (to be described in Sedion VII1.C.), one can show (65) that
When the relaxation period t is zero, then S » BB, where B, and B, are respectively the
podarization field and the aquisitionfield
When t ismuch larger than T, S » B,B,, where B, isthe relaxation field.
While the first fador in these expressons varies, the propationaity with respect to the
aqquisition field is aways present. In order to maximize SIN, it is therefore alvantageous to use
always the largest possble aquisition field B, and make the acquisition frequency match the
correspondng Larmor frequency %, of the measured nuwclide. This, however, can be dore only
when using a broad-band console.

From the previous paragraph it is apparent that, idedly, one shoud keep By = Bmax. This is
catainly true for slow-relaxing samples where the field-switching periods pradically do nd
affect the measurements. In fast relaxing samples, however, ore has to take into accourt the
deleterious effects of the switching intervals when using very large field jumps. This matter shall
be discussd in detail in Sedions IX.B. and IX.E. What is relevant at this point is only the fad
that, in order to maximize the measurement predsion, keeping B, = Bmax 1S N0t the best choicefor
samples whaose relaxation rates are comparable to the magnet switching time. It foll ows that in
such cases, the versatili ty off ered by a broad-band console comes again handy.

Ancther important console fedure regards the receiver detedion method. This topic will be
discussed from ancther point of view and in more detail in Sedion X. It is useful to mention,
however, that the only type of receiver which offers complete information abou the deteded RF
signal consists in a dua-channel quadrature phase detedor. All other detector types (diode,
envelope, power, ..) provide only a partial description d the signal which may occasionally
mask some instrumental artifads and thus look inviting, bu which can never redly replace a
complete quadrature detedor. The signals aqquired by a quadrature detector can be used to
recover any concevable signal feature, while this is nat true for the signals generated by other
types of detedors. In particular, the quadrature signals al ows one to cdculate the signal moduus
and thus make data evaluation insensiti ve to frequency offsets and receiver phase settings while,
a the same time, maintaining the posshility to estimate and automaticdly correct such
parameters. A dual-channel quadrature phase detector is therefore amust.
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Ancther important feature regarding the whole recaver chain (including the probe and the
preamplifier) is the total dead time which must be kept as ort as passble in order to allow
measurements of NMRD profil es of solids with extremely fast decaying FIDs.

As mentioned abowve, the parts which truly distinguish an FFC console from the cnsoles of
traditional NMR instruments are the hardware and software interfaces through which ore
controls the magnetic field. They must permit the operator to set the different requested field
levels (Off, Polarization, Relaxation and Acquisition) but also to control the field switching from
ore level to another according to a predsely time sequence which, moreover, must be rigorously
synchronized with the mncurrent RF pulse sequence. In addition, it must be possble to control
the magnet slewing rate during the switching interval and thus the optimal switching waveform
acording to the principles discussed in Sedion 1V.C.

Finally, we shoud mention the sample temperature cntrol. It is a direct consequence of all
relaxation theories that, in any FFC NMRD appli caion, sample temperature is just as important
as the dispersion curves themselves. In a sense, the temperature activates moleaular motions
while the field, by determining the nuclides Larmor frequency, defines a frequency ‘window'
through which to olserve them. There is no way how the two effeds could be separated or even
just considered independently of each ather. A predse sample temperature ntroller usable in a
large range of temperatures is therefore to be mwnsidered na an accesory but an esential part of
aFFC relaxometer.

4 )

Variable Temperature
Controller

Magnet power supply interface

and controller
Host Computer
Control Software RF sources
Power Transmitter and

Quadrature Receiver

AcquisitionUnit

Pulser and Sequencer

- J

Fig. 19.Themain functional blocks of a NMR Fast Field Cycling Console

Published in Advancesin Inorganic Chemistry, Vol. 57, Relaxometry of water-metal ion interactions,
Editors Rudi van Eldik R. and Ivano Bertini, Elsevier 2004(ISBN 0-120-2365%5), pp.405-470.
This draft need not correspond to the final text. Reproduction is permitted for personal use only.



VIl . FFC data acquisition sequences
VIII .A. Spedal FFC features of elementary sequenceintervals

Users of any NMR instrument are well aware of the extensive enployment of what is known as
pulse sequences. The roats of the term go back to the early days of pulsed NMR when multiple,
predsaly spaced RF excitation puses had been invented (17, 98110) and employed to overcome
instrumental imperfedions sich as magnetic field inhamogeneity (Hahn edo) or receiver dead
time (solid edcho), monitor relaxation phenomena (saturation-recovery, inversion recovery,
CPMG), excite and/or isolate specific comporents of NMR signals (stimulated echo, quadupde
edo), etc. Later on, employment of ever more @mplex pulse sequences of increasing
complexity, combined with the so-cdled phase-cyding technique, has revolutionized FT-NMR
spedroscopy, a field where hundeds of useful excitation and detedion sequences (111,112 are
at present routinely used to aaqquire qualitatively distinct 1D, 2D and 3 NMR spedra of
chemicd systems. A sSimilar evolution accurred also in the field of MRI (Magnetic Resonance
Imaging) where specific pulse sequences (113-116) are used to enhance or modify the technique's
spatial sensitivity and produce quditatively distinct images of the investigated oljects. It is
therefore hardly surprising that pulse sequences play a aucial role dso in FFC relaxometry.

Generation d precisely timed sequences of events requires the presence of a speda device
known as the pulser (though sequencer would be amore fitting term). Considering that the
development of new NMR tedniques amost always involves new pulse sequences, research-
grade instruments are necessarily equipped with general-purpose pulsers which, using a suitable
software, can be programmed by the operator to generate any desired puse sequence The pulser
mounted on Stelar FFC-Spinmasters, for example, features twelve output chanrels which can be
be operated in a strictly synchronized manner to generate 12-channel control sequences of
virtually any duration with absolute time resolution d 100 rs and a timing jitter inferior toless
than 1 rs.

During the evolution d NMR tedniques, the terms RF pulse sequence and RF phase cyding
have undergone aconsiderable shift in meaning. Originally, they were used to indicate just the
gating and phase-switching timing of the principal RF transmitter. In NMR spectroscopy, this has
been sooncomplemented by the mntrol of a second RF channel, the decouger, leading to various
gated deoouping sequences in which two physically distinct RF devices are operated in a
synchronized manner. At present, puse sequences often need to be synchronized also with
devices other than the RF generators. Consider, for example, the UV flashes in CIDNP
(Chemicdly Induced Dynamic Nuclea Polarization) investigations, field-gradient pulses in
PFGSE (Pulsed Fiedd-Gradient Spin Echo) self-diffusion experiments (117), hamogeneity
spailing pulses (106) used in high-resolution relaxometry and, last but nat least, the rigorously
synchronized magnetic field gradient pulses which are an essential part of al MRI techniques
(113116).

One thus arrives at the ancept of pulser sequences (rather than RF pulse sequence) in which the
programmable pulser generates a sequence of synchronized events and controls a number of
distinct devices. Analogoudly, the term RF phase-cycling is no longer appropriate (in Stelar
terminology, it isreplaced by X-device gycling).

In FFC relaxometry, the most conspicuous pulser-controlled device (apart from the RF excitation
channel) is the magnet system. In ather words, we generate B, field puses of considerable
amplitude, often switching the magnet field between zero and a maximum value of over 1T, and
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we rigorously synchronize such By puses with the RF signal-excitation and/or preparation
pulses. This, moreover, daes not exclude the posshili ty to control other devices aswell .

Like any sequence of events, an FFC experiment can be intended as a sequence of elementary
intervals during each of which al system control lines maintain constant values. One nedls to
keep in mind, havever, that while a ontrol line transition is always very fast (settling times of
the order of 1ns), the controlled device/parameter may require amuch longer time to complete
the requested state transition. In particular, for technical reasons explained in Sedion IV.C., the
main magnetic field intensity can na change instantaneously and requires switching times of the
order of afew ms.

In order to control the impad of the field-transient periods on the measured data, it is necessary

to devise FFC sequences in such a way that each elementary interval fals into ore of two

possble cdegories:

- fixed-field intervals, in which By is constant to within the desired NMR preasion, and

- switching intervals, duing which the field varies in a cntrolled way between a pre-
programmed starting value and a pre-programmed final value.

In general, an FFC relaxation rate measurement requires a series of elementary experiments in
which the duration t of just one of the fixed-field intervals varies, while each o the switching
intervals has always the same duration. Only in this way can ore guarantee that the measured
relaxation rate is corred and corresponds to the relaxation field present during the variable-
durationinterval (to be discussed later).

The performance of the field-switching circuitry (power supdy and magnet dynamics) affects the
minimum duration d the switching intervals. Figure 20 ill ustrates the principal charaderistics of
the field-switching waveform. Essentially, even though we talk abou a single interval, it is
compased o three physicdly distinct phases:

1) The dewing phae where the field is driven, following a linear ramp, from a starting value to a
close vicinity of the desired final value. Following the agumentsation introduced in Sedion
IV.C, ore can show that, when a linea switching waveform is used, the maximum achievable
slewing rateis given by

S, ° dB/dt=(k/L)Vp- (RKKL)B=S,-aB a7
when switching up (s, > 0), and
& © dB/dt= (k/L)Vy - (RIKL)B =S;-aB (18)

when switching down (s4 < 0).

Here k is the proportionality constant between field and current (B = ki), Vp and Vy are the
maximum positive and maximum negative power suppy voltage, L and R are the inductance and
resistance of the magnet, B is the instantaneous main field value, S, = (k/L)Vp and S4 = (k/L)Vy
are the up-gowing and dawvn-going slewing rateswhen B = 0, anda = R/KL.

Consequently, when switching from a field value B, to afield value By, the minimum duration tg
of thelinea switching rampis

ts=(Bp- Ba) / [Su- aBy] (19
when switching up, and
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ts=(Bp-Ba) / [Su- aBy) (20
when switching down.

Using reasonably dimensioned power supgies, the minimum adievable ts values are typicaly of
the order of 1 ms.

Notice the presence of the field-dependent terms in the @ove formulae They indicae, for
example, that when the target field value is very large, the fastest up-going slowing rate drops
down. Similarly, when the target field value is very low, it is the fastest down-going slowing rate
to deteriorate. Among other things, this implies that when maximum system performance is
required, the operator shoud ke in mind the dependence between the target field values to be
used in the experiment and the maximum acdhievable slewing rates.

2) The settling phae where the field is aready very close to its fina value (with residual
differences below 100 KHz of *H Larmor frequency) and settles down to its final value whaose
required reproducibili ty and stability is of the order of 100 Hz. Since the linealy driven ramp is
no longer adive, the dynamic characteristics of settling waveforms are different from thaose of
switching waveforms. In general, there is a less conspicuous dependence on the field value (in
some caes, the fine settling may adually take longer when the final field value islow). Asfar as
the operator is concerned, it is usually sufficient if heto considers the settling phase & having an
approximately constant duration.

i Control signa

x10000

AN

Magnet field

l pte— 2 p <3
} }
}
J

P e oSWt e N
I I

Fig. 20.Schematic illustration of a main-field switching interval

The single pulser interval Swt (switching time), nested between a previous interval P and a
next interval N, is adually compased o threedistinct phases (1,2.3). During phase (1) the
magnetic field B is actively driven along a linear ramp from its previous value B, to a close
vicinity of its next value B,. During the subsequent phase (2) it settles to its fina value. The
settling waveform is shematically represented by the thin line using a nsiderably
expanded-scde. The switching margin phese (3) is a filler which simply completes the Swt
interval. The operator controls the total duration of Swt and, within hardware-defined li mits,
the dope of the linear ramp bu has no drect control of the settling waveform. He must make
sure that the phases (1) and (2) fit within the Swt.

It is actually nat aways necessary to wait until the field has completely settled. There ae only
two situations where such apredsionisrealy required:
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a) When switching to the acquisition field at which the NMR signal shall be mlleded and
b) When switching to alow field value (below 100 KHz) where the settling waveform
amplitudes represent an uracceptabl e field-setting error.

3) A switching margin which is treaed as a part of the switching interval rather than a part of the
subsequent fixed-field interval, even though the field is alrealy stable. The usefulness of such
switching margins gems from pradica considerations. For example, they represent an important
simplification for the operator. Since the duration d the switching margin dces not affect the
measured relaxation rates, the operator can often uniform specify the same duration dor all
switching times appeaing in a pulser sequence, paying attention orly to the requirement that the
combined pheses (1) and (2) must always fit within the switching time setting. The fad that such
an approach leads, for some of the switching intervals, to somewhat excessve switching margins
is often o little importance. Courter-indications to this approac regard orly very fast relaxing
samples where even avery small switching margin affeds the predsion d the measurements (we
shall return to this point later).

VIII .B. Basic structure of any FFC sequence

Since dl FFC experiments (except from a few set-up and/or diagnostic sequences) are aspecial
variety of relaxation measurements, they are necessarily composed of three drondogicdly
ordered sedions or sub-sequences:

1. Preparatory sedionsub-sequence during which the sample is subject to a sequence of field
and/or RF pulses indwing therein a specific nuclear magnetization My. In general, Mo can be
characterized as a zero-quantum coherence state which, in most cases means smple I,
magnetization aligned aong the diredion d the main magnetic field. In some types of
experiments, the starting My state may may be simply null azero magnetization.

2. Relaxation sub-sequencesection, during which the sample is kept for atime t at a @nstant
relaxation field B,. The magnetization then evolves towards an equilibrium value M(B,),
following a relaxation evolution curve M(B,t), such that M(B;,0) = My and M(B,¥) = M(B)).
The primary goal of an FFC relaxometer is the aquisition d the M(B,,t) curves for a number of
B, values pread over many orders of magnitudes.

3. Detedion sub-sequencesedion, during which the sample magnetization is sampled by means
of a more or less complex signa detection RF sequence This occurs always at the signal
acquisition field B, determined by the aurrent operating frequency (probe tuning etc) and the
gyromagnetic ratio of the measured nicleus.

Using various detedion sub-sequences, it is possble to seled distinct nuclea magnetization
comporents and thus discriminate between various ssmple componrents and/or distinct relaxation
mechanisms. In combination with various posshiliti es of initial state preparation, this represents
apowerful NMR relaxometry tod which, at present, is far from being completely exploited.
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VIII .C. Elementary FFC sequences

As a starting example, let us now very briefly discuss the two simplest, text-book FFC
experiments emboded in the PP (pre-padarized) and the NP (hon-podlarized) sequences.

Preparation Relaxation Detedion
< >t p
NP B
B:
B
Tx
Acq —
RD Sw t Swi, Swio
PP
Bp B.
B:
B —
Tx
Acq
Swigy Tp Swit, t Swit, Swig

Fig. 21.Thebasic non-polarized (NP) and pre-polarized (PP) sequences

The thick line illustrates the behavior of the main magnetic field. The switching between the
four preset field values (off, polarizaion By, relaxation B, and acquisition B) is achieved by
means of two cortrol lines driven by the pulser. The pulser control lines for the RF
transmitter gate (Tx) and data aquisition trigger (Acq) are dso shown. Notice that from the
end d the pdarization sequence on, the two sequences are identical - what differsis only the
sample magnetization at the beginning of the relaxation period. The various switching
intervals Swt; can be individualy optimized, though this is rarely dore. The start-up
switching period Swt, and the fina switching-off period Swto are normaly not even
programmed as explicit parts of the sequence (they have no effect on the acquired data) and
the switching periods Swt; and Swt, are usualy set equal to a common value Swt. The slopes
of the linear switching ramps are all identical and their value can be preset by the operator
prior to executing the sequence. For further details, seethe text.

The non-polarized sequence (NP, Figure 21, top) is giitable for measurements of T relaxation
curves at relatively high relaxation fields (typicdly above afew MHZz). The starting longitudinal
magnetization Mg isin this case null and is prepared by letting the sample relax in anull field for
atime RD (recycle delay) which starts the sequence. The magnet is then switched to the desired
relaxation field B, where, after the rigorously constant switching period SWT is over, it is kept
for avariable timet during which the sample magnetization grows towards the eguili brium value
M, correspondng to B;. The magnet is then switched again, this time to the aquisition field
value B, and, ancethe cnstant switching period SWT, is over, a 90° RF pulseis applied and the
resulting FID is acquired. Immediately afterwards, the field is switched off and the whae
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sequence is repeated (notice that the duration d the last switching interval is completely
irrelevant and it does not need to be explicitly programmed as a spedfic pulser interval).

The pre-polarized sequence (PP, Figure 21, batom) is suitable for T relaxation measurements
at low fields, theoretically down to zero value (in the present context we may negled the
phenomena (70) which make life abit complicated at very low fields). The starting nuclear
magnetization My is in this case prepared by applying a strong polarization field B, for a
sufficiently long polarizationtime Tp. The result is a strong magnetization Mo aligned to the field
Bp. The magnet is then switched to the desired relaxation field B, where, after the anstant
switching period SWT; is over, it is kept for a variable time t during which the magnetization
deays from M, towards M, Actudly, stating from the end d the preparatory sub-
sequencesedion, the two sequences are perfedly identicd so that we can skip the details of
switching to the acquisitionfield (SWT,) aswell asthe description d signal aayuisition.

I X. Acquisition and evaluation of complete relaxation curves
I X.A. Arr ayed T, measurements

The aqguisition d a complete relaxation curve M (t) consists in repeding an elementary NP or PP
experiment while stepping t through an array of values distributed acording to a pre-defined
strategy (linea, logarithmic, multi-range, etc, depending uponsample relaxation characteristics).
All other instrument and sequence settings are kept rigorously constant so that any observed
signal variationis due exclusively to thevaryingt.

As $rown in Figure 22, the resulting procedure, referred to as a multi -block experiment, produces
a two-dimensional data set, such as an array of FIDs (its exad nature depends uponthe signal
aqquisition method). The data of each t-block are then reduced to a single quantity, S(t) which
shoud be propartional either to the total sample magnetization M(t) or to ore of its components.
Sincethe verticd scde of the relaxation curve isirrelevant, we can identify S(t) with M(t) at the
moment of detedion (usualy just after the first excitation puse).

Regardlessof what sequence one is using, reproducibili ty requires that the starting magnetization
Mo must be rigorously the same for al the t-blocks, ureffected by whatever happened before
eadt block started. One way to guarantee thisis by impasing the foll owing conditions:

1) For the NP sequence, we need Mg = 0 which means that we must keep
RD 3 f*. T1ma(0), (21

where RD is the recycle delay between the individual t-blocks where the field is off and T1ax(0)
isthe relaxation time of the sample & zero field and f is afactor to be discussed.

2) For the PP sequence, we need Mg = My, (equili brium magnetization at the field By,) so that we
must keep

Tp3 . Timax(Bp), (22

where T, is the duration d the pdarization interval during which the sample is held at the
polarization field By In the PRtype sequences, the recycle delay RD is amost totally irrelevant
and can be kept at 0 (magnet heaing permitting).
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Fig. 22.Example of varioustypes of experimental FFC data

The screenshots are shown exactly as they appear at the instrument. Graphs (a) and (b) show
raw *H multi-block data (starting portions of FIDs), while (c) and (d) show the @rrespording
reduced data (1 point per block, oltained by averaging signal magnitudes over an FID
window) and their mono-exporential fit. The datain (a) were obtained using the NP sequence
and B, =15 MHz, while those in (b) were obtained employing the PP sequence and B, =10
kHz). To optimize magnet heding effeds, the t-values deaease from left to right. For each
block, the real and imaginary comporents and the magnitudes of the signal are shown
(originally colored). Graph (€) shows the whole profile in which every paint corresponds to a
complete multi-block experiment.

In bah cases, f is a numeric fador and T1ma(B) denotes the estimated relaxation time of the
slowest-relaxing comporent of the sample magnetizationin field B. One usually setsf = 4 which,
asuming exporential curves, guarantees arelative predsion o at least e* (about 1.8%).

An important feaure of the @ove euations is the fad that in the NP sequence we refer to
relaxation times at zero field while in the PP sequence they are referred to the poarization field
Bp. This does often make abig difference since, in many samples, T1ma(0) may be much shorter
than T1max(Bp).
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Notice dso that proper setting of the parameters RD and T, requires an approximate knowledge
of relaxation times, which are in their own term the objects of the investigation. This circular
problemtautology makes it often necessary to carry out a few preliminary experiments before
starting an adual relaxation curve acquisition. Fortunately, the values of RD and T, do nd neel
to be predse (a 20 % tolerance is quite reasonable) so that a simple reaurrent estimation rocess
converges to acceptable valuesin just one or two cycles.

I X.B. Effedsof field-switching intervals

Thouwgh evaluation and interpretation o the relaxation curves does not diredly regard the
instrument, there is an instrumentation-related feaure which affects evaluation and neads to be
discussd.

M(0)
Me(0)
Me(¥)
Mex(¥)
Mex(0)
Mex(¥)
Miy(0) Mn(¥)

Fig. 23.Effect of switching intervals on experimental M(t) curves.

The two theoreticd (thin) and experimental (thick) lines represent two ad-hoc examples of the effed of
switching intervals on the magnetizaion relaxation curves. In the cae of an NP-type experiment
(increasing curves with small-letter labels), the theoreticd mg(t) function starts at my(0) °0 and
increases toward the limit value of my(¥) © m, corresponding to the relaxation field b,.. The
experimental curve me(t) starts at me,(0)>0 because of the first switching interval during which the
field varies from zero to by. It then grows toward mg,(¥) * m, because of the second switching interval
from b, to the aquisition field B, (in this example we a&sume B<b, so that the discrepancy has a
negative sign). In the cae of a PRtype experiment (deaeasing curves with capital-letter labels), the
theoreticd My,(t) function starts at M(0) © M, and deareases toward the limit value of M (¥) °© M,
corresponding to the relaxation field B, (assumed here to be small but not-zero). The experimental
curve M(t) starts at Mg (0)<M, because of the first switching interval during which the field varies
from By, to B,. It then falls toward M (¥) > M, because of the second switching interval from B, to the
(higher) aaquisition field B,.

Despite the goparent discrepancies due to relaxation during the switching intervals, the relaxation rate
congtants charaderizing the evolution of the experimental curves with resped to t are the same &
those of the theoreticd functions (all the airves plotted in this Figure have the same relaxation rate R).
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One @nsequenceof this stuationisthat the FFC relaxation curves can nd be analyzed assuming
any fixed starting or ending value. For example, under the mono-exporential hypothesis, the
relaxation rate R (inverse of the relaxation time) must be estimated by fitting the three-parameter
formula

Me(t) = ¢+ w[1-exp(-Rt)], (23

with no apriori assumptions abou the values of the constants ¢ = Mg(0) and w = Mg(¥) -
Mex(0).

Egg abumen
PPat 10kHz
T,=0.29s
Egg albumen
NP at 20 MHz
T,=164s
2.1M Dy* 2.1M Dy*
PPat 10kHz NP at 20MHz
T:=0.72ms T,=0.72ms

Fig. 24.Examples of experimental relaxation curves

The vertical scales are arbitrary, horizontal scales (t-values) are linear. In al cases, the axes
cross at the origin (0,0). The upper two plots regard a slow-relaxing sample in which the
switching effects described in the text are negligible. The bottom two plots regard a very fast
relaxing sample in which switching-interval effed are very pronounced.

The starting and final discrepancies between Mg (t) and M (t) can be guite large (Figure 24 c,d).
In fast relaxing samples, close to the high relaxation rate limit of an instrument, they may even
excedl the total variation w of of the relaxation curve Mg(t). It is therefore necessary to ask
whether the M(t) dependence ont is gill ‘corred’ in the sense that its generic typeis gill given
by Eq. (23) with arelaxation rate R identicd to that of the theoreticd curve My(t). Fortunately,
the aswer is affirmative (see Appendix A for a proof), provided that the field-switching
waveforms are rigorously reproduwcible and independent of t (no memory effects within the
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magnet control system). On the other hand, as far as the problem at hand is concerned, the
waveforms do nd need to conform to have any particular shape (such as alinea ramp or other).

The only consequences therefore consist in the need for an extra parameter (c) inthefit andina
reduced dynamic range of the decay curves.

| X.C. Data accumulation methods

Like dwaysin NMR (118), when the single-scan signal-to-noise ratio (S/N) is insufficient for a
predse evaduation d the acquired data, it can be enhanced by averaging or, more frequently,
acwmulating, of data sets obtained in a number of repeaed scans. Multiple-scan data
acawmulation opens also a number of novel experimental possbiliti es extending beyond the
original goal of S/IN ratio enhancement. Adding a bit of extra sophisticaion, in fad, data
acaimulation can be used to doany of the foll owing:

a) Enhance SN ratio,
b) Suppressthe dfed of anumber of instrumental imperfections, and
c) Isolate particular componrents of the NMR signal.

The S/IN ratio increases with the square-root of the number of scans, provided that the NMR
signals are perfectly reproducible (except for the receiver noise). In FFC, thisis not always true
due to the main field instabiliti es, which dften exceed the natural resonance line-width of the
sample. In such cases, the rule applies well to the starting portion d the FIDs but not necessarily
to the FIDs as a whae. This is one of the reasons why any free-evolution signals are rarely
aqquired for timeslonger than abou 1001s, even if the studied system would alow it. In order to
extend thisinterval, one must resort to driven driven-evolution signal detection methods, such as
the CPM G sequencewith its gin-locking properties (to be discus=d later).

Suppresson d instrumental imperfections and/or seledion d particular signal comporents are
bath based onthe technique of phase cycling which exploits the dependence of NMR signals to
on the variations of the RF phases of the transmitter pulse(s). S (since phase-cycling is used in
every branch of NMR, we asame that the reader is acquainted with the technique) (we will
provide later, whil e discussng signal detedion methods). At this point we just wish to pant out
that phase-cycling is extensively used also in FFC and hes to be suppated by the @nsole
hardware - a requirement which implies pulser control of RF phases.

In pradice, a particular 'phase cycle' is defined by means of an array of RF pulse settings (to be
used cyclicdly during conseautive scans) and an associated array of 'recaver phases. The
'recaver phase, however, does nat correspondto any hardware device setting. Rather, it is an
inter-locution for the various modes of how ead single-scan signal shoud be handled by the data
acamulation procedure (add, subtrad, quad add, quad subtract, etc.).

In multi-block experiments we ae stepping through the values of the arayed parameter (such as
t). If, in addition, we dso want to acaimulate N scans, the foll owing alternative aises:

a) Seled the first arrayed-parameter value and carry out an N-scans acawmulation (with phese-
cycling). Then seled the next arrayed-parameter value and reped the whole process stoppng
after al the arayed-parameter values had have been handled.

b) Seled the first phase-cycle settings and carry out a single dementary experiment for each
arrayed-parameter value, storing the data in a global multi-block accumulation bufer. Then
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seled the next phase-cycle settings and repea the passage, terminating after N such complete
passages had have been completed.

We have here two paossble cycles, one over the N scans with their nested phase-cycling, and the
other one over the arayed-parameter values. In the first case, the inner cycle is the one over the
N scans, while in the second case, usualy referred-to as interleaving, it is the one over the
arrayed parameter values. Even though the two approaches are theoreticaly equivaent, the
interleaved acawmulation is preferred ower the nonrinterleaved one. The reason is that, in a
lengthy accumulation, any systematic long-term sample variations in the whole system (for
example, sample deterioration) affed all the arrayed-parameter data blocks in approximately the
same way. Thisisimportant, for example, when measuring samples subject to internal evolution
on the time scde between severa minutes and several days. Such systems are suprisingly
common and include biological samples (for example, excised tissues) and materials subjed to
interesting internal-dynamics phenomena (phase transiti ons, pdymerization, etc).

| X.D. Evaluation of the rdlaxation curves

There is are anumber of ways by which how the data of an elementary FFC experiment (such as
NP or PP can be reduced to a single paint of the Mg(t) curve. Since these data-reduction
procedures depend uponthe signal detection technique, we shall postpore their discusson. It is
useful, however, to provide afew comments on hav the Mg(t) curves shoud be evaluated once
we have aset of experimenta points {ty,y«}, where y » Mg(t) and k = 1,2,...,n,and nis the
number of blocks in the multi-block experiment.

In the cae of bi- or multi-exporential relaxation curves the treament can be rather involvedquite
complex (119123. It becomes even more problematic Nealles to say, the same is true forin
systems with suspeded continuous distributions of relaxation rates, where the whose evaluation
numerica analysis of the decay curves(124-128) represents one of the mostan arduous
mathematica problems (124-128). In general, evaluation tasks of thiskind need to be treaed off-
line, using spedfic programs and algorithms.

However, a fast and simple mono-exporential ontline evaluation procedure included in the
control software of an FFC relaxometer is not only possble but, in redlity, is a must since it
provides the operator with relaxationrate data estimates essential for corred setting of
aqquisition parameters. The fad that the mono-exporential hypothesis may be inaccurate does
not redly change the fad that some kind d a preliminary estimate is esential for corred data
aqquisition.

In the following we review the on-line mono-exporential evaluation procedure we have cosen
for on-line used on Stelar instruments. We believe that the qualitative feaures of this agorithm,
such as the method wsed to estimate the probable eror of the relaxation rate, represent a good
example of how data shoud be handed aso in more cmplex cases.

As explained above, under the mono-exporential hypothesis the data {ty,yx} must be fitted by the
three parameter theoreticd formula
y = ¢+ w[1l-exp(-rt)], (29

where ¢ w, and r are & yet unknown parameters. This requires a non-linea least-squares fit in
which ore minimizes the total quadratic deviation
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Q(ew.r) = Sk [yk - { ¢ +w(l-exp(-rt))}]* (29
with resped to ¢, w andr. It is convenient to split the task into two distinct parts.

1) Asaming the value of r to be fixed, Eq. (24) is linea with resped to ¢ and w. The
constrained optimal values of these two parameters, denoted as ¢; and ws, are therefore easily
determined using standard linear correlation formulae Since g and w; depend onr, this
procedure defines the nontlinear function Qy(r) = Q(cy(r),wa(r),r).

2) The minimum value of the function Q(r) can be determined numericdly using a standard
algorithm such as Brendt interval bisection. Assuming that the minimum occurs at r = ry, the
value Q2 = Qy(r2) = Q(cu(r2),wa(r2),r2) coincides with the dsolute minimum of Q(c,w,r).

In addition to finding the optimal fit and thus the optimal relaxation rate R = r,, this two-steps
procedure provides us with the paosshility to properly evaluate the confidence interval for R
(Figure 25).

A
Q
Qu(r)
C.l.
Qs
Q
>
r°R r

Fig. 25.Determination of the R; confidence interval.

Qu(r) is the total quadratic deviation assuming a relaxation rate value r and fitting all other
parametersin Eq.(24). Its absolute minimum at r, defines the most probable relaxation rate R.
Q is the minimum of Q(r) and Qg equals Q, plus the least significant increment determined
by statistical methods. This defines the onfidence interval C.I. comprised between the two
vertical li nes. For more detail s, see the text.

We first natice that i) it is easy to evaluate the function Qa(r) for any r and ii) along the arve
Qu(r) = Q(ca(r),wa(r),r), the parameters ¢ and w vary so as to remain ogtimal for every value of r.
The latter fad is essntial since otherwise the nfidenceinterval estimates for r would be
grosdy over-optimistic. Numeric values of the confidence interval for R (regardlessof the littl e
interesting values of ¢ and w) can be now be based onthe least significant increment of Qq(r).
Asauming that the optimum value Q, of the total quadratic deviation Q(c,w,r) is due antirely to
randam experimental errors, its least significant increment D,Q © Qg can be determined for any
given significancelevel a by means of the Fisher statistic with bah degrees of freedom set to (n-
1). The confidenceinterval D;R for R then comprises all r values for which Qa(r) - Q2 £ Qg and
its probale aror e =(D;R)/2 is obtained, as usual, by setting a = 0.69...When, as expeded,
Qu(r) is approximately quadratic in the vicinity of the optimum, it turns out that the result can be
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excdlently approximated by the simple formula:

e= |1 @ 26)
(n-1) Q" (r2)

where Q;"(r) is the seaondderivative of Qy(r) which can be eaily estimated by standard numeric
methodk.

When using the @owve dgorithm as an ontline help, the operator must pay attention to the fact
that, in general, the mono-exporential hypotheses need na hald. If, for example, the estimated
fitting error is too large, the usual course of action would be to increase ether the number of
scans or the number of blocks. When, havever, the gparent fitting errors are due to the fact that
the relaxation curves are nonexporential, rather than to insufficient data quality, improving the
predsion d the Mg(t) curveisnat going to help.

I X.E. Factorsinfluencing the precision of relaxation rate estimates

Whatever is the fitting hypotheses and the crrespondng evaluation agorithm, the evaluation
results are burdened by experimental errors which depend primarily uponthe foll owing principal
fadors:

- Inherent signal-to-noiseratior = S/N.

- Maximum rel ative magnetization m= M pna/Ma.

- Relative magnetization variation n = (M max - Mmin)/M max.
- Distribution and number n, and o t-values.

- Number of scans N.

A detailed dscusson d the exad impad of each o these fadors is beyond the scope of this
paperChapter. Nevertheless afew guidelines born ou by experience ae gpropriate.

For a given number of nuclides placed in the sample il volume, the inherent SIN ratio r is a
parameter depending only on the probe and preamplifier asseembly. It is usually measured in
terms of the maximum FID amplitude gter a 90° puse plied after the sample has readhed its
equili brium magnetization M, in the aguisition field B,. Defined in thisway, it isindependent of
the detail s of any FFC sequence

Theimpad of r ratio onthe relative preasion d relaxation rate/time estimates is close to linea,
meaning that doulding r reduces the relative arors by afador of two.

The importance of the fador m= M./M, stems from the fad that in an adual FFC sequence, the
maximum measured magnetization M IS not M,. For example, when switching-time dfeds are
negligible, we have myp = M/M, = B,/B, for the basic NP sequence and npp = M /M, = By/B, for
the basic pre-padarized sequence

The relative magnetization-variation factor N = (Mmax - Mmin)/Mmax iS related to the fad that if the
magnetization dd nad vary with resped to t, we culd never determine R, nomatter how large r
and mmight be. The reason why we cnsider this fador independently of r is that, theoreticdly,
it depends only on the pulser sequence type and, in pre-polarized sequences, on the ratio ¢ =
M/M, = B,/By. For example, ore can easily verify that for the basic non-paarized and pre-
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polarized sequences nyp = 1 and npp= (Mp - M,)/M,, = 1 - ¢, respectively, provided that switching
effects are negligible.

Likein the cae of the S/N ratio, the relative precision d relaxation rate/time estimatesis linealy
propationa to bah the mfactor as well asto the n-factor.

The dfeda of switching times on the two fadors can be inferred from Figure 23. For non-
polarized sequences, we have nyp = [Mg(¥) - Me(0)]/Me(¥) which is aways smaller than the
theoretica value of 1. Thisisalso true for pre-pdarized sequences, sinceit can be eaily seen that
the experimental value npp=[Me(0) - Mx(¥)]/M(0) is again small er than the theoreticd value.

The dfed of switching intervals on n-fador is therefore dways a decrease in measurement
predsion - a problem which becomes dramatic in samples relaxing on a scde comparable to, o
faster than, the switching times. In the cae of the mfactor, the switching interval effeds are less
dramatic and thereis no unversaly valid rule, though atendency toward degradation prevails (in
any case, whenever there is a marginal enhancement of the mfactor, it is aways accompanied by
amarked degradation d the n-facor).

The type of the distribution d t-values is a much -discussed topic. Experience shows that, in a
mono-exporential case, the values houd spread over an interval of more than 3*T; but not much
over 4*T, T, and alinea distribution appears to be dlightly better than alogarithmic one. Thisis
probably due to the fad that in a three-parameter exporentia fit, the points with large t values
play as crucial arole in determining the relaxation rate & the slope & small t-values, and ore
needs both to determine R. On the other hand, it is evident that in multi-exporential cases,
logarithmic distribution is often better suited for the task, espedally when the relaxation rates of
different sample comporents differ by an order of magnitude or more.

To describe the impact of the t-values distribution type on the relative predasion d relaxation rate
estimates, we shall use aphenomendogicd fador fy. We exped it to be independent of all the
other factors, bu dependent upon the type of relaxation rate quantity to be determined (for
example, the fastest- or the slowest-relaxing comporent in a multi -comporent mixture).

For a given type of t-values distribution, the size of the t-values array (number of blocks ny)
plays approximately the same role & the number of scans N. Theoretically, the relative predasion
of any relaxation rate estimate is propartional to the square roct of both n, and N. This, of course,
presumes that ny, is anyway large enough to carry out the analysis. For example, values as small
as 4 may be sufficient in mono-exporential cases, while @ntinuous distributions preading over
several orders of magnitude require alogarithmic distribution d t-values and n, values of over
100.

If we dencte & e the relative error of a particular relaxation rate estimate (or, for that matter, of
any quantity related to relaxation-rates), the above discusson can be summed upby the foll owing
formula

e'l »r mndelbO\l (27)

It isnecessary to pant out that the @ove discusson hes been centered completely ontheintrinsic
experimental errors playing arole in the evaluation d a single relaxation curve. Thisis not the
same & the reproducibility of the results (scatter) when the whaole multi-block measurement is
repeaed. When comparing single-fit errors with the overall scatter, two situations arise:
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a) In amono-exporentia case the scatter istypicdly abou twice & large & the fitting errors and
the two quantities are correlated.

The discrepancy is due to sources of errors not contemplated considered in the &owve
expositiondiscusgon, such as field ndase and reproducibility, thermal effed etc. In particular,
thermal effeds on the magnet are important since experience shows that the scatter increases
when the relaxation field and/or the polarization field are dose to the upper limit of the magnet.
Since dl such contributions are randam, prolonged data accumulation reduces both the fitting
errors and the scater.

b) When the mono-exporentia hypotheses does not hold, the fitting error reflects the discrepancy
between the hypatheses and the data, rather than any randam charaderistics of the experimental
Me(t) curve. Consequently, situations may arise when the fitting errors are much larger than the
scater. Prolonged data accumulation, in particular, reduces the scatter but, beyond a certain
point, haslittl e or no effed onthe fitting errors.

I X.F. Optimization of relaxation rate measurements

When is an experiment, or a series of experiments, optimal? The answer to this often asked
guestion (129 is not unambiguous because, as in most optimization problems, it involves
multiple and mutually contradictory criteria, such as

Minimum measurement time.
Minimum scater (best reproducibili ty) achievablein a given time.
Capabili ty to falsify/confirm spedfic gpplicaion hypotheses.

Here, of course, we can orly concentrate on the first two pants. There is aways the necessty to
find a compromise between the maximum affordable measurement scater and the data
acawmulation time necessry to read it. To a cnsiderable extent, the operator can influence the
resolution oucome of this compromise by pladng a premium either on the predsion a on the
spead which is achieved primarily by adjusting the number of blocks in the multi-block
experiments and the total number of scans.

A littl e bit lessobvious is the setting of the recycle delay RD (for NP-type sequences) or T, (for
PPRtype sequences) which is linked through the fador f in Egs. ([3)] and ([4)] to the estimated
relaxation time Ty Of the slowest-decaying comporent of sample magnetization at a spedfic
field. One canna influence the sample relaxation times, of course. On the other hand, the
relaxation times usually dominate the overall duration d a single multi-block scan so that, except
for fast relaxing samples, substantial measurement-time savings can be achieved ony by ading
on the parameters linked to the relaxation.

All this paints to the fador f, which guarantees that the sample magnetization at the beginning of
eah block is the same with a relative precision o e’. However, the adua reproducibility is
much better than this, sincewe do nd really need Mg to be exadly zero (in NP) or M, (in PP) but
only that they be the same for all t-blocks of a multi-block experiment. Theoreticaly,
considering that the acquisition period d the previous block normally destroys the longitudinal
magnetization and the subsequent sequence of events urtil the start of the next relaxation period
Is the same for every t-block, any value of f shoud be theoreticdly acceptable. Further
investigation d these aspectsis currently under way.
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In very fast relaxing samples (R >> 10s?), the ontribution d the switching intervals to the total
measurement time becomes appredable and is therefore susceptible of posgble optimization. The
common pradiceisto set the duration d all switching intervals in a sequence to the same vaue
Swt which has a safety margin to include the ramp phases as well as the settling phases of all
switching periods (seeFigure 20). Thisis quite fine for samples in which al relaxation times are
consistently much longer than Swt. Otherwise, individual optimization d the switching times is
advisable for two reasons:

- it reduces total measurement time (though this has usually arather modest effed), and

- it enhances the relative magnetization variation N = (M - Mmin)/Mmax Of the experimental
Me(t) curve and thus, through Eq. (27), diredly affects the measurement precision, dten in a
marked way.

The optimization o individual switching intervals exploits two principles:

- Extremely predse field settling (well below 0.1 %) is required oy when switching to the
aqquisition field where RF pulses are to be gplied and/or the NMR signal is to be mlleded. In
al other switching periods (for example, switching from the polarization field to the relaxation
field), field-settling precision d the order of 0.1 % is quite sufficient.

- The duration d the ramp phase of a switching interval depends uponthe field levels between
which the switching adually occurs and can be therefore individually adjusted (seeEq. 2).

Before concluding this Sedion, we shoud mention ancther, more basic choice the operator (or
the instrument's oftware) has to make, namely the selection d the type of sequence to be used.
Whether one shoud use anonpadarized or a pre-polarized sequence depends essentially uponthe
relaxation field value B,. The dhoice aff ects the precision d the measurements basically through
the product of the fadors mand n in Eq. (27). For the ideal NP and PP sequences, these products
are mypnne = (Bi/Ba) and mppnpp = (By/By)(1 - B//Bp) and it is elementary to see that mypnne >
mpenpp When B, > By/2 and Vice versa. Theoreticdly, therefore, ore shoud use the PP sequence
for relaxation fields B, smaler than half the pdarization field value and the NP sequence for
relaxation fields higher than that.

In pradice, this is the best choice for al samples, except those which relax very fast and, in
addition, relax much faster at low fields than at high fields (large overall dispersion). In such
cases, the degradation d the n-fador due to the dfed of switching periodsis substantially higher
for the NP sequence (which starts always from zero field) than for the PP sequence (which never
descents below B;) and therefore the NP sequences dhoud be disparaged by moving the B,
switchover level shoud be moved slightly above By/2 (typically 60-65 % of By). Again, exad
formulae describing this kind d optimization are not yet available and further research is in
progress

X. Signal detedion and analysis

In FFC relaxometry, one is concerned with the time evolution d the paralel comporent M of the
nuclea magnetization d a sample or, in more mmplex cases, of one or more of its constituents.
The primary scopegoa of the signal detedion is to estimate M and nd, like in NMR
spedroscopy, to analyze the FIDs in any detail beyonda simple solid/liquid phese distinction.
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In principle, therefore, FFC relaxometry could employ - and diten dces 9 - a number of detector
types auch as phase detedors, diode detectors, square detectors, moduus detedors, envelope
detedors, SQUID detectors, etc.

In any cese, howvever, tThe NMR signal can be aquired orly after M) has been brought to the
XY detedion dane which, o course, is achieved by means of a suitable NMR excitation
sequence Thereis little conceptual difference between the FFC excitation sequences and those
used in ather NMR tedhniques. The NMR types of signals used in FFC include dl the "classcd"
ones, such as freeinduction deaays (FID), spin-echoes, envelopes of CPMG spin-echo trains, etc.
In principale, any NMR signal is acceptable, aslongas the aquired signal it reflects M at the end
of the relaxation period. The Classcal NMR signal excitation and preparation methods can be
used also to seled or/ enhance particular comporents of nuclear magnetization.

In genera, the signal aqquisition process provides us with more data than needed. To extraa
relaxation parameters, we need a single value M(t) for each t setting, bu we generally acquire a
whole aray of values. Clealy, some kind d data-reduction processmust be implemented before
the aquired signals can be used in the way we intend. Like the NMR excitation techniques, the
datareduction pocesscan be exploited to enhanceor suppressparticular signal comporents.

This delimits three apeds of FFC signal detection (detector hardware, excitation & detection
method, and data-reduction algorithm). The following paragraphs expound explain briefly the
most popuar ways choices we have made to hand e these aspeds.

X.A. Hardware detection

From the pradicd point of view, dual-channel phase detectors operated in quedrature gpear to
be the best hardware-detection choice Unlike the other techniques mentioned abowve, phese
detedion is engitive to the signal's to RF frequency offset from resonance and to the RF phase
which, on the one hand, makes it more complex to use (as well as and more sensitive to
instrument instabiliti es) but, onthe other hand, it leads to a number of important advantages, such
as.

- Linearity. Phase detedionis truly linear, in the sense that a multi -comporent sample
magnetization leads to asignal which is guaranteed to be asimple linear superposition o
contributions from the individual comporents. All other detedion methods lead to signals
containing crossterms between dfferent comporents as well as nortlinea couding cross
terms between the signal and the noise.

- Applicability of standard NMR phase-cyding data accumul ation methods.

- Predsedefinition d recaver bandvidth by means of audio filters (improves snsitivity).

- Sengitivity enharcement due to the fad that we ae using two uncorrelated detedors.

- Improved control of experimental conditions. Phase detection prevents the operator from
straying from resonance, makes possble reliable off set estimates and recever phase estimates
and even completely automated maintenance of optimal off set settings.

- Posshility of complete spedral andysis of the aquired signals. Though FFC is gill alow-
resolution technique, thisis smetimes useful and it appears as an important potential
advantage for future developments.

Modern instruments usually offer an onboard choice between a quadrature phase detector and
some kind d diode or square detector. The latter, however is mostly used just for instrument
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setup (probe tuning, etc) while signal aqquisition is done dmost exclusively by the phase
detedor.

As usua, we shal from now on consider the output of the dual-channel phase detector as a
uniqgue wmplex signal, with the outputs of the two channels identified with its Cartesian
comporents.

X.B. Post-detection signal handling

By reveding all aspects of the signal, the phase detector brings to foremakes evident also all
instrumental artifads which would na be observable with ancther type of detedion. On an FFC
instrument, this typically includes thermal field drifts (see Section 1V.D) and field instabiliti es
associated with the large dynamic bandwidth of the switching magnet system.

In a certain sense, the detector provides us with more detail s than what we have bargained for.
The goa of the primary post-detection signal handing is to get rid of those feaures which are
irrelevant in a given context and enhancing those which are esential. In many cases, for
example, it makes no sense to analyze the shape of an aaquired FID, and the only desired quantity
isthetotal amount of the signal (asingle number rather then adual data aray).

There ae various approadhes to the datareduction task. An often used ore @nsists in o
computing the moduus of the cmplex phase-detedor signal. This removes all offset
imperfedions as well as any receiver phase misadjustment, bringing us theoreticdly to what we
would have by summing the outputs of two independent, ided diode detedors. In this case,
however, the original signas are still available and can be used to chedk various aspects of data
quality, carry out additional corrections (such as removal of noise-rectificaion artifads) or
submitted to alternative evaluation algorithms.

The moduus data ae then used to estimate the total signal amourt by means of various
algorithms. The simplest one uses the average of the moduus over a pre-defined data-array
window.

For evident reasons, this topic overlaps with the much broader field of applicaion-specific data
evauation methods which we will occasionally mention bu whose mmprehensive exposition
excedls the scope of this paper.

X.C.NMR signal excitation & detection sequences

In this Sedion we shall list and kriefly discuss the pros and cons of some dasscd NMR
tedniques used for signal excitation and acquisition.

1. Simple FIDs (Figure 22)

The simplest method d deteding longitudinal magnetization consists in applying a 90° RF pulse
and aqquiring the resulting FID. Though at first sight this appeas as the most obvious approad,
it isnot void of drawbadks.

One problem is the dead time of the probe-preamplifier subsystem (the cmbined effed of probe
RF ringing and d preamplifier recovery from saturation). While irrelevant in samples with long
enough FID (above 0.1 ms or s0), it may beacome amajor limitation with fast-decaying FIDs
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(solid samples and/or samples with very short T2's) because it can olbscure asubstantial portion
of the FID signal.

Another problem is the relatively low field stability of present FFC systems which causes
considerable fluctuations in the tailing portions of FID's paositioned far from its beginning and
thus affeds negatively the data for samples with long FIDs. To mitigate diminate the this
problem, ore normally uses only the starting FID portions of the FIDs (typicdly covering the
first 0.1- 0.2ms).

The shape of a simple, low-resolution FID is usually nat suitable for discriminating between
various sample magnetization comporents except, perhaps, in the @-presence of a very fast-
decaying component and avery slow-decaying one.

The simplest data reduction algorithm for FIDs consists in averaging the magnitudes of the
complex FID signal over e adata window positioned within its darting portion (Figure 26). The
window can be freely positioned in a way to cut out any deal-time distortions and, at the same
time, minimize field-fluctuation effeds.

Raw multi-block data

Single block

Averaging
window

Fitted curve

time

t <

Figure 26. Example of the data reduction process

Each data block of a multi-block sequence (in this case simple FIDs) is 'reduced' to a single
value by means of averaging over a predefined data window and gdotted against the block's t -
value. Theresulting relaxation curve is than fitted to estimate its decay rate(s). The algorithm
leaves a lot of freedom in setting the data window and including/excluding any number of
initial or final blocks. Notice that in the PP case shown here, the t-value deaease from left to
right. This helps to minimize thermal variations of the magnet.

One of the advantages of window averaging is of course an additional S/N enhancement, which is
roughly proportional to the square root of the number of data points present in the window
(provided they are well reproducible). When too long portions of the FIDs are used, havever, the
S/IN gainis eventually invalidated by FID signal fluctuations dueto dff set instabiliti es.
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2. Spin edho

The dasdcd Hahn-edho technique employs the basic sub-sequence 90,-d-180Q,-d-Acq. It is
applicable primarily to samples with long T, values (over 0.2ms) in which it eliminates all dead-
time problems, refocuses magnet inhamogeneity and enlarges by a fador of amost 2 the
applicable data-reduction window which, in this case, shoud be cetered ower the top d the
edho. When d is longer than typical field- fluctuation times, spin edhoes become sensitive to field
instabiliti es. Consequently, the etio delay parameter d must be kept small enough to avoid any
field instabili ty effeds while, onthe other hand, it shoud be long enough to make the top of the
edhofall within the central part of the data -evaluation window (typicd values are 0.05- 0.1 ms).
The seanddelay d' neads to be long enough to cover the dead-time dfeds due to the second RF
pulse but not necessarily longer (typicd values are 0.01- 0.02ms).

It must be stressed that the spin-echo sequenceis applied only during the detedion period and its
unique purpose is the estimate of the signal amplitude (in a sense, it is a replacement for the
simple 90° puse). Consequently, in an arrayed multi-block experiment whose purpose is to
measure T1(B,), only thet valueis varied, while the delays d and d’ are kept constant in order to
make sure that no T,(Ba) effects le&k into the experimental relaxation curves. Moreover, to avoid
contamination d the eto by FID residues due to impredse settings of RF pulses and to B1
inhamogeneity, proper phase cycling is highly recommended.

Spin-echo cetedion suppresses the sample magnetization comporents with short T, values
(comparable to, a shorter than d+d'). Depending uponthe antext goal of the measurement, this
can be ather a disadvantage or an advantage. It makes sguences with spin-echo detedion
unsuitable for samples with very fast fast-decaying FIDs, such as those of rigid solids. On the
other hand, it al ows one to isolate the cmponents with long T,(Ba) values (high mohili ty) from
those with short T,(Ba) values (low mohili ty) in samples where such dstinct components exist.

One shoud mention aso the posgbility of using the solid-echo sub-sequence of the type 90,-d-
90,-d-Acq (also knavn as quadrature ed0). The principal purpose of this detedion methodis a
reduction d the lossof signa due to the dead time. This makes it interesting for solid samples
with strong dipdar interadions. One sets d' just abou long enough to suppressthe dead time due
to the second puse. The value of d, theoretically identicd to d, is adjusted so as to maximum
maximize the anplitude of the resulting solid echo. Depending uponthe structure of the sample,
the edo can be substantially higher than aplain FID signal.

3. Multiple spin echoes

It is possble to use awhale series of 180 puses to repeaedly refocus the sample magnetization
using the CPM G-li ke detection sub-sequence 90,-[d-180,-d], with n anywhere between ore and a
few tens. Data acquisition can in this case proceel either al the time, starting amost immediately
after the first RF pulse, or - more efficiently - in short segments centered aroundthe top o each
echo. When d is gnaller than typical field-fluctuation times, the train of RF pulses refocuses all
field inhamogeneites and, die to its gin-locking properties, compensates quite dficiently any
field instabili ty.

The result is an enhancement of al the advantages of spin-echo detedion. The number of usable
data points in ead acquired data array can in this case exceal that in an FID by a factor much
larger than two. Since T, relaxation is going on duing the detection, it is again important to keep
d rigorously constant during the whole multi-block experiment.
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Like in the cae of the single spin-echo detedion, the multiple spin-edoes method attenuates
magnetization comporents with short T,(Ba) values and the magnitude of the dtenuation
increases with increasing edho number - a fad which can be exploited for partial separation o
sample comporents based ontheir T,(Ba) values.

4. CPMG echotrain

An eEven more dramatic increase in S/N enhancement is achieved using a variety of the CPMG
detedion sub-sequence 90,-[d-180,-d-AcqS], cdled LR-CPMG. This time, howvever, n is very
large (for example, 1000 and eat echo is sampled just once & the moment when it attains its
maximum amplitude (this is the aquisition strobe AcgS). The result is an array of points
describing the echo-tops envelope. When d is kept very small (typically, one uses 0.05ms), such
envelope is completely insensitive to field inhamogeneity as well as - due to its excdlent spin-
locking performance - to field instabiliti es. One can, in fad, use the envelope to determine the
value of T,(Ba), even though thisis not the primary purpose of this detection sub-sequence in the
present context.

Due to its excdlent S/N enhancement properties, LR-CPMG detedion is probably the only
possble doice when the primary S/N ratio is very small. This regards in particular
measurements of low-abundance nuclides and nuelides with low gyromagnetic ratio.

Like in the previous cases, the LR-CPMG sequence is applied exclusively during the detedion
period and its main pupose is again the estimate of the signal amplitude & the end d the
relaxation period. However, the LR-CPMG envelope, whase data points are dl quite insensitive
to instrumenta artifads, can be analyzed by any of the standard methods in order to deted
distinct comporents of sample magnetization onthe basis of their T,(Ba) vaues. Having large
arrays of data paints, even the quasi-continuots Laplaceinversion methods are eaily applicable
which paves the way for FFC investigations in complex multi-componrent systems.

A disadvantage of the LR-CPMG detedion method is its total insensitivity to field/frequency
off set which must be ajusted before aprofile measurement and can na be correded by means of
a simple procedure during an automatic profile measurement. This requests a higher degree of
long-term field stability (including any therma effects) than the other methods. Despite the
insensitivity of the technique, in fad, the field may not be dlowed to drift too far from resonance
where the RF pulses would loase their efficiency (excursions up to abou 5 kHz are, however,
quite tolerable).

5. Speda detedion tedhniques suppressng specific imperfedions and artifads

Once the aquisition field has been reached, the detedion sub-sequencesedion d an FFC
sequence is adualy quite the same & in any other branch of NMR. This implies that the same
caegories of problems crop upand the same methods to solve them can be employed. Typica
examplesincludeWe shall briefly mention two such cases.

i) Composite the use of composite pulses to suppressB; inhamogeneity dfeds. (130) and

The dfeds of B; inhamogeneity in various NMR sequences are well known and there is a
number of ways to combat them. In FFC relaxometry, B; inhamogeneity is adually not much of
a problem since it does naot directly affead T; measurements. Whatever effect it has consists
esentialy in alossof signal due to imperfect sample excitation and/or imperfed refocusing (in
sequences using spin echoes and/or magnetization inversion).
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The dasdcd cure (130), consisting in the use of various compasite pulses, is perfedly applicable
also in FFC relaxometry.

The use of composite pulsesis suibjed to several courter-indications, the principal of which isthe
fad that they last much longer than their simple prototypes. This makes their employment
problematic in the cae of rigid solids, as well as in detection sub-sequences which rely on
extremely closely-spaced edhoes.

In genera, there is not much neal for compaosite pulses in FFC relaxometry when the only
purpose is fighting the inherent instrumental B; inhamogeneity. One usually delimits the sample
height so as to make it fit inside the measurement coil, which is a less controversial way of
reducing B; inhamogeneity than composite pulses. However, the anployment of compaosite
pulsesisindicated in two cases:

- when the sample height simply canna be reduced to fit inside the measurement coil, and

- when the sample itself induces a strong B; inhamogeneity.

The latter case is of interest, for example, when the sample @ntains metal particles (such as in
some types of MRI relaxation contrast agents).

ii) and $gnd signd detedion sequences suppressng acoustic ringing. (131-132)

Acoustic ringing of the probe as=mbly after an RF pulse is a pesky problem which dften limits
the measurements of nuclides with low gyromagnetic ratios (it can also strongly interfere with
measurements of samples containing piezoeledric comporents). The disturbance is often mis-
interpreted as a particularly long dead-time disturbance, urtil one natices that, unike normal
deal-time comporents, it disappears when B, is st to zero. It is difficult to remove because it
foll ows the phase of the RF pulse and thus canna be diminated by any simple RF phase-cycling.

The dasdcd cure (131-132), apart from speda probe cnstruction precautions, is a pulse
sequence using a phase & device detedion cycle in which ore exploits the fad that acustic
ringing increases linearly with puse width while NMR signa follows the sinusoidal nutation-
angle airve. In its most elementary form, the cycle is composed of four steps (ideally with nudl

d):

Step 1) 0x-d-90«-Acq (add) introduces 90, ringing

Step 2) 180,-d-904-Acq (subtract) compensates 90, ringing, introduces 180, ringing
Step 3) 0x-d-904-Acq (subtraa) introduces 90, ringing

Step 4) 180,-d-90.4-Acq (add) compensates 90, ringing, compensates 180, ringing

Full anti-ringing quadrature cycle is abit more mmplex, while extension d the anti-ringing pulse
technique to signal detedion sub-sequences other than the simple FID is quite simple.

X1. Advanced FFC sequences

So far we have discussed two dfferent magnetization preparation methods (NP and PP and
several signal detedion methods. The two aspeds of an FFC sequence were so far independent of
eadt ather, thus giving riseto the full set of posgble aosscombinations.

The origina NP- and PP-type preparatory sub-sequences can be refined to pertially compensate
instrumental problems uch as magnet heaing during the measurements (see Sedion IV.D). The
result are the so-cdl ed balanced NP and kalanced PP preparatory sub-sequences.
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There ae important FFC sequences in which the preparatory sub-sequencesections includes RF
pulses. A typical exampleisthe FFC version d the dasdcal inversion reavery sequence(IR).

In some sequences, such as the FFC variety of the Jeener-Broekaert sequence, the RF pulses
applied duing the preparatory sub-sequence need to be @ordinated in phase with thase goplied
during the detedion sub-sequence. In such cases the preparatory and detection sub-
sequencesedions of the FFC sequence ae nolonger mutually independent.

X1.A. Thermally balanced sequences

A
. T, t >—

NP

B
Tx

Acq n >

t m't TO

Fig. 27. Thermally balanced PP and NP sequences

PP In the balanced PP sequence, the sample is first kept at the relaxation field B, for atime
tm-t and, then pre-poarized at the polarizaion field B, for atime T,, and finaly allowed to
relax for time t before the start of the detection period. The time T, should be set to about
4T41(By). Ast varies during a multi-block segquence, the polarization interval position moves
horizontally but the total block duration and the mean power disdpation remain constant.

NP) The balanced non-padarized sequenceis conceptually similar, except for the fad that the
polarization interval is replaced by a magnetization annihilation interval in which the field is
zero and whose duration should be out 4T,(0).

In bah cases, the time t,, shoudd be &out or more than 4T,(B,). The @ncept can be
combined with any detection mode, not just the ssimple FID detection shown here.

In a multi-block measurement sequence with interleaved phese cycle, there is a systematic, t-
dependent variation d the average magnet heating. In PP sequences with high B, and small B,,
for example, the power disspated onthe magnet during each block increases with decreasing t.
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In the cae of NP sequences with high B,, the situation is inverted. Whichever is the cae, the
magnet temperature variations induce signal off set variations which, being correlated to with the
t values, could affed the relaxation curves.

The problem can been partially mitigated by hardware compensation devices (see Sedion I1V.D).
A complementary approach consists in setting up preparatory sequences which balance the
average per-block thermal disspation making it independent of t. Though this does not remove
the diff erences between the magnet temperature cycle within ead block, it at least removes the
systematic t -dependent thermal drift.

The timing diagrams of the thermally balanced NP and PP sequences are shown in Figure 27.
Comparing them with thaose of the crrespondng unbalanced sequences, one natices immediately
the priceto be paid for the improved thermal performance ®nsisting in an increased duation d
eat cycle (particularly those with small t values) which makes the experiments longer by a
fador of abou 2.

Whether to use the balanced sequences or not thus becomes a matter of compromise. When
magnet coding is sufficiently efficient, all the used fields are far from maximum (keep in mind
that hea disspation onthe magnet grows with the square of the field), and sensitivity is an isue,
it may be alvisable to use the unbalanced sequences and rely only on the hardware temperature
compensation. Whenever the magnet is under a mnsiderable therma stress however, it is
advisableto use both the hardware compensation and the balanced sequences.

X1.B. Inversion Remvery

Figure 28 shows the diagram of the FFC version d the dasscd IR sequence. Notice that since
the first RF pulse has to be gplied at the acquisition field B, because the probe is tuned to the
Larmor frequency at that field. This implies the presence of an extra field-switching interval
unless of course, B, equals B,. For the IR preparatory sub-sequence, the latter condtion
represents an ogimum (this goes hand-in-hand with the fad that a high aaquisition frequency
tends to improve the inherent S/N ratio). When B, = B, the magnetization inversion is achieved
by an RF pulse gplied at the very end d the pdarizationinterval.

In order to oftimize the inversion, it is a good idea to make this pulse a @mpaosite one (except,
maybe, in the cae of rigid solid samples). Asfar as sgnal detedionis concerned, all methods are
aaceptable so that, for example, IR preparation can be combined with asimple FID detedion just
as well as with the CPMG detedion. Likewise, it is easy to combine IR with the balanced PP
preparatory sub-sequence.

The IR-type sequences have anumber of advantages, of which the two most important ones are:
a) Asauming ided inversion and negligible switching-time dfeds, their relative magnetization
variationturns out to be n = (Mmax - Mmin)/Mmax = 1 + (B//Bp) which is always greater than 1and,
for B, 3 By, readies values n 3 2. With resped to bah NP- and PPtypes of sequences, this
amourts to better final precision die to an increased magnetization-variation range.

b) Since, urike in the PP sequences, the fador n never crosses zero, the IR sequences can be
used throughout the full range of relaxation fields with no recesdty of switching the sequence
type & some particular relaxation field value. This makes the measurements of whale profiles
internally more wmherent.
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Fig. 28.FFC Inversion Recovery sequence.

In the upper case the sample is first pre-polarized in a filed B, then switched to the
‘aqquisition field B, where the first RF pulse of 180 is applied and the sample magnetization
isinverted. Thefield is then switched to B, and the sample is allowed to relax for the variable
time t. Findly, the field is svitched again to the aquisition value and the magnetization is
sampled by any of the sample-detecion method (here asimple FID following a 90° RF
pulse). Notice that, as shown in the lower diagram, in the speda case when Bp,=B, it is
possible to neatly avoid the extra switching interval prior to the inversion pulse.

X1.C. Jeener-Broekaert dipolar- order relaxation sequence

The dasdcd Jeener-Broekaat sequence (133 is used to determine the dipolar-order relaxation
time Typ (in systems of spin /2 nuclids) and the T1q relaxation time (in systems with spin 1
nuclides)of spin 1 nuelides with quadrupdar contributions to T;. Its FFC versionis smilar to the
Inversion Recovery, except that the first 180° puse is replaced by the sequence 90,-d-45,, the
detedion puse becomes 45, and a speda phase gycle is required. We shal nat dwell on the
detail s and pupaose of the sequence since they go beyond the scope of this paperChapter. We
wish to uncerline, however, the fad that sequences of this type require aclose wordination d the
preparatory sub-sequence with the signal-detection sub-sequence in order to isolate not just a
particular magnetization comporent but a particular relaxation pathway.
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Xl . Conclusions and perspedives

The instruments currently produced by Stelar prove that Fast-field-cycling NMR relaxometry
instrumentation is industridly viable in the sense that i) its gedfications are reasonably
reproduwcible and ii) onceinstall ed, the reliability of the instruments is comparable to that of any
other NMR equipment. The overall performance urthinkable-of only a few yeas ago, is best
witnessed by the examples shown in Figure 29.

This, by itself, might be onsidered as a nice achievementacamplishment. However, the
instrumentation is at present till very far from the underlying utopisticutopist ided represented
by a hypatheticd system with a maximum field in excess of 10 T, high-resolution-grade field
homogeneity and stabilit y, and switching times of the order of just afew microseconds.

A more redlistic nea-future evolution shall certainly include the following steps, some of which
are drealy under development:

Further increase of the maximum field beyondthe present limit of abou 1T.

Implementation d efficient devices for the compensation d environmental magnetic fields,
both stationary and variable/alternating and a push toward more reli able measurements in the
relaxation-field region o 100Hz- 10 kHz.

Progressve improvements of the system stabili ty and reproducibili ty.

Refinements of magnet techndogy in order to achieve better field hanogeneity.

Use of doule-irradiation methods for the exploration o crossrelaxation prenomena.
Novel approaches to the study of relaxation dynamicsin complex systems (sequences, €tc).

A drive towards highresolution variable-field FFC NMR relaxometry (HR-FFC-NMRD),
passbly combining the respective alvantages of the FFC and the sample-shuttling methods.

Much shall depend uponthe development of the many potential applicaion fields. Though, from
the dhemicd poaint of view, FFC is dill alow-resolution NMR technique, it has aready proved
itself as an excdlent research tod in many applicaion fields areas 2uch as the study of contrast
agents (134-141), dynamics of proteins (142153), pdymers (154162 and liquid crystals (163
168), dynamics of water in rocks and cements (169-176), etc.

Theincreasing interest in FFC NMR relaxometry is also evidenced by the fad that there had have
been in recent years svera international conferences in recent years fecificdly dedicated to the
method. Even so, there ae still many untapped applicaion areas and additional ones gall come
to frontup with further developments of the techndogy. Opening such novel fields shall
undoultedly provide astrong feedback and novel challengesto FFC NMR engineeing .
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Fig. 29.Examples of FFC NMRD profiles.

All NMRD profiles siown here were measured with the Stelar FFC NMR Relaxometer at
25°C using the automated profile aquisition Wizard. The observed nuclide was *H in all
cases except (5) where it was °D. Theindividual curves ow: (1) Parafilm M (American
National Can Co.), (2) 2.1M Dy(ClO4)3 in H,O (courtesy Dr.L.Holm), (3) 2mM MnCl, in
H,0, (4) egg yolk, (5) 10mM Gd* in D,0, (6) egg abumen.
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