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[Abstract] i i  

ABSTRACT 

A commercial 50MHz nuclear magnetic resonance spectrometer has been modif ied to perform 
non-invas ive. high resolut ion, two d imensional proton densi ty imaging on samples sma l ler 
than lOmm. 

Orthogonal magnetic f ie ld gradients are appl ied dur ing the experiment to impart a spat ial tag 
to the ruclear spins. The resul tant nuclear signal detected by the spectrometer corresponds to 
a samp l ing of Four ier space. The exact trajectory in this space depends on the magnitude and 
timing of the appl ied gradients. The technique used in this work samples I< space in a radial 
fashion and is termed f i l tered back project ion. Image reconstruction is implemented on a 15 
bit personal computer using a two dimensional fast Fourier transform algor ithm. 

Due to the sma l l  volume elements employed the avai l able signal to noise ratio l imits the 
resolut ion atta inable. 1t Is therefore important that the SIN be maximized with in the system. 
To this end careful attention has been paid to the transfer of the ruclear s ignal from sample 
to spectrometer. S ignal averaging is also used to improve the SIN al though this does resul t  in 
long imaging t imes (typical l y  30 to 50 mirutes). At present a resolution or about 30Jlm is 
achievable ror a sl ice thickness or 1.5mm and a SIN or 40. At the t ime or init ial publ icat ion 
in June 1985, this corresponded to a voxel resolut ion an order or magnitude better than that 
obtained by other workers in this f ield. 

The orthogonal f ie ld gradients used are capable of generating gradients of up to 2Tm-1• This 
provides the possib i l i ty of measur ing sel f  diffusion coefficients in an intact sample, using the 
pul sed f ie ld gradient sp in echo technique - something which would be d iff icult to achieve with 
a large scale imaging system. This thesis reports the f irst measurements or local ised sel f­
diffusion coefficients using a combination of the PFGSE technique and NMR imaging. 
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[Sec. 1.1 - Introduct ion] 

I I Introduction 

In 1973 Lautert>ur£1 1 and Mansfietd and Grannel l £21 proposed a tecmique which would enabl e  
information concerning the position o f  hydrogen nuclei, within a biological sample, to t>e 
determined using nuclear magnetic resonance. 

In normal NMR spectroscopy, the resonant frequency depends on the strength of an appl ied 
external magnetic f ie ld and is modified by the local electronic and nuclear envirorrnent. Complex 
molecules may therefore contain ooclei which are otherwise identical. but which have different 
resonant frequencies. It is this var iation in resonant f requency which is or interest to the NMR 
spectroscopist. 

In NMR imaging, the appl ied magnetic fie ld  Is del iberately varied In such a way as to produce a 
f ie ld strength which is effectively  different for each point within the sample. By resonantly 
s t imulating the ooclear system and observing the transient response. it is possible. using 
standard Fourier transform techniques. to reconstruct an image or nuclear density as a function 
of posit ion. 

NMR imaging is one of the rew techniques current l y  available which a l lows invest igation of the 
s tructure or an object in a tota l l y  non-invasive fashion. Much research effort in this field has 
therefore been directed toward the development or large scale imaging systems for medical use. 
However. due to the inherent insensit ivity of NMR these machines have l imited spat ia l resolut ion 
- typical l y  of order lmm. 

Much useful worl< could be done if imaging were carried  out at the microscopic level. a regime 
which reveals detai l s  unresolved by the human eye at the near point. For the normal eye this 
corresponds to spatial resolutions or less than IOOJ.lm. In chapter 5 we shal l discover that high 
spat ial resolution is only possible when the size of the imaging system is sma l l .  The standard 
NMR spectrometer is therefore idea l l y  suited to investigations of this nature. 

Some ear l y  imaging experiments carr ied out on spectrometers produced transverse resolutions or 
between 0.2 and 0.3mm£3•41. More recent l y  Hal l  et a l .  £Sl obtained images showing chemical sh if t 
informat ion with O . lmm spat ial resolut ion on long samples with no s l ice selection. This thesis 
describes an imaging system. based on a modified 60MHz 1H spectrometer. which has enabled 
resolutions or "'30J.1m to be obtained for 1.5mm selectively excited sl ices. 



[Sec. 1.2 - Organisation of thesi s] 2 

1.2 organisation or thesis 

This thesis is divided into 1 1  chapters. Chapter 2 provides a br ier semiclassical introduct ion to 
NMR while chapter 3 introduces the methods of spatial d ifferent iation and select ive excitat ion 
which are central to the imaging technique. Chapter 4 extends these techniques to two 
dimensions by discussing the most commonly used image reconstruct ion algor ithms; f i l tered 
bacl< project ion (FBP) and Four ier zeugmatography (FZ). 

In chapter 5, the a l l  important subject or the signal to noise ratio in imaging is considered while 
chapter 6 uses the results from this chapter to calculate the signal to noise ratio and spatial 
resolution which can be expected when an Image is reconstructed using FBP or FZ. A comparison 
or the two techniques is presented at the end or this chapter, a long with a discussion on ways in 
which the spat ial resolut ion might be improved. 

Chapters 7 and 8 consider the hardware aspects or the project, chapter 7 providing a brief 
descr ipt ion or the major elements or the FX-60 spectrometer and chapter 8 a detai led discussion 
or those modif icat ions and add i t ions to the spectrometer which have made microscopic imaging 
possible. 

The experimental resu l ts presented in chapter 9 fol low the improvements in image qua l i ty  and 
resolut ion which have occured during the development or the instrument. Resul ts from more 
complex exper iments, such as d iffusion contrast imaging are also presented in this chapter. 

Chapter 10 presents the relevant theory for a series or exper iments which we hope to implement 
on the imaging system in the near future whi le concluding remarl<s are g iven in chapter 1 1. 
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2 NMB theoru 

2.1 Introduction 

Many nuclei possess an inherent magnetic moment ancl angular momentum. Using a semiclassical 
approach these two quantites can be represented by the vectors J1 and I which are related by the 
expression 

J1 = ?H (2.1) 

with the proportionality constant. ?$, being termed the gyromagnetic ratio. 

The angular momentum has a magnitude which is proportional to fl = h/2rr. where h is Planclc's 
constant 

1•1 = /[I (I+ I)] fl 

anal Is some integer or half integer value. termed the spin qua1tum rumber. 

(2.2) 

Of all nuclei, the hydrogen rucleus. which has spin 1=1/2, is the most important in NMR imaging, 
because or its abunclance In biological tissue and high gyromagnetlc ratio. 

The first step in observing the resonance phenomenon is to place the ruclei or interest in a large 
uniform magnetic field 80 which we shall direct along the z axis. In such a field the z component 
or the angular momentum for a spin half particle in an energy eigenstate will be 

12 = ±J/2fl (2.3) 

(see figure 2.1). 

2.2 The precession equations 

Because of its magnetic moment and angular momentum the nucleus will experience a torque t: = J1 x 80 which causes it to precess about 80. The magnitude of the precession frequency can be 
determined by solving the equation of motion for such a system. 

Since torque is just the time rate of change of angular momentum we see that 

dl/dt = J1 x 80. (2.4) 
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F i gure 2. 1 Components of the engul er  momentum 
vector I for  6 spin t perti c l e  in 6 m6gneti c f i e l d  80. 

F i gure 2 .2  Precess i on of the  nuc l e6r  moments 
ebout the z 6X is due to  the epp l i ed f i eld 80. 
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Using the result from equation 2.1 we therefore obtain 

dp/dt = ?f J1 x Bo 
In component form this expression expands to give, for a general field B 

dJJ11/dt = ?f(JlyBz - JJJ3y) 
dJlyfdt = ?f(JJJ3M- J.IMB;z) 
dJ.lzldt = ?f(J.IMBy- JlyBM). 

Our initial interest Is for the case where B11 = By= 0 and Bz = 60. we then have 

d J.IM/ dt = ?f J.lyBo 
dJ.lyldt = -?fJJHBo 
dJ.lzldt = 0. 

Solutions to these are 

J.l11 = Jlo sin ?fBot 
J.ly = J.lo cos ?fB0t 
J.lz = ±.O.S?ffl 

where J.lo = ?ffl/[0.5(1+0.5)]. 

5 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

These semiclassical solutions imply a precession of the magnetic moment about the z axis at an 
angular frequency w0 = ?fB0 - see figure 2.2. 

Thus far we have only considered the motion of a single spin for which, strictly speaking, a 
formal quantum mechanical description is required. However, since we are always interacting 
with a macroscopic sample we must consider the combined effect of a large rumber of spins. For 
spins experiencing magnetic interactions, the quantum mechanics may be incorporated as follows. 
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We know that a spin 1/2 particle can occupy two states. characterized by the quantum number m 
which can be either ±112 (spin up or spin down). 

At room temperature approximately half the spins in our sample will be in the spin up state and 
half in the spin down state. Since the magnetic moment is a vector quantity it is reasonable to 
define a net magnetization M which is equal to the vector sum of the precessing nuclear 
moments. that is 

(2.9) 

where Nh is the rumber of nuclei per unit volume. 

Since the azimuthal phase angle of the precessing nuclei is random and evenly distributed over the 
range o�2n we can safely assume that the net equilibrium magnetization (due to the slight 
population difference between the two states) will lie along the main field axis (see figure 2.3). 

Because the energy levels of the two states are different we should be able to induce a transition 
between them by introducing a time dependent perturbation of the appropriate frequency. Since 
the potential energy difference between the two levels is 

b-E = (-Jl.B )spin down - (-J1.8 )spin� 

(2.10) 

we have that 

w0 = ll.E/fl = '2S'B0 (2. 1 1) 

which is just the precession frequency observed earlier. Resonant frequencies in NMR tend to lie 
in the radio frequency (rf) range; the system used in this work operates at 60MHz. 

We are now in a position to determine the behaviour of the net magnetization during the 
application of a transverse magnetic field oscillating at radio frequencies. 

For the purposes of this analysis it is convenient to represent the oscillating magnetic 
component of the rf field, 81, as two counter-rotating fields lying in the x-y plane (all! 
component along the z axis will have little effect as 80 )) 81). 
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Figure 2.3 Macroscop i c  magneti zat i on  due to random ly  d i stri buted 
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Figure 2.4 Motion of the magnet izat i on  vector M i n  the l eb 
freme duri ng the epp l i ce t i on o f  en rf f i e l d  o f  frequency w0 = "6B0. 
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12B1 = [I B1 cos(w0t) - j B1 sln(w0t)] + [I B1 cos(w0t) + j B1 sln(w0t)1. (2.12) 

Let us consider the two counter-rotating fields in turn. The first rotates in a clockwise fashion 
about the z axis at angular frequency w0. In that frame of reference the individual magnetic 
moments appear stationary and so Bz must be zero (since w = CfB). This component of the rf field 
is therefore capable of interacting strongly with the magnetic moments despite its small size 
when compared with 80. The second term corresponds to a field rotating counter-clockwise to 
the precessing moments at 2w0. In this frame 8z = 280. Since 280) )81 (typically thousands of 
times larger) this component will have negligible effect on M. This is the well known rotating 
frame approximation (ref. 6 ·page 21). 

Using only the first term we therefore obtain 

dM11/dt = CS'[My Bo • Mz 81 sin(wot)] 

dMyldt = CS'[M�1 cos(wot) - M11 8o 1 

dMfdt = -CS'(M11 81 sin(w0t) + MyB 1 cos(w0t)1 

(2.13) 

where we have used equation 2.9 to re-express the precession equations in terms of M rather than 
Jl. 
Solving these equations we find 

M11 = M0 sin w1t sin w0t 

My = M0 sin w1t cos w0t (2.14) 

Mz = Mo cos w1t. 

Equation 2.14 implies that on the application of a rotating magnetic field, of the appropriate 
frequency, the net magnetization performs two motions - a precession about 80 at w0 and a 
precession about 81 at w1 = CS'81 (see figure 2.4). From the frame of reference in which 8z  = 0 this 
motion becomes a simple precession about 81 with angular frequency w1 (see figure 2.5). 

At frequencies away from w0 the Bz field will no longer be zero in the rotating frame and so the 
magnetization will precess about an effective field B2rr (fig. 2.6). It is clear from this diagram 
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Figure 2.5 Precession of the magnet izat i on  vector M about  the  rf 
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Figure 2.6 Magneti c f i e l ds  i n  the frame  of reference 
rotat ing  c l ockwise ebout B0 et s ome engul er frequency  w 
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that the interaction between B1 and M is strongest when w = w0 ; hence the resonance term in 
NMR. 

The simplest. and most important. NMR experiment consists or a short rr pulse which Is or 
sufficient duration to tip the magnetization vector through 90° and leave it precessing in the x-y 
plane. This precessing magnetization induces an oscillating EMF in the solenoidal coil used to 
supply the pulse (see figure 2.7). The EMF is then amplified and detected by the spectrometer. 

2,3 Relaxatlon=orocesses 

The induced EMF. �(t), won't last forever as dipolar interactions between adjacent ooclei produce 
a range or resonant frequencies which cause a dephasing or the ooclear magnetic moments. This 
results in a reduction of the transverse magnetization. The dephasing effect is referred to as 
spin-spin relaxation and it may be shown to produce an exponential decay of the Induced EMF (the 
free induction decay) with a characteristic decay time T 2, that is 

�(t) ex: MHy (t) = M0 exp(jwt) exp( -tiT 2). (2. 15) 

where complex notation has been used to represent the magnetization component in the x-y plane. 

In addition to a dephasing in the transverse plane, which simply results in a redistribution of the 
r'(!Ciear energy, dephasing of the longitudinal magnetization also occurs due to transverse 
components of the external field oscillating at the Larmor frequency. This process results in a 
reduction of the net spin energy by energy exchange with the surrounding medium, or lattice. This 
return to thermal equilibrium, referred to variously as longitudinal or spin-lattice relaxation is 
characterised by the equation 

Mz = M0{1-exp( -tiT 1)} (2.16) 

where T1 is termed the spin-lattice relaxation time. (Note that this expression describes the 
return to equilibrium following a 90° pulse). When equations 2.6 are modified to include the 
effects of relaxation they are referred to as the Bloch equations - see equation A.l. 

We shall be concerned with proton r'(!Ciear magnetic resonance in dielectric materials. Here the 
relaxation mechanism occurs via fluctuating dipolar interactions as the molecules containing the 
protons undergo thermal motion. T1 processes arise from the spectral components of this 
motion at w0 and 2w0171 while T 2 processes include an additional contribution at zero frequency. 
For the short correlation times (-r:c-1 ))w0) applicable for the tumbling motion of small 
molecules In a liquid, extreme narrowing conditions exist, the spectral density function being 
•thinly spread·. This results In long values for T1 and T 2• typically of order seconds. 
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In the solid regime. the spectral density Is concentrated in the vicinity or zero frequency so that 
T 2 is short ("'JlS) and T1 is long (---seconds). For proton NMR in biological tissue an intermediate 
situation often exists. Protons may De attached to biological macromolecules undergoing slow 
local motion. For these. T 2 may range from IOOJ1S to lms. We shall De concerned in this study 
with protons associated with water molecules. These protons may De in rapid exchange with 
solid or semisolid macromolecular sites and their transverse relaxation is in consequence 
considerably more rapid than in pure water. 

T1 always exceeds T 2 and defines a minimum repetition time between experiments. Each 
experiment lasts "'T 2 seconds since this is as long as the free induction decay lasts and so if 

T1))T2• as is the case in many of the experiments in this work, a lot of time will be wasted 
waiting for the nuclear system to re-equilibrate. This results in an effective sensitivity 
reduction which exacerbates the insensitivity problem imerent In imaging in the microscopic 
regime. 

2.4 Solo echoes 
The transverse relaxation process leads to a spectral broadening termed "homogeneous· since it 
is common to each nucleus in the ensemble. By contrast, irtlomogeneous broadening refers to 
variations in w0 between nuclei in the ensemble. One example is the contribution due to 
inhomogeneities in the main field. Each nucleus experiences a slightly different Bo and therefore 
precesses faster or slower than the mean. Within a period characterised by the time constant T 2M 
the system will have completely dephased. 

In contrast to homogeneous T 2 processes it is possible to reverse this inhomogeneous dephasing 
process and produce what is known as a spin echo. If at a time t' after the application or the 90° 
pulse we apply a 180° pulse the direction or dephasing will be reversed resulting in an echo at 
time 2t' (see figure 2.8). The sign of the spin echo depends on the relative phase or the applied 
pulses. If the original rf pulse is considered to be applied along the x· axis the 180° pulse may be 
applied along either the y' or x· axis resulting in a positive or negative echo respectively (figure 
2.9 and 2.10). Any reduction in the echo amplitude will be due toT 2, or diffusion processes. 
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3 Imaglng theoru 

3 1 Introduction 

In convent ional high resolut ion spectroscopic NMR experiments i t  i s  normal to have the sample 
immersed in a h ighl y  homogeneous magnetic f ie ld, so that each chemical l y  identical nucleus 
resonates at the same frequency. This results in narrow spectral l ines the width of which should 
ideal ly be given by 1/rrT 2 (see f igure 3.1), where T 2 is the spin-spin relaxation time determined 
by local var iat ions in the f ield due to the influence of neighbouring nuclei . 

However as we have seen most systems wil l produce a l ine-width given by (rrT 2*) -1 where T 2* is 
the effect ive free induction decay t ime and combines the broadening due to spin-spin interactions 
with that due to f ield inhomogeneity across the sample. 

Consider a system in which the field has been purposefu l l y  adjusted so as to vary l inearly across 
the sample. From equation 2.1 1 we know that the resonant frequency wi l l  al so vary l inear ly 
across the sample (fig. 3.2). And so, for an appl ied f ie ld gradient G, given by VBz, the resonant 
frequency wi l l  be 

w = Cf(B0 • G.r ). (3.1) 

For a f i ni te sample the narrow Lorenztian l ineshape w i l l  therefore be broadened to g ive a 
spectral prof i le  character ized by the shape of the sample and the orientat ion o f  the gradient. 

If the sample is st imu lated by a 90° pulse and then subject to a l inear grad ient the observed 
nuclear signal from a volume element dV w i l l  be 

d�( G,t) ex: p(r) exp[j(w0 • CfG.r )t] dV (3.2) 

where p(r) is the spin density function, with units of nucle i  m-3 and the proport iona l i ty constant 
depends on the coi l  parameters used (see sect ion 5.1). T 2 broadening has not been included in the 
above equat ion as we assume its effect to be negl igible when compared to that produced by the 
appl ied gradient. Suppose we consider the signal which is produced in the heterodyne detect ion 
frame and neg lect the osc i l lat ion at w0. Furthermore we sha l l  define an area density function 
p(z,x) app l icable to the imaging of spin sl ices in the z.x plane. Init ia l l y  we shal l  consider the 
inf luence of a grad ient app l ied in the z d irect ion. The signal from area e lement dzdx is then 

d�(kz) ex: p(z,x) exp(j2TrkzZ) dzdx 

Note that for the purposes of this analysis we have expressed � in terms of the var iable 
l<z = (2rr)-1<fGzt which has units of reciprocal space. 

(3.3) 
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Integrating along the z and x axes gives the total signal 

00 

�(kz)  a: f f p(z,x) el<p(j2TTkzZ)dZdl< (3.4) 
-00 

where we have assumed that the detection phase has been set to zero (most spectrometers allow 
the phase to be adjusted marually). 

The frequency domain signal may be found by Fourier transforming �(kz). This analysis is 
simplified since the imer integral is clearly the inverse transform of p(z,x) taken along the z 
axis (the conjugate variables being z and kz). Therefore 

00 

t(kz) a: f F-1{p(z.x)} dx (3.5) 
-00 

and so the frequency domain signal will be 

00 

a: f {p(z,x)}dx. (3.6) 
-00 

The spectral data may therefore be identified as a projection of the spin density in the sample 
onto the z axis - see figure 3.3 for an example. For this reason it is referred to as a projection 
prof i le. 

This procedure. often referred to as one dimensional imaging, enables us to obtain information 
about the distribution of rnclear spins along the z axis. Unfortunately we have no information 
regarding the distribution of spins along the x axis. One way to obtain this information would be 
to selectively excite a strip of spins in the z direction If this strip could be moved stepwise in 
the x direction a series of projection profiles could be obtained which correspond to the 
functions 
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K+a 
F{�(kz)} a: f {p(z,x)} dx 

K-a 
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(3.7) 

where 2a is the strip width (see f ig. 3.4). For suff icient ly smal l values of 2a the resul tant 
project ions would, when displayed appropr iately, give a reasonable representation of the two 
dimensional spin distribution. In fact it turns out that this technique is rather insensitive (ref. 8 
page 169) and so more sophist icated methods are used in most modern imaging systems - see 
chapter 4. 

3.2 Selective excitation 

The abil ity to be able to selectively excite a narrow sl ice of spins in an efficient mamer is of 
prime importance in imaging whether it be used to differentiate spins in the x d irection as in the 
above discussion or to select out a si ice along the y axis. (The longitudinal axis of the sample is 
constrained by the nature of the electromagnet geometry to l ie a long the y axis). 

Recal l  that the procedure for obtaining a projection prof i le  entails applying a 90° pulse in the 
absence of a f ie ld gradient. The reason for this is as fol lows. Most 90° rf pulses are 10-20J.JS 
long and so can st imulate sp ins with resonant frequencies over the range 25-50kHz. However 
because the degree of st imulat ion var ies over this bandwidth (see figure 3.5) a smal ler range of 
frequencies is uniformly excited. This isn't normal ly a problem in spectroscopic studies since 
the range of frequencies present in the s ignal is usual ly less than 1kHz. However when a gradient 
is appl ied the range of frequencies present in the nuclear signal may be much greater (up to 50kHz 
in our system). This means that those sp ins away from the origin wi l l  exper ience a much sma l ler 
rf pulse and wi l l  therefore be tipped through an angle of less than 90°. 

If the rf pulse is made particular ly broad, say lms, and appl ied simultaneously  with a y gradient 
then only those spins with resonant frequencies in a II<Hz bandwidth around w0 w i l l  be st imulated 
in an appreciable mamer. lt is of course assumed that the pulse ampl i tude has been 
proportionately reduced so that ?fBfr remains equal to lf /2. Spins w ith resonant frequencies 
outside this bandwidth w i l l  exper ience l it t le or no rf f ield and so w i l l  remain unaffected. In this 
way a narrow sl ice of spins may be selective ly excited. The rf spectral profi l e  is of the s ine 
form, sin(b.w)/ bow and so does not produce a wel l  defined sl ice. In a l inear response model the 
nuclear turn angles would show a sim i lar modulat ion along the y axis. This suggests that a 
rectangular sl ice might be stimulated by applying an rf pulse with sine modulat ion in the t ime 
domain. In fact the response of the ooclear spin system is highly non-l inear. The Bloch equations 
yie ld a simple analyt ical solut ion where the rf pulse ampl i tude is constant with t ime19l, but the 
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F i gure 3.4 Sel ecti ve  exc i tati on of e s l i ce of sp i ns .  
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Rf pul s e  Frequenci es i n  rf pul se  

Fi g ure 3.5 Rf pul se  in  the t ime end  frequency domai ns .  
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suggested sine modulated pulse response is more diff icult to obtain. As a f irst approximat ion a 
l inear descript ion Is employed. This is due to Bai les and Bryant1101• 

In the rotat ing reference frame we wi l l  have the situation depicted in f igure 3.6. Since Bz· var ies 
with posit ion and Bx· with t ime the situation is clear ly  compl icated. In fact the Bloch equations 
descr ibing the motion of the nuclear moments ( in the absence of relaxation) give 

dM11• I dt = <fMy· Gy y 

dMy·ldt = <f(Mz·B,(t) - M11· Gyy} 

dMz•ldt = -�My·B1(t). 

(3.8) 

Bai l es and Bryant have simp l i f ied these equations by considering the s ituation from a frame of 
reference in which By = Gyy = 0 (f ig. 3.7). This frame rotates clockwise about the z' axis at an 
angular frequency of <fGyY· In this frame B1 wi l l  rotate counter-clockwise at the angular 
frequency <fGy Y· If we assume that the two reference frames coincide at the start of the rf pulse, 
when t=-'t. the Bloch equations become 

dMHu/dt = -�Mz" By" = -<fMz" B1(t) sin[<fGyy(t+t:)l 

dMyu/dt = �Mz" BK" = �Mz" B1(t) cos[<fGyy(t+-r:)] 

dMz·.fdt = <f { M11.. By" - My" 811.. } 

= <f(M11 .. B1(t) s iri<fGy y(t+-r:)] - My" B1(t) cos[<fGyy(t•-r:)]} (3.9) 

As a further simpl if ication (the l inear response assumption) Bai les and Bryant assume the t ip 
angle  to be small so that Mz" Is constant. In this case we have 

dMK"/dt = -�Mo B1(t) siri�Gyy(t+-r:)] 

dMy .. fdt = �Mo B1(t) cos[<fGyy(t•-r:)] 

dMz·.fdt = 0. 

(3. 10) 

I f  we treat M11 .. and My" as components of a complex number the f i rst two equations may be re­
expressed as 
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dM11"y" /dt = ?fM0B1(t) exp[-j?fGyy(t+-r)]. 

Integrat ing with respect to t gives 

t' 
Mx"y" = ?fM0exp[-j?fGyY't'] f B1( t) exp[-j?fGyYt1 dt 

-"t' 

= ?fM0exp[-j?fGyY"t'] F {B1(t)}. 
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(3. 1 1 )  

(3. 12) 

During the rf pulse the 5" frame has rotated through the angl e  ?fGyY2"t' with respect to the 5' 
frame and so 

M11•y• = ?fM0exp[j?fGyY't'] F{B1(t)}. (3.13) 

From this resu l t  we see that the My· moment has not been left on the y' axis but at an angle ?fGyY"t' 
to it .  This dephasing may be removed by applying a y gradient of magnitude -GyY for a t ime 1: to 
g ive 

M11·y· = ?fM0F {B1( t )} 

My· = ?fM0 Re[F{B1(t)}]. (3. 14) 

The y'  magnetization at t ime 1: is therefore proportional to the real part of the Fourier transform 
of the appl ied rf pulse. As we wish to exci te a rectangular sl ice of spins it therefore fol lows 
that we should  excite with a sine modulated pulse rather than a rectangular one as or igina l l y  
proposed (see figure 3.8). 

In situations where rapid gradient reversals are not possib le ( the  case in our system) we can 
rephase the spins by the app l ication of a short non-selective 180° pulse fol lowed by a gradient 
pulse of l ength t' (see f igure 3.9). 

For l arge tip angles the Mz = M0 s impl if ication no longer holds. Hoult111l has shown how the non­
l inear case can be treated using perturbat ion theory. In the present work, however, the B loch 
equations are solved in  their exact form using the Runge-Kutta method specified in appendix A. 
F igures 3.10 and 3.11 plot M11• and My· as a function of postion for t i p  angles of 30°and 90°. 
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Rf 

Fi gure 3.8 Pul se sequence used to  se lecti vel y 
exci te  a s l i c e  of sp ins  a l ong the y ax i s .  

Rf 

Gy I 
-"t 0 

lR..___ 

Fi gure 3.9 An a l ternot i ve rephosing method 
used when G11 must remoi n pos i ti ve. 
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M/Ho 
5 
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M/Ho 

b) 
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The relat ive merit or the d ifferent rr pulse shapes may be cleterminecl by Integrating the My(y) 
curves with respect to position. For the conditions considered in figures 3.10 ancl 3.1 1  the sine 
pulse produces the greater s ignal ampl i tude by a factor of ---2 for 30° pulses. These results have 
been ver if ied exper imental ly (see figure 3. 12). 

lt is noteworthy that the major effects of the non- l inearity show up in the out of phase 
magnetization M". This impl ies that the main consequence of non- ideal ity is the imposition of 
smal l  phase distortions. In fact the non-ideal responses for cp = 90° are not real l y  a problem as 
optimum signal ampl itudes are obtained for smal l  tip angles ancl short repet it ion t imes (see 
section 6.9). 
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4 lmaglog technlgues 

4.1 Fourler zeugmatograonu 

we noted earl ier that the signal obtained when a uniform gradient Gz was appl ied arter 
stimulat ing a thin transverse sl ice with a 90° pulse had the form 

00 

�(t) a: J J p(z,l<) el<p(jwt) dzdx (4.1) 
-oo 

where w = ?5Gzz, in the frame of reference rotating at w0. 

In Fourier zeugmatography a gradient G2 is appl ied for a t ime t 2 and then removed and replaced by 
a gradient G11 for a t ime t11 , consequently the cumulative phase angle at point (z,x) w i l l  be 

(4.2) 

and so 

00 

�(t 21t H) a: JJ p(z,x) exp{j?5(G2zt2 + GH x t  H)} dzdx. (4.3) 
-oo 

Dimensional l y  ?5Giz and ?5G11t 11 have units of radians per metre and so may be replaced by the 
variables 2111<2 and 2rrl<11x, where 1<2 and 1<11 are the reciprocal space coordinates. With this 
substitution we identify W< 211<11) = t(t21t 11) as the two dimensional inverse transform of the spin 
density funct ion p(z,x). 

00 

t(k211< H) a: J J p(z,l<) el<p{j21l'(l<zZ+kHx)} dzdx. (4.4) 
-oo 

If we let 1<11 = 0 we regain our original expression (equation 4.1) and as t ime advances we see that 
t(t) = t(l<210), in other words, we are mapping I< space a long the posit ive 1<2 axis (see f igure 4. 1). 

If 1<11 is non-zero then t(t) = t(l<21l< H) wil l  correspond to a horizontal l ine In 1< space d isplaced from 
the origin in the vertical direct ion by kH (see f ig. 4.2). 
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----------------�--------�----� 

kz 

F i g u re 4. 1 I< space sampl i ng for tx = 0.  

----------------�--------------� l<z 

F i g ure 4.2 I< sp6ce sampl i ng for tx  ;z:: 0. 
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A number of exper iments can t>e performed with different values or t" (f igures 4.3 and 4.4) so 
that the f irst quadrant of k space is sampled in a raster fashion, each fid being stored as a row in 
a matrix representing k space. A reversal of the G" gradient a l lows the fourth quadrant to be 
mapped, whi le  the second and third quadrants may be determined from the f irst and fourth using 
the relationship 

(4.5) 

where tM is the complex conjugate of t. Note that equation 4.5 depends on the reality of p(z,x) 
which means the detection phase must be set "correctly". 

If the image of p(z,x) is to contain NxN pixe ls a minimum of N experiments must be performed, 
each horizontal scan consisting of N/2 complex data points. With typ ical td values of 1 second 
(the t ime required for the nucle i  to re-equ i l ibrate) and Nacc accumulations per scan the total data 
acquistion t ime wi l l  be �NNacc seconds. Faster imaging t imes may be obtained by reducing t d  and 
the f l ip angle unt i l  an optimum signal amp l itude is obtained (see section 6.9). 

The technique just descr ibed was developed by Kumar et. a l .  in 1976(121 and is referred to as 
Fourier zeugmatography. 

Variat ions on this technique exist - rather than varying tx one can change the level of Gx from 
exper iment to experiment. The technique is then referred to as spin-warp imagingU3l. This has 
the advantage that the t ime de lay between excitation and sampl ing is kept constant and so 
amp l itude distortion due to relaxation effects can be kept to a minimum. 

4.2 Fil tered back projection 

Another way of mapping I< space is to apply G2 and G11 simultaneousl y  and adjust their respective 
magnitudes from experiment to experiment so as to sample 1< space in a radial fashion (see 
f igures 4.5 and 4.6). 

The net phase angle at t ime t of the signal arising from the point (z.x) w i l l  t>e 

cp = wt = �G.r t = 21T'k.r (4.6) 

where 
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I 6 I =  (Gi+GM2)1/2 
• 

I r I = (z2 + x2)1/2 , 
t = (2rr)-1�Gt 
cp = arctan(x/z) = arctan(GH/Gz). 
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(4.7) 

From equation 4.4 we saw that we could obtain p(z,x) by performing a two dimensional Fourier 
transform on �(k�k"), that is 

00 

-oo 

An al ternative expression, in polar coordinates is 

Tf OO  
p(z,�<) a: J J �(le, cp) e�<p{-j2TTt.r } I le I die dcfJ 0 -oo 

which is equivalent to 

Tf OO  
p(z,�<) ex: J J �(le, cp) e�<p{-j2TTier'} I le I die dcfJ 

O -oo 

if r' is def ined as the component of r along the t vector. 

(4.8) 

(4.9) 

(4. 10) 

The inner integral may be evaluated by mult ip l ing the N.Jclear signal by a ramp I le I and then 
Four ier transforming with respect to le. The resul tant funct ion is cal led the f i l tered prof i le 
l{l(r',cfJ). Note that l{l(r',cp) is constant along l ines perpend icula- to the grad ient direction. 

With this subst itution p(z,l<) may be re-expressed as 

TT 
p(z,�<) ex: J l{l(r',cfJ) dcfJ. 0 

For a discrete Cartesian latt ice this integral may be approximated by the summat ion 

(4.1 1) 
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since 

Np 
p(z,x) = 2: ll'{z cos( <Pi) + x sin(<Pj).<P j} �<P 

j=l 

= 1< cos( <P) z + 1< sin( <P) z 

= 1< {z cos(<P) + x s in(<P)}. 
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(4. 12) 

(4 . 13) 

Np is the total number of projections used to form the image. The process of evaluating ll'(r'.<P) 
at points on the Cartesian latt ice is termed backprojection - hence the name given to this 
technique, f i l tered back projection (FBP). 

Total imaging t ime for f i l tered back projection is "'NpNacc where Nacc is the number of 
accumulat ions per projection. This can be reduced by reducing Np. al though at the expense of 
some loss in  picture qua l i ty. 



[Sec. 5 - The signal to noise ratio in NMR] 

5 The signal to noise ratio In NMB 
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Because the 5/N of an image depends so strongly on the required spatial resolut ion, ( later in this 
section we shal l see that 5/N is proportional to CJ.z-3), it is of great importance that the signal 
gathering capabil i t ies of the spectrometer be optimized. This means maximizing the s ignal 
obtainable whi le keeping the noise level to a minimum. Potential noise sources within the 
spectrometer are rumerous but in a wel l  designed system it is the probe and the rf preampl if ier 
which chiefly determine the overal l  noise f igure and sensit ivity of the system. 

Fol lowing is an analysis which determines the expected 5/N for the free induction decay obtained 
by stimulating a volume of water. The conditions for this analysis wi l l  be quite general. A 
cyl indrical sample of water of volume Vs is p laced inside a solenoidal coil of radius R and length 
�. with Nt turns of wire (see figure 5.1). Hoult has indicated!15l that the h ighest Q is obtained 
when l � 2R and d � 3r. The sample of water is st imulated by a 90° rf pulse app l ied along the y 
axis so that al l the sp ins are left precessing in the x,y plane. we need to f ind the magnitude of 
the EMF induced by the precessing magnetizat ion vector M. Fol lowing a 90° pulse we know that 
the magnitude of M wi l l  be 

Mo = Nh?ffl(P. - P _)/2 (5.1) 

where Nh is the number of hydrogen ruclei per unit volume, ?ffl/2 the proton magnetic moment 
component d irected along the B0 axis and (P .-P _) the net fraction of spins d irected along this 
axis. Using Boltzmann stat ist ics we know that the probabi l ity of a nuclear spin being either 
al igned (P.) or antial igned (P_) with the B0 axis is just 

P:t = ----- (5.2) 

where T s is the sample  temperature in Kelvin and ks is Boltzmam's constant. For a spin half 
particle b.Et = ±?fflB0/2 . and so 
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exp(± 3' flB0/ 2ks T s) 
p! = ------------ (5.3) 

In the high temperature approximation (T s ))O) this simpl if ies to f irst order to give 

P t = (I ± 3' flB012k8 T s)/2 (5.4) 

and so 

(5.5) 

This means that 

(5.6) 

In the lab frame this magnetization wi l l  precess about 80 at angular frequency w0, and so 

M(t) = M0exp(jw0t) exp(jcp) (5.7) 

where cp is the phase angle at t=O. 

From the reciprocity theorem1161 we know that the induced EMF in the coi l  due to a volume 
e lement dV5 in the sample is just 

dts = -d/dt { B,M(t)/1 } dV5 (5.8) 

where Btfl is the f ield in the volume element due to unit current flowing in the coil . For a 
solenoid, 81/1 is essential ly uniform within the coil and may be replaced by the constant (81/l)xy 
whereml 

(B,II) wy = --- (5.9) 
( 4R2 + t2 )1/2 

For the coils used in this work t�2R and so 

(Btfl) wy = J.loNt /(.t/2). (5. 10) 
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From section 2.3 we saw that the precess ing magnetizat ion takes the rorm 

(5. 1 1 )  

and so the induced EMF due to the whole sample (which is assumed to be tota l l y  enclosed by the 
coi l  so that (81/I)KY = const. ) w i l l  be 

�s(t) = f -d/dt { 81 M(t)/1} dV5 

= Vs (Bll) wy Mo Wo cos(wt) exp( -tiT 2*). 

ts(t) is a maximum at t=o and takes the value 

(5.12) 

(5.13) 

The noise power produced by the coil due to i ts resistance r c wi l l be 41<8 T c;6fr c and so the rms 
noise voltage wil l be 

(5.14) 

where T c is the coil temperature in Kelvin and F is the noise factor of the spectrometer. The 
resistance r c may be re-expressed in terms of the coil Q and inductance L as 

re = wLIQ 
where 

Subst itut ing these last two resul ts into equation 5.14 gives an rms noise value of 

tn = { 4ks T c F 6f WoJ.lo(Nt)2 A/(iQ/2)}1/2. 

Combining this with equation 5.13 g ives an riD.i signal to noise ratio of 

(5. 1 5) 

(5.16) 

(5.17) 
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[.lloOw0Vcl v2 
(S/N)rms = �J..O)/(�r/2) = K (V512VJ Mo 

4FkBTc6f 
(5.18) 

where K = 21/4. This is equivalent to the expression obtained by AbragamU81. The ratio V512Vc is 
usua l l y  rererreCI to as the f i l l ing factor 11 as it Clescrlt>es the fraction or f lux Clue to the 
precessing magnetization which cuts the coil windings. 

Houl t  and Richarels1161 have pointed out that many or the parameters in the above equation are 
related. so that the Clepenelance of SIN on the various measurable  parameters. such as w0, is not 
as clear as i t  could be. An al ternative deriviation which presents S/N in terms of indepenelent, 
measurable quanti ties is as fol lows. From equations 5.13 and 5.14 we have 

(S/N)P'!ak = -----
(5.19) 

(4FkB T c6fr c)l/2 
Now 

re = opLIA (5.20) 

where p is the resistivity, L the l ength and A the cross sect ional area or the conductor. The 
factor o takes account or the reduct ion in skin depth which arises from the proximity of turns in 
the coi l .  At radio frequencies A=p& where p is the circumference of the wire and & the skin depth 
which is g iven by 

& = 
[ 2p ] 1/2 

.llr.lloWo 
(5.21) 

Subst i tut ing equations 5.20 and 5.21 into 5. 19 and then subst itut ing for M0 from equation 5.6 we 
get [ 2 ] 1/4 

Jlr.lloWoP 
(5.22) 
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Note that the signal to noise ratio is now expressed in terms of the � s ignal rather than the 
rms value. Col lect ing terms we obtain 

(S/N)peak = --- (5.23) 
Vs(Btfl) wyNhoft2 (w0)7/4 [ p lv2 [ 1 ] 1/4 

6. 73 1<6 T 5 k6 T cOLflfF J.lrJ.loP 

It is interesting to note that the signal to noise ratio depends on (w0)7/4 and not (w0)2 as impl ied 
by equation 5.18. This equat ion can be s impl i f ied if a •standard coW configuration is used (see 
f igure 5.1). If 2R=i then we have the fol lowing approximate relat ionships derived by Houl t  and 
Richards 

L = 6.3 Nt R 
P = 4 .2 R/Nt . 

If we substitute these resul ts into equation 5.23 we obtain 

(S/N)peal< = 
_<B

_
,;
_

o
_
HY
_
v
_
sN
_

h
_
o
_
fl
_
2w
_

o
_
u
_

4_ 
[ 2/3 lv2 [ 1 lv 4 

6. 73 ks T s Nt ks T r9 b. fF J.lrJloP 

Subst i tut ing for (Btfl)wy from equation 5.10 gives 

(S/N)peal< = 
_J.lo_v 

sN
_h_o fl_2w_07_/4

_ 
[ 1 ] 1/2 [ 1 ] 1/4 

23.31 R ks T 5 ksT CJ!lfF J.lrJloP 
. 

(5.24) 

(5.25) 

We can now subst itute for those terms which are constant. For experiments carried out on water 
we have: 

Nh = 6.7xJQ28 ruclei m-3 
Tc � T5 � 293K 
p = 1.69 x J0-8 Qm 
?J = 2.6 75 x 108 s-1 r-1 
.Jlr = I 
J.lo = 411' x J0-7 Hm-1 
1<8 = 1.381 x J0-23 JK-1 
fl = 1.054 x J0-34 Js . 
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Subst ituting these values into equat ion 5.25 gives 

(S/N)peak = 2.72xto-3 Vs f7/4 R-1 b.f-1/2 F-1/2 o-1/2. 
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(5.26) 

Note that this result is only correct for a solenoidal coil wound with round wires. Houl t  
indicates that the S/N obtained using a saddle coil wi l l  be worse by a factor of "'3, thereby 
offsetting the advantage to be gained in high field (superconducting) systems which often use this 
rf coi l  design. 

Having obtained this expression we can determine the expected SIN for a standard volume of 
water. txtQ-8 m3 was chosen as it is typical of the sample s l ices imaged using this apparatus. 
(Typical dimensions are for a cyl indrical s l ice 3.0mm in d iameter and 1.5mm thick). From 
equation 5.6 we see that 

Mo = 6.7xJQ28 x (Cff1)2J(4k6Ts) x Bo 

= 3.35xto-3 x B0 [Am-1] . (5.27) 

To  determine the proximity factor o we note that the inductance L was measured as O. I4J.IH and 
the Q as 100. These values predict a coi l resistance of 0.640 at 60MHz. If equation 5.20 is 
evaluated for the coil dimensions used we find that r c =0.882 o. Combining these two resul ts 
g ives a proximity factor of 7.3 . With a bandwidth of 20kHz and a coil volume V c = 1.47x1Q-6 m3 
we therefore predict a signal to noise rat io at room temperature of 

(S/N)peak = 1040 . 

T he observed SIN for a sampl e  volume of this size is 515 indicat ing an overal l noise f igure • 

signal loss (possibly in the probe) of 6dB. 
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6 Signal to noise and resolution In lmaglng 

6.1 Introduction 
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Having determined the parameters which affect the signal to noise ratio of the free induction 
decay, obtained on stimulating a known volume of water. we can now consider the SIN in the f inal 
Image domain, and consider ways in which this ratio might be optimized. 

Before considering aNJ imaging process in detai l  we sha l l  note some rel at ionships between the 
discrete numeric data handled by the computer and the parameters which are being represented by 
these numbers. In section 4.1 we saw that the signals obtained in Fourier zeugmatography and 
f i l tered back projection represent spatial frequency ampl i tudes. The relationship between the 
t ime. t. at which data Is acquired and Its corresponding k space coordinate Is given by 

t = (2rr)-1 �Gt (6. 1) 

where G is the appl ied gradient vector. The Fourier transform of this data is a function which 
depends on the spatial coordinate r. k and r are therefore a transform pair. Since data is hand led 
d iscretely by the computer we note that 

I k I =  2 n K/N 

I r I = 2 m R/N 

-N/2 � n � N/2-1 

-N/2 � m � N/2- 1 
(6.2) 

where K is the mal<imum k space coordinate (K=�GT), R is the mal<imum distance (or image space) 
coordinate, N is the total rumber of data points and n and m are integers representing k and r in 
the computer. The spat ial frequency and image domain signals wil l be represented by the 
funct ions S�c(n) and Sr(m) respective ly. 

6.2 Signal level calculation in Fourjer zeugmatograohy 

In F ourier zeugmatography, the image data is obtained by performing a two dimensional discrete 
Four ier transform on the spatial frequency data. In the following analysis we sha l l  assume that 
the object being imaged is cyl indr ical and that the imaging gradients are appl ied perpendicular to 
the cyl inder's longitudinal al<is (see f igure 6.1). A circular image w i l l  therefore be obtained such 
that 
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s�m21mK) = s�o.o) 
= 0 

for mr :$ (ml•mK2)1/2 
mr > (mi•mx2)1/2 
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(6.3) 

where mr is the number of data points representing the radius of the cyl inder. Given that we 
know the image amp l itude we can calculate the maximum ampl i tude in I< space (for the purposes 
of determining S/N) by using the inverse d iscrete Fourier transform (see f igure 6.2) 

Sk(nz,nw) = N-2 � � S�mz,mw) exp(j2TT[r1illz + nwmwl/N). 
mz mll 

(6.4) 

where a l l  summations in this analysis range from -N/2 to N/2-1. A description of the FFT 
algorithm used to evaluate this summation is given in appendix B. 

The maximum amp I itude in I< space occurs when 1<=0 that is, when n2 and nw are zero 

Sk(O,O) = N-2 � � S�m21mw). 
mz mll 

Using the image dimensions given in equation 6.3 we can evaluate the summation to give 

and so 

(6.5) 

(6.6) 

(6.7) 

This level may be increased by eo-adding signal data such that after Nacc accumulations s�o.o) 
takes the value 

6.3 Calculation of the noise level in Fourjvr Zvugmatograoby 

(6.8) 

Determination of the noise level in the image domain is compl icated by the f i l tering function 
which is appl ied to the k space data before Fourier transforming. The f i l tering function is 
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Fi g u re 6.2 Di agram showing  the 2-D F.T. process used i n  F .Z .  
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app l ied to optimize the signal to noise rat io. For an NxN image the maximum number of resolvable 
points across the image is N/2. For most purposes it isn't necessary, or possible. to have 
perfect ly resolved points. The appl ication of the broadening funct ion reduces the contrast rat io. 
as def ined in f igure 6.6, but it also reduces the noise level. For the moment we sha l l  not specify 
any particular form for this funct ion but wi l l  simply represent it by F(n). 

The mean squared noise level in the image may be round by evaluating the 2D discrete Four ier 
transform 

(N�m:amH)2) = < I � � N�c(n;an11) F(n) exp(-j2Tf[nf0z + �m111/N) 12> 
nz nx 

(6.9) 

where Nr and N1c are the noise amplitudes in the two domains. Expanding the exponential and noise 
signal in terms of their real and imaginary values we obtain 

N�m�m11) = � � Re{NJc(n;an11)} F(n) cos(2Tf[n;{Oz + n,m111/N) 
nz � 

- L L Im{N�c(nz,n11)} F(n) sin(2rr[ntnz + n,m111/N) 
nz nx 

+ j � � Re{N�c(�;an11)} F(n) sin(2Tr[n;{Oz + �m111/N) 
nz � 

• j � � Im{N�c(nz,nx)} F(n) cos(2rr[ntnz + n11m111/N). 
nz nx 

We w i l l  now evaluate N�mz,mx)2 for the real image domain data 

Re{N�m:z>m11)}2 = � � Re{NJc(�n11)}2 F(n)2 cos2(2rr[nifiz + n,m11l/N) 
nz � 

- � � Im{NJc(n;an11)}2 F(n)2 sin2(2Tr[flillz + n,m11)/N) 
rlz �  

+ cross terms. 

Averaging with respect to m gives 

(6.10) 

(6. 1 1 )  
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(Re{Nr(m21m 11)2}) = � � Re{N�c(n21n11)}2 F(n)2 (cos2(21f[n;ill2 + f1timHl/N)) 
nz f1tt 

+ l: 2: lm{N�c(n�n11)}2 F (n)2 (sin2(211'[n;illz + n11m11l!N)). 
nz f\c 
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(6.12) 

Al l  cross terms having vanished, since N�c(n21n11) is a random function with mean value zero. To 
evaluate this equation we sum over the total number of accumulat ions Nacc• since rt(n) varies 
wi th e, the experiment number. Assuming the statistics to be ergodic (i.e. that the average of nt 
over n equals the average over e )  we obtain 

(Ae{Nr{m21m11)2}) = Nacc� � (Re{NicCnz,n11)}2) F(n)2 0.5 
nz f1tt 

+ Nacc � � (lm{N"'n21n11)}2) F(n)2 0.5 
nz l1x 

= Nacc<Re{N"'n21n11)2}) 2: 2: F (n)2. 
nz f1tt 

(6.13) 

The equal ity (Re{N�c(n21n11)2}) = (lm{N�c(nz,n11)2}) has been assumed in the derivation of this result . 

Determination of the noise level depends on our choice of f i l ter function F(n). Conventional NMR 
spectroscopy techniques suggest a f i l ter function of the form 

(6.14) 

where rt characterises the severity of the f i l ter function F(n) is designed so as to have l it t le 
effect at low values of reciprocal space. where most of the signal data occurs. but to 
significantly attenuate at high values. Since the mean squared noise level is independent of 
spat ial frequency the appl ication of this function wi l l  therefore resul t in a reduction in the noise 
level across the image. This particular function was origina l ly  chosen as it is easy to apply  to 
the 1< space data. Each horizontal scan of k space Is mul tipl ied by exp( -nl� and is then stored In 
the 1< space array. The function exp(-n11/� is then appl ied in the vertical direction The product 
of this function with the k space data is equivalent to a convolution of the Fourier transform 
f{F(n)} and the image domain signal. Figure 6.3 i l l ustrates F(n) in both domains for N =128 and nl> 
= 6. It is immediately apparent that the non-isotropic  nature of this function w i l l  lead to 
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distortions in the image; in particular the resolut ion t:.z w i l l  now depend on the angle cp. Idea l l y  
we want a point spread function with circular symmetry so  as to  produce isotropic resolut ion in 
the final image. One such function is 

F(n) = exp( -n/n� (6. 15) 

where n = (ni + n,c2)1/2. This function and its transform, are i l lustrated in f igure 6.4. Other 
functions such as the Gaussian119l could also be appl ied, but we wi l l  restr ict ourselves in this 
analysis to the exponential. 

Having dec ided on the appropriate f i l ter function we can now substitute for F(n) in equation 6.13. 
The summation may be evaluated by direct integrat ion, fol lowing transformation to polar 
coordinates, and for N ))I we have the resu l t  

2: 2: exp(-2nlnn} = 0.51fN2{ (r./N)2[ J  - exp(-N/�1 - (na/N) exp(-N/n[>)} (6. 16) 
nz n, 

Note that this integral is obtained over a c ircular area in (n�n") space. When the actual area is 
square, as in FZ, the resul t  is exact only for nb « N. Combining this resul t  with equations 6. 13 
and 6.8 we obtain the fol lowing 

(5/N)r = (5/N)k (Nacc)l/2 N (1Tmr2)-1 
-x (0.51T{ 11tl2[ 1  - exp( -N/Iltl)J - N � exp( -N/n�})-1/2. 

In the absence of any f i l tering, i.e. for F(n) = I, the noise level w i l l ,  from equation 6.13, De 

and so the signal to noise ratio becomes 

we now def ine a smoothing factor S(FZ) 

S(FZ) = (0.51T{ (rlt/N)2[ 1  - exp( -N/11[>)1 - (nt/N) exp( -N/n�})-1/2 

such that the s ignal to noise with broadening is just 

(6.17) 

(6.18) 

(6.19) 

(6.20) 
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(6.21) 

S(FZ) is graphed as a function of NI� in figure 6.5. Both equat ion 6.20 and the exact values, 
obtained by direct summation of equation 6.16, have been plotted. The ana lytical expression is 
seen to provide a good approximation for a l l  but smal l values of N/nb-

The question now arises as to the optimum value of S(FZ) with regard to resolut ion. Optimum 
broadening occurs when next nearest neighbour pixe ls can just be resolved. For want of a better 
standard we have chosen the Rayl eigh criterion, which states that two pixe ls wi l l  just be 
resolved when the contrast ratio C (as defined in f igure 6.6) is 0.81. The value of N/r�j, which 
produces this contrast rat io may be found by convolut ing the Fourier transform of F(n) with two 
delta funct ions spaced two pixels apart (see figure 6.7). The resu l ts of this procedure are 
p lotted in f igure 6.8. From this f igure we see that Rayleigh broadening occurs when N/rt = 6.4. 

Up t i l l  now we have not considered the effect that the fundamental l i�width due to T 2 broadening 
w i l l  have on the resolut ion. If we are working with a large bandwidth l:1f such that T 2 broadening 
is much less than one pixel then the resu l ts in figure 6.5 stand._ However, if the two forms of 
broadening are comparable we must tackl e  the problem in a sl ightly different manner. First we 
appl y  the f i l ter 

B(n) = exp(n:lp2) (6.22) 

to the k space data to remove the effect of T 2 broadening. p2 is chosen such that 

F(n) can then De appl ied to produce the desired point spread function. The complete f i l ter 
function is therefore given by 

F(n)B(n) = exp[ n:lp2 - (nl + rl,t2)V2fnr,1 (6.24) 

F igure 6.9 p lots the new smoothing function S(FZ) obtained by evaluat ing the expression 

S(FZ) = N { � exp[ 2nzlp2 - 2(ni + nw2)V2frt1 }-1/2 
n11n "  

where rt = N/6.4 . 

(6.25) 
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6.4 Resolution in Fourjer Zeugmatograohu 

60 

We are now in a posit ion to evaluate an expression for the spatial resolution in the imaging 
microscope. From equation 5.26 we saw that the signal to noise ratio from a volume of water Vs. with dimensions def ined in figure 6.1, was 

(S/N)k = 2.72 x lQ-3 Vs f7/4 R-1 (M F o)-1/2 (6.26) 

and from 6.21 that the relationship between 5/N in k space and image space was _given by 

(S/N)r = (5/N)k (Nacc)l/2 N (rr m?)-1 S(FZ). (6.27) 

Since next nearest neigbour plxels are resolvable we have 

!J.z = 2 rlmr (6.28) 

where r is the radius of the cyl inder being imaged. SubstitutirYJ (S/N)k from equation 6.26 into 
equation 6.27 we obtain 

(S/N)r = 2.72 x J0-3 (nr2!J.y) f7 /4 R-1 (!J.f F o)-1/2(Nacc)1/2 N (11' mr2)-1 S(FZ) (6.29) 

Equation 6.28 may then be appl ied to remove the dependence on r and mr 

(S/N)r = 2.72 X l Q-3 (6z2!J.y/4) f7/4 R-1 (6f F o)-1/2(Nacd1/2 N S(FZ). (6.30)  

The resolution may then be written as 

6z = 38.34 (5/N)r+l/2 6y-1/2 r-7 /8 Rl/2 (6f F o)V4(Nacc)-1/4(N S(FZ))-1/2 . (6.31) 

This resul t can be optimized by minimising {S(Fz)-V2tJ.fV4}. F igure 6.10 plots this expression as 
a function of p2 and T 2. The m inimum occurs for p2 = 41.7 . lt is of interest to note that the 
value of p2 obtained when using a matched f i l ter i20l, that is wi th an appl ied broadening of linT 2, 
is 40.7 - very close to the observed opt imum. 
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tJ.z values have been tabulated for 3 systems. For our present 60MHz system (A). for an optimized 
60MHz system (B) and for a 600MHz system (C), the maximum frequency currentl y  ava i l ab le in 
commercia l  spectrometers. 

Table 6.1 Resolution as a function of 12 for various imagina configurations 
in Fourler Zeugmatograohu 

System 

Parameter A B c 
f 60MHZ 60MHZ 600MHz 

!J.y 1.5mm lOOJ!m lOOJlm 
F 2(6dB) 1.03(0.5dB) 1 .03(0.5dB) 
R 2.8mm 2.0mm 2.0mm 
N 256 256 256 (J 7 7 7 

Nacc 8 8 8 
5/N 40 40  40 

12 Resolution (l inear & voxczl) 
(ms) Jlm (J!m3) 

5 19.1 (81.8) 53.0 (65.5) 7.1 ( 17.1) 
1 0  16.1 (72.9) 44.6 (58.3) 5.9 ( 15.2) 
50 1 0.7 (55.7) 29.8 (44.6) 4.0 (1 1.6) 
100 9.0 (49.7) 25.1 (39.7) 3.3 ( 10 .4) 
500 6.0 (38.0)  16.8 (30.4) 2.2 (7.9) 

The table assumes a repet ition t ime of O.Ssec and a total imaging t ime of 2048sec (two 
experiments are required per complex accumulat ion in our system). A 2mm coi l was felt to be 
the smal lest which could be pract icably made and a noise f igure of 0.5dB a reasonabl e  minimum 
for state of the art preamps. A 1 00Jlm sl ice was chosen as it is comparab le w i th s l ices used in 
optica l  microscopy whi l e  a 5/N of 40  was, from the experience gained in this work, considered to 
be the minimum required for a good qua l ity image. 
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6.5 Signal level calculation in filtered back orojectlon 

63 

The implementat ion of f i l tered backprojection is essent ial ly a four step process. F irst. the t ime 
domain data is mul t ipl ied by a decaying exponent ial to optimize S/N for a given resolution. The 
data is then mul t ipl ied by a ramp I k I and Fourier transformed. The resul tant spectral data. or 
f i l tered profi le. is then back projected onto the image plane. These four processes are then 
repeated for Np project ion angles ranging from 0° to 180° (see figure 6.1 1). The effect of each of 
these processes on the signal to noise rat io w i l l  now be considered. 

As we find it convenient to discuss the fi l tered back projection process in terms of t ime and 
frequency spaces, the k and r space nomenclature developed in the last section w i l l  not be used 
here. 

The accumulated t ime domain data, obtained in the presence of a l inear gradient, for a cyl indrical 
object, has the form 121l 

St(t) = J1(tfGrt)/(tfGrt) (6.32) 

where J1 is the f irst order Bessel function and r the radius of the cyl inder. By f i ltering and 
Four ier transforming we should be able to obtain an expression for the image space function. 
However due to the d ifficul ty in handling th is function analytical ly we have used a more indirect 
approach. We know from section 3.1 that the frequency domain profi le for a object is just the 
integral of the cross section along the gradient axis. For a cyl inder this takes the form (see 
figure 6.1 2) 

Re{S�f)} = Re{S�O)} [ 1-f2/f r2]1/2 
= 0 

(6.33) 

where f r is the frequency interval corresponding to the radius of the cyl inder. Note that only the 
real data is known at this stage. Re{S�O)} is related to fr in the fol lowing manner 

Re{S�O)} = 2 fr p' (6.34) 

where p' is directly proportional to the proton spin density function, which is assumed to be 
constant in this example. 
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To obta in the amp l itude of the f i l tered transform at f=O we note that the f i l tered transform is 
given by 

CO 

'l'(f) = F(f)es(f) = f l t l S(t) exp(-j2rrft) dt 
- eo 

(6.35) 

where F(f) is the f i l ter funct ion and e denotes convolut ion. For the purposes of this analysis we 
sha l l  assume that S(t) is zero for t(O (this w i l l  halve the prof i le data amp l i tude). Equation 6.35 
may then be expanded to give 

CO 

'll(f) = f t S(t) exp(-j21Tft) dt 
0 

CO 
= f t [ (Re{S(t)} + jlm{S(t)}) (cos{21Tft} - js in{2rrft}) 1 dt 

0 

00 

= f [ t Re{S(t)} cos(21Tft) + t lm{S(t)} si�21Tft) J dt 
0 

00 

+ j f [ t lm{S(t)} cos(2rrft) - t Re{S(t)} sin(2rrft) l _dt. 
0 

Now the unf i l tered imaginary domain signal is given by 

but 

CO 

0.5 lm{S�f)} = f [lm{S(t)} cos(21Tft) - Re{S(t)} sin(2rrft) ldt 
0 

CO 

d/df ( 0.5 lm{S�f)}) = 211' f [ - t Re{S(t)} cos(wt) - t lm{S(t)} sin(wt) 1 dt 
0 

(6.36) 

(6.37) 
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= -2rr Re{'JI(f)}. (6.38) 

Hence to calcul ate the f i l tered transform we need to know the unf i l tered imaginary domain 
s igna l .  Unfortunately we only know the real frequency domain data. However using the Kramers­
Kronig relat ionship1221 we can obtain the des ired resu l t, s ince if 

and 

then 

X '(f) = 0.5 Re{Sr(f)} 

X"(f) = 0.5 lm{Sr(f)l 

f-e X '(f) - X'(oo) oo X '(f) - X '(oo) 

(6.39) 

(6.40) 

X"(f) = - rr-1 l im 
f-+0 

f ---- df' - rr-1 1 im f ---- df' (6.41) 

00 

-oo f '  - f f-+0 f +f f '-f 

= - rr-1 P f X'(f)l(f '-f) df ' 
-oo 

(6.42) 

s ince X '(oo) = 0 for the situat ions encountered in this work. 

Subst itut ing for X '(f) and X"(f) we obta in 

fr 
Re{'JI(f)} = (2rr)-1 d/df (2rr)-1 P f Re{Sr(O)} [ l - f2ff r2]1/2 [f '-f]-1 df' . (6.43) 

-f r 

This integral may be evaluated (see appendix C ) to yield, for f < I f r 1 .  the constant value 

Re{'JI(f)} = d/df (2rr)-2 [ rr Re{Sr(O)} (flfr) J 

= Re{Sr(0)}/(4Trfr) 

= p'/(2rr) (6.44) 

where the resu l t  from equation 6.34 has been used. A diagram, depict ing the relat ionships 
between the t ime domain s ignal , the spectral profi l e  and the f i l tered profi le, is g iven in f igure 
6.13. 
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We now have an expression which relates the signal strength In the f i l tered prof i le with that in 
the unf i l tered prof i le. To establ ish a relat ionship between the t ime domain data and the f inal 
image data we must express the initial t ime domain signal level in terms or the proton density p ·. 
The time domain signal and frequency profi le are re lated by the inverse discrete Four ier 
transform 

St(n) = N-2 � [Re{S,{O)} [I - m2fmr2]1/2 + j lm{S,{m)}) exp( j2nmn/N ) (6.45) 
m 

where we have used m/N to represent the frequency f, and mr/N the frequency interval fr . The 
summation ranges from -N/2 to N/2-1. The init ial, real, s ignal ampl itude w i l l  therefore be 

Re{St(O)} = N-2 � Re{S,(O)} [ 1-m2fmr2 )1/2 
m 

= Re{S,{ 0 )} mrlf /(2N2). 

If we compare this result with equation 6.44 we f ind that 

(6.46) 

(6.47) 

The extra factor of 2 is included to correct for the assumpt ion, made earl ier in the analysis, that 
the t ime domain data is zero for t(O. 

The f inal image is obtained by back project ing this ampl i tude Np t imes at angles ranging from 0 to 
180°. This wi l l  increase the central ampl i tude, and for a uniform cyl inder a l l  parts of the image, 
by the factor Np 

m 2 + m 2 < m 2 z M -
r (6.48) 

As with Fourier zeugmatography, it is normal to eo-add signal data. This wi l l  increase the Image 
ampl itude by the factor Nacc 

(6.49) 



[Sec. 6.6 - Calculation of the noise level in f i ltered back projection] 

6.6 Calculation or the noise level In filtered back orojectlon 

70 

The next step in determining the signal to noise ratio in FBP is to obtain an expression which 
relates the noise levels in the t ime and frequency (image) domains. If the noise level in the t ime 
domain is Nt(n) the corresponding frequency domain funct ion, obtained fol lowing the app l icat ion 
of the ramp n and the smoothing f i l ter F(n), wil l  be 

Nr{m) = � Nt(n) n F(n) exp( -j27Tnm/N). 
n 

= [Nacc <Re{Nt(n)J2) � n2 F(n)2 ]1/2 
n 

where the techniques used in deriving equation 6.13 have been appl ied. 

(6.50)  

Appl ication of the smoothing function is simpler in  FBP than in FZ as each radial scan of k space 
need only be multipl ied by the function 

F(n) = exp( -n/r't>) (6.51 )  

to obtain the desired point spread function (see figure 6.11 for exampl e). Substituting for F(n) 
we obtain 

Nr{m) = [Nacc Nt(n) � n2 exp(-2nll'lt>) ]1/2. 
n 

For l arge N we may evaluate this summation by a direct integration, giving 

Nr{m) = ( 12)-1/2 (Nacdl/2 (Nr)rms N3/2 

(6.52) 

x [ 6(11t>fN)3 - exp( -N/r't>) {3(f'lb /N) + 6{11t>fN)2 + 6{11t>fN)3} ]1/2 (6.53) 

The final imaging process. back projection for angles 0 to 180° in Np steps, wil l increase the 
noise level by a factor Npl/2 

(Nr)rms = ( 12)-1/2 (Nt)rms (NaccN�l/2 N3/2 
x [ 6(1'lt>fN)3 - exp( -N/r't>) {3(11t> /N) + 6(11t>fN)2 + 6(11t>fN)3} ]1/2 (6.54) 
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Combining s ignal and noise relat ionships we  obtain 

(5/N)r = (5/N)r ---------------- (6.55) 
[ 6(r1JIN)3 - exp( -N/n!)} {3(fltl /N) + 6(fb/N)2 + 6(fb/N)3} ]l/2 

As in the previous sect ion we can def ine a smoothing factor S(FBP). since the noise l evel in the 
absence of any f i l ter is, from equat ion 6.50 

(6.56) 

and the corresponding s ignal to noise ratio 

(6.57) 

The smoothing factor is then 

S(FBP) = [ 6(rlt/N)3 - exp( -N/� { 3(11t/N) + 6(f'lt/N)2 + 6(r.JN)3} ] -1/2 (6.58) 

and so, with a f i l ter app l ied, the image signal to noise ratio becomes 

(5/N)r = (/12/rr) (S/N)r (NaccNp N)l/2 (rrml)-1 S(FBP) . (6.59) 

Equat ion 6.58 is p lotted in f igure 6.14 along with the exact values obtained by direct summat ion 
of equat ion 6.52. 
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6.7 Resolution In Filtered Back Projection 

73 

The resu l ts in section 6.6 may be used to derive an expression for spatial resolut ion in FBP. 
Combining equations 6.26. 6.28 and 6.59 we obtain 

(S/N)r = /12/rr x 2.72 x lQ-3 (.6z2.6y/4) f7/4 R-1 (.6f F a)-1/2(NNpNacJV2 S(FBP). (6.60) 

giving a resolut ion for FBP of 

.6z = 36.52 (5/N)rl/2 .6y-1/2 f-7 /B Rl/2 (.6f F o)1/4(NNpNacJ-1/4 S(FBP)-1/2 . (6.61) 

This expression can be minimised by adjusting the bandwidth .6f unti l  the natural l inewidth due to 
T 2 processes is equal to the appl ied broadening, in other words we apply  a matched f i l ter. The 
required broadening is determined by adjusting � unti l  the Ray l eigh criterion is satisf ied. F igure 
6.15 plots contrast c as a funct ion or � for N = 256. From this data we see that c = 0.81 when 
N/nt, = 4.74 (since half the broadening arises from T 2 processes). The appropriate smoothing 
factor can then be determined from f igure 6.14, as S(FBP) = 4.57. With this resu l t  and 

.6f = rlt/T 2 = 0.66N/(rr T 2) (6.62) 

we obtain our final resolut ion expression 

(6.63) 

.6z values have been calculated using this formula for conditions identical to those used in Table 
6.1. The resu l ts are l isted in Table 6.2 for Np = N. 
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Table 6.2 Resolution as a function of h for various tmaglng configurations 

Parameter 

f 
�y 
F 
R 
N 0 

Nacc 
S/N 

5 
10  
50 
100  
500 

in filtered back Projection 

system 

A B c 
60MHZ 60MHZ 600MHZ 
1.5mm lOOJ.lm 100jJm 
2(6dB) 1 .03(0.5dB) 1.03( 0.5dB) 
2.8mm 2.0mm 2.0mm 

256 256 256 
7 7 7 
8 8 8 

40 40 40 

Rasolution (l inaar & voxal) 
Jlm (Jlm3) 

16.9 (75.4) 46.9 (60.4) 6.3 ( 15.8) 
14.2 (67.2) 39.4 (53.8) 5.3 (14.1) 
9.5 (51.4) 26.4 (41.1) 3.5 (10.7) 
8.0 (45.8) 22.2 (36.6) 3.0 (9.6) 
5.4 (35.0) 14.9 (28.0) 2.0 (7.3) 
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6 8 Comoarlson or FBP and FZ 

The results in equat ions 6.31 and 6.63 indicate that FBP is the more sensit ive imaging technique. 
Add i t ional sensi t iv i ty advantages ar ise when the sample T 2 is short. since FZ requires that k" be 
estab l i shed before sampl ing can begin. 

Because of the s imp l icity of the FZ reconstruct ion process it is possible to obtain images more 
rapid ly using this technique. With a ha lf second repet i t ion t ime,_· k space data for a 128xt28 
image can be obta ined in around 2 minutes. If the f irst Four ier transform is performed as the 
data comes to hand the overa l l  imaging time would be around 4 minutes. At present, s ignal to 
noise levels  are such that the longer t ime required to perform FBP is not a disadvantage. 
Reconstruction t imes are current ly around 36 minutes for a 256x256 image array but wi th 1282 
data points this could be reduced to 9 minutes. Because image reconstruction is performed whi l e  
data is being acquired the FBP process is  in  fact faster for a g iven SIN rat io. 

Several authors12JJ have commented that FBP is particularly susceptable to image d istort ions 
caused by sample movement and gradient non-orthogonal it ies and we have indeed observed 
problems of this nature. However our few experiments w i th FZ have not convinced us that this 
technique is any better, indeed the phase d istort ions produced were quite severe. Ini t ia l  
investigat ions indicate that these could be caused by the poor rise t imes observed wi th sma l l  
grad ients (see sect ion 8.10) which would lead to distort ions i n  the placement o f  the k space data. 
This is not a problem in FBP as the net gradient is always the same and so the effect of the 
sma l l er grad ient is swamped by the larger. 

Because FZ produces both real and imaginary k space data, correct phasing is cr i t ical ly important 
if image d istort ions are to be kept to a minimum. Some authorsi12J suggest that the absolute 
magnitude of the complex data be taken, but unfortunately this results in a loss of spatial 
resolut ion. Phasing problems are mimimal in FBP as the project ion prof i le  data from a single 
scan should always be posi t ive (unl ike the k space data obtained using FZ). A single  phase 
adjustment at this stage is therefore a l l  that is required to ensure the correct phasing of the 
f inal image. 

6.9 Ways in which the soatial resolution might be imorovvd 

Several techniques have been suggested which might a l low the resolut ions predicted by equations 
6.31 and 6.63 to be improved upon. The f irst, origina l ly due to Waughi24J and inst igated by Hasse 
et a l .1251, in their FLASH imaging experiment, involves reducing the exci tat ion angle e of the 
se h2ct ive pulse along with the repetit ion t ime T r· Waugh has shown that a sens i t iv i ty 
improvement of around 8% is obta ined when e and T r become sma l l .  Al though the s ignal to noise 
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gain from this exper iment is sma l l  (despite claims to the contrary by the FLASH imaging 
proponents) it does al low considerab le reductions In the overal l  imaging times if the subsequent 
loss in resolut ion and/or s ignal to noise can be tolerated. For example a 256x256 FZ image could 
be obta ined in "'55 if we al located 20ms/experiment. 

In his paper on NMR sensit ivity waugh calculated that s ignif icant improvements could be made in 
the signal to noise rat io if the Carr-Purcel l  sequence shown in figure 6. 16 were used and if a l l  
echoes (both forward and reverse) were eo-added. Unfortunately he  assumed in h is  analysis that 
T1 � T 2 when in fact most biological t issue. and plant t issue in part icular, has T1 ) > T 2 (see for 
example ref. 8 p 22). The results in appendix D show that even with 1:/T 2 rat ios of 0.05 the 
Improvement in 5/N Is only "'2.8 and s ince the t ime scale for an NMR experiment with opt imum 
broadening is such that N/f"'t> "' 4, l i tt le benefit is derived from apply ing this technique when 
working with opt imum broadening. However for situations where the bandwidth used is much 
broader than optimum the improvements shown in equation 0.7 could sti l l  be made. Calculations 
we have made126J indicate that this a l lows the resolution in these cases to improved, with the 
l im i t ing values being set by the optimal resolut ions determined in this work. 

Several papers have recently  been pub l ished which promote the use of the maximum entropy 
method (MEM) in NMR. This technique is an i terative process which is used in p lace of the 
ordinary Four ier transform to calculate the spectral data, the constraint be ing that the 'entropy' 
def ined by the function 

S = l: mi In mi (6.64) 
j 

is maximized. where mi is the intensity or the jth point in the spectrum. Despite several 
c la ims127l of considerab le improvements in 5/N it would appear that the opt imum 5/N, consistent 
w i th minimum base l ine distort ion, is not better than that obtained using the more conventional 
approach of applying an optimum f i l ter128J to the fid and then Fourier transforming. However 
whereas the appl icat ion of the opt imum f i l ter doubles the spectral l inewidth the MEM leaves it 
unchanged and so a potential doubl ing of the spectral resolution is feasible. Al though this could 
s ig if icant ly improve the resolut ion in imaging i t  would be diff icult to implement on a sma l l  
system because of  the large rumber of  computations required when applying the MEM to two 
d imensional data. 

Wi th the above comments in mind it would therefore seem that the data in tab le 6.2 provides a 
max imum l imit for resolution on our system (column B) and for systems in general (column C). 
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F i g u re 6. 1 6  Carr-Purcel l p u l se sequence used to enhance the sens i t i v i ty of the FBP 
i mag ing experi ment .  The echoes may be coa dded to i mprove the s i gna l  to  noi se rat i o .  
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7 The FX60 soectrometer 

Having considered the imaging process in some detai l we can now move on and look at some of 
the practical aspects of microscopic imaging. The fol lowing chapter looks br iefly at the existing 
spectrometer - a Jeol FX60. This machine is a mul t inuclear instrument which uses pulsed Fourier 
transform techniques to obtain NMR spectra. A block d iagram showing the essential components 
of the system is given in figure 7.1. 

The operating procedure for producing a free induction decay is as fol lows. Upon instruct ion by 
the computer the rr transmitter wi l l  produce the short rr /2 pulse which is channel led by the 
duplexor to the probe tank circuit. The probe resonant ly excites the nucle i  which subsequent ly 
precess in a plane transverse to the main f ie ld. Once the transmitter pulse has been removed the 
nuclear signa l  is free to pass to a low noise preampl if ier and high gain receiver. The voltage 
generated by the receiver is then digit ized and transferred to the computer for spectral ana lys is. 

7.1 RE orobe 

The commercial Jeol rr probes are rather elaborate items (see figure 8.2). since each unit has a 
ful l set or shim coi ls  which a l low the f ie ld inhomogeneity to be reduced to within a few parts in 
108 (corresponding to a l ine width or a few hertz). The probe is or a sol id copper construct ion 
pl ated with s i lver for good conduct ion. The shim coils are mounted on the sides or the probe 
which are constructed from fibreglass pcb (a lso s i lver plated). The ent ire construct ion or the 
probe has been des igned to promote maximum shielding from outside rf interference. To 
el iminate any possib i l ity or field distortions non-ferrous metals are used throughout - even 
down to the bolts which are made from copper (as brass conta ins ferrous impur it ies). 

The electronics in the standard probe tend to be fairly compl icated since the main rf coi l  must 
perform two functions. It must be able to stimulate the desired nuclei with a pulse of rf. 
observe the response. and simul taneously irradiate a second nuclear species so a Jock signal can 
be generated to prevent the main field from dr if t ing. When both the nuclei under investigat ion and 
Jock nuclei are present in the same sample we are said to be using an internal Jock. When it is 
undesirable to contaminate the sample with the Jock nucleus (as in this work) an external J ock 
may be used. This consists or a sma l l  rr coi l  and loci< sample which are p laced in c lose proximity 
to the NMR tube containing the nuclei or interest. In this case the rr e lectronics is quite separate 
for both systems. 
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7.2 Lock sustem 

Since the resonant frequency of interest depends on the strength of the appl ied magnet ic field it 
is important that this f ie ld be as stable as possible. 

The lock system is bas ical ly a continuous wave spectrometer. When sett ing up the lock the main 
f ie ld is swept, by means of a set of Helmholtz coils wound on the outside of the probe. through 
the lock resonance. This causes a change in the impedance of the detect ion tank c ircuit (see 
f igure 7.2a) which resul ts in a change in the rf vol tage l evel at point a. The phase shift in the 
detection system Is adjusted unti l  the response has a d ispersion l ike form. The main f ield Is then 
adjusted manual ly unt i l  (with the sweep now disconnected) we are exactly on resonance (i.e. at 
f 0). Any deviations from resonance (due to dr ift in the system) w i l l  produce a non-zero signal 
which is detected by the error detect ion circuitry and fed. with an appropr iate s ign change to the 
He lmholtz coi ls so as to correct the dr ift. 

Since some frequencies may be more suscept ible to interference than others it is normal to 
modulate the lock osc i l l ator with a square wave so that a variety of lock frequencies are 
produced (f igure 7.2b). 

7.3 Duolexor 
To  achieve short 90° and 180° pulse t imes it is necessary to irradiate the sample with a l arge rf 
vol tage - typica l ly 60V p-p in the Jeol system. To protect the rf preampl if ier from this large 
vol tage (since it is designed to detect signals in the JJV range) it is necessary to have some form 
of switch, or dup lexor, which selects the signal path (see f igures 7.3a and 7.3b). 

During the transmit phase, d iodes D1 to D4 may be replaced by short circuits since their forward 
conduct ion threshold is "'0.6V. Since a shorted :>-./4 l ine looks l ike an open circuit a d irect path 
ex ists from transmitter to sample coi l .  In the receive phase a smal l  fid wi th an ampl i tude very 
much l ess than 0.6V is generated across the tank circuit. Diodes D1 to D4 now look l ike open 
circuits and so a direct path exists from the sample coil to the rf preampl i f ier. 

The :\/4 l ine tends to be rather cumbersome and is rea l ly only useful at one frequency. The Jeol 
system (fig. 7.4) uses a lumped circu i t  which achieves the same result al though at the expense of 
greater complexity and some signal loss. 

The complex tapping arrangment in the sample tank circui t  is a form of impedance matching. The 
network inside the dotted rectangle takes the place of the quarter wave l ine. Dur ing the transmit 
pulse d iode pairs D5,6 and D7,8 act as short circuits. The paral le l  combination L2,c5 is tuned to the 
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resonant frequency w0 and so wi l l  look l ike an open circuit. effect ively isolat ing the preamp from 
the transmitter. In the receive mode a l l  crossed diodes appear as open circuits leaving a direct 
path via capacitor C5 from sample to preamp. 

7.4 60MHz Receiver 

After passing through the rf preampl if ier the NMR signal undergoes further ampl i f ication and is 
then detected by a fairl y  convent ional fixed frequency, single conversion, superheterodyne 
receiver (see f igure 7.5). 

A sing le stage rf amp l if ier (at 60MHz) is fol lowed by a mixer stage which produces an l lMHz 
signal . This is then ampl if ied by two MC1350 based intermediate frequency stages. A second 
mixer stage - operating as a phase sensit ive detector ( I.e. local osc i l l ator frequency = Incoming 
carr ier frequency) produces an audio signal which is amp l if ied by a var iable gain 741 opamp. The 
output from this amp I i f ier feeds a two stage active f i l ter which has a bandwidth equal to that 
defined by the subsequent digit izing stage (so as to prevent noise al iasing). This is based around a 
12  bit device with sampl ing intervals ranging from 20J!S to 5ms (i.e. f i l ter bandwidths from 
±25kHz to ± 100Hz). The digit ised signa l is read by a TJ-980A computer and stored in memory for 
later analysis. 

7 5 TJ-980A comouter 

The Texas Instruments 980A computer is a 16 bit machine with 32k words or memory and an 
average execut ion t ime of "'IJ.IS per instruction. The 980A can dr ive a number of peripherals 
including an osc i l loscope for data display. l ight pen for interactive· experiment design and data 
analysis. a plotter for producing hardcopy of the free induction decay or corresponding spectra 
and a digital cassette recorder for program and data storage. 

An extensive software package is suppl ied with the machine and includes the fol lowing features. 

1) The selection or a 1 or 2 pulse irradiat ion sequence with control over al l aspects of pulse 
t iming and rf phase. 

2) A data averaging algori thm al lowing the accumulation of data over long time periods for 
the purpose of improving the signal to noise rat io. 

3) A fast Four ier transform al lowing rapid (5s for an 8k transform) generat ion of frequency 
domain data. 
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4) A versat i le data smoothing procedure which when used in conjunct ion with the FFT l eads to 
an improvement in SIN in the frequency domain. 

5) A procedure for anal ysing the frequency domain data which incl udes an integrat ion rout ine 
for f inding the area under a peak. 

A l l  processes are activated using a menu based system - interact ion with the software being via 
the 1 ight pen. 
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8 lmaglng Hardware 

Dur ing the development of the imaging system it was necessary to make various al terat ions and 
addit ions to the apparatus described in the previous section. A block d iagram of the complete 
imaging system is given in figure 8. 1 . Those i tems enclosed by a dotted l ine are new and are 
described in deta i l  in the fol lowing sect ions. 

8.1 Bf orobe 

The rf detect ion c ircuitry used in the imaging system Is housed in a modif ied 13C Jeol probe (see 
f i gure 8.2). The rf coi l ,  which is used to suppl y  the rf pulse and detect the nuclear signal is the 
most important part of the probe. Because spatial resolution varies as the square root of the 
coil radius (eq. 6.63) it is important that t.he coi l  be as sma l l  as possible for a g iven sample s ize. 
For this reason the coi l  can be unplugged and other coils selected to match the size of the 
specimen being imaging. Two coi ls are present l y  ava i lable and have the fol lowing character ist ics 
(see also f ig. 8.3). 

Table 8.1  Bf coil  character istics 

Parameter large coil Smal l  co i l  

diameter 13mm 5.8mm 
length t tmm 5.8mm 

wire diameter shim 0.76mm 
inductance 0 .15J1H 0.17J1H 
unloaded a 100 100 
No. of turns 3 6 

90° pulse time 1 1.5J1S 3.5J1S 

Copper shim (dimensions 0.08x3mm) was used in the larger coil since round wire of suff icient 
d iameter would have prevented insert ion of the rf coil into the narrow conf ines of the probe. 
S ince the tank circuit must be matched to an equivalent Impedance for maximum power transfer 
the a measured in si tu w i l l  be half that obta ined in the unloaded conf igurat ion. Loaded a was 
therefore 50 giving r ise to a bandwidth of 1.2MHz. The shorter 90° pulse t ime in the smal ler coi l  
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Figure 8.2 (top) The modif ied 13C probe used to perform imaging experiments. 

Figure 8.3 (!Jottom) The rf coi ls used in this work. 
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is due to the more Intense f ie ld it produces. From the dimensions given above one would expect a 
four fold reduct ion (c.f. equation 5.9). 

The function of the rf probe is two fold. F irstl y  it must transfer a high l evel (---60Vp-p) rf pulse 
of var iab le durat ion. from the spectrometer to the nuc lear system in an effic ient manner. 
Secondly it must be ab le to pass with l i t t le loss in signal strength the induced nuclear s ignal 
from rf coi l  to preamp . 

For single coi l  systems (as used in this work) the sensi t ive rf preamp must be electrical l y  
isolated from the r f  pulse dur ing the transmi t  phase. The Jumped circuitry used I n  the existing 
duplexor. as described in section 7.3, was removed in favour of the simpler arrangement. due to 
Hou l t1 151• also descr ibed in sect ion 7.3 and redrawn. in more detai l . in f igure 8.4. 

The tank circuit inc ludes an impedance matching transformer which is necessary to prevent 
severe damping of the circu it a. The circuit acts much l ike an auto transformer - a sma l l  vol tage 
across C1 appearing as a much larger vol tage across L. Capacitors C1 and C2 are selected so that 
the tank circuit presents a 50Q impedance to the transmiss ion l ines. (See appendix E for a 
deta i led d iscussion of impedance matching c ircuits). 

Unl ike the duplexor depicted in f igure 7.3a. the d iode duplexor is not idea l . At 60MHz most d iodes 
have a signif icant capacitance when not conduct ing1161• Dur ing the receive phase this can lead to 
increases in noise l evels due to coupl ing wi th the transmit ter. Signif icant improvements may be 
obtained by rep l ac ing each diode with two d iodes in series. This reduces the capacitance by a 
factor of 2. The subsequent increase in conduct ion vol tage (0.6V to 1.2V) which ar ises from this 
conf igurat ion of diodes was not found to present any major diff icult ies. 

To achieve maximum power transfer it was necessary to match al l impedances to 50Q. Tank 
circuit tuning was achieved using an rf br idge (see f igure 8.5). The tank c ircuit was p laced in one 
arm of the br idge which was driven by a 60MHz s ignal generator. C1 and C2 were then adjusted 
unt i l  a nul l was obtained on the osc i l loscope. The correct length for the )./ 4 I ine was determined 
by connect ing it to the output of a signal generator which was being monitored at the source by 
an osc i l loscope. S ince an open ended )./ 4 I ine acts as a short c ircu it, correct cable length was 
found by reducing the length unt i l  a nul l  was observed on the osci l loscope. 
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From the point of view of optimiz ing the signal to noise ratio the most important part of the 
detect ion system in an NMR spectrometer is the rf preampl if ier. If the preamp has reasonable 
gain its noise f igure wil l l arge ly determine the noise f igure of the complete system. The noise 
f igure of the spectrometer alone is poor as can be seen from fol lowing table. 

Table 8.2 Noise f igure or the spectrometer as a function or rr  gain 

BE gain System gain Noise level 1  Equlv. Input no ise Noise f ig.2 

I 0.95 O. J8mV 190J1V 63 
2 4.13 0 . 18 44 51 
3 50.9 0.76 15 4 1  
4 1000 0.81 0.8 16 
5 5438 1 .70 0.3 8 

Notes. 

I )  Rms noise l evel measured d irect ly after the f i l ter unit (BW 20kHz) with 50Q resistor 
connected to the input. 

2) Noise f i gure = 20 Log10 ( Equival ent input noise/rms noise level due to a 50Q res istor over a 
20kHZ BW ). 

If a preamp l i f i er with a voltage gain of say 15 and a noise f igure of 0.8db were connected to the 
input of the system the noise level would be reduced in the fol lowing manner. 

(8.1) 

where Nr is the rms equivalent input noise of the complete system, Np is the equivalent input 
noise for the preamp, N5 is the equiva lent input noise for the spectrometer, Gp is the preamp gain 
and G5 is the spectrometer gain. 

Using the ga in and noise f igures of table 8.1 we would obtain: 
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Table 8.3 Noise f igure as a function of rf gain sett ing 

Rf gain GpGs Nr Noise f igure 

1 14 12.70j.JV 40 
2 62 2.84 27 
3 764 0.90 17 
4 15000 0. 15 1.4 
5 81570 0 . 14 1 .0 

A noise f igure of 1db corresponds to a 12% increase in the noise voltage due to noise sources 
within the system. For most purposes this is more than adequate. Unfortunate ly  with a ga in of 
81570 the noise level would be "'l lmV rms and since the mal< imum signal before overload, for 
this gain sett ing, is "'200mV rms the mal<imum s ignal to noise ratio possible would be "-26 
(peak/rms). This is clear ly insufficient. The solut ion to this problem was to attach a high gain, 
low noise preamp to the front end of the system and image with the rf gain set to 1. The preamp 
used is based on broadband (300MHz) Plessey amp l i f iers (see f igure 8.6). 

The tapping on inductor L was adjusted so as to present a 500 impedance to the driv ing source 
and 2000 (the opt imum for noise f igure purposes) to the preamp. The vol tage gain for the 
amp I i f ier was measured as 900±50 (output into 500 /unloaded input). The noise f igure was 
determined to be 

NF = 10 log {(Np2 + N502)/N502} = 1.9±0.4dB (8.2) 

where Np is the equival ent input noise voltage for the ampl i f ier. The observed p-p noise vol tage 
on the output was 30±2mV (measured with a 1 00MHz BW osci l loscope) and so Np = 

6.0±0 .4mV /900±50 = 6.7±0.8J.1V rms. Note that because of the bandpass f i l ter on the input the 
noise due to the source can be ignored. N50 is the noise produced by a 500 resistor over a 
IOOMHZ BW which is  just 9J.1V rms. 

Wi th the preamp in pl ace the fol lowing measurements were made: 
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Table 8.4 Noise f igure of the spectrometer and preamp as a funct ion of rf gain 

RF ga in 

I 
2 
3 

Noise l evel 

0.54mV 
2.35 
30.0 

System gain 

2830 
10800 
1 1 1 000 

Mal<imum signal to noise with this system (before over load) i s  520. 

Noise f igure 

3.4dB 
4.5 
6.4 

lt is evident from this data and that in tab le 8.2 that these results are inconsistent with previous 
gain and noise f igure measurements. Invest igations soon revealed a plethora of impedance 
mismatches. and instab i l i t ies within the spectrometer. The irY;>ut impedance or the f irst rf stage 
(after the preamp) was observed to vary from 57 to 860 depending on the rf gain sett ing whi l e  
the output impedance or  the preamp was only 18Q - rar from the 500 suggested i n  the appl icat ion 
notes. Attempts to match the output impedance of the preamp to 500 (without s ignif icant loss) 
ended in fai lure because of the resu lt ing instab i l i t ies. In addi t ion it was found that the observed 
noise l evel was cr i t ical l y  dependent on the mil<er offset frequency (which can be adjusted 
manual l y  over a lOOkHz range). Interference from the digital c ircui try in the spectrometer 
seemed to be the culprit. State of the art Jeol spectrometers no longer suffer from this problem 
as the digital and rf sect ions are electr ical l y  isolated. with opt ical fibres being the sole means 
of communication. 

At this stage i t  was concluded that successful rf engineer ing required a certain fami l iar i ty with 
the black arts and that t ime would be better spent on more tractable aspects of the project. 
Desp ite these m isgivings the dynamic range was markedly better than it had been. whi le  the noise 
f igure was considered adequate for most imaging tasks. 

8.3 Bf Modulation 

In section 3.2 we found it was necessary to apply a sine modulated rf pulse to the nuclear spin 
system if se lective spat ial el<ci tation was to be carried out effect ively. 

From f igure 8.7 we see that ampl i tude modulation is incapabl e  of producing the correct 
e!<citat ion spectrum because of the large frequency component at We What is required is some 
form of carr ier suppressed modulat ion - e ither double sideband suppressed carrier (DSB) or, 
ideal l y, s ing le s ide band suppressed carrier (SSB). A SSB signal is norma l l y  generated from a DSB 
signal and so we wi l l  consider DSB modulat ion f irst. 
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The difference between AM and DSB modu lat ion is that the modulation coeff ic ient is always 
posit ive for AM but may take ei ther sign for DSB modulat ion. AM may therefore be simply 
implemented wi th some form of attenuat ion mechanism. With DSB modulation i t  is necessary to 
perform a proper mul t ip l icat ion between carrier and modulat ion funct ions. The mult ipl ication 
process produces sum and difference frequencies so if 

then 

Vc(t) = vc(o)cos(wct) 
Ym(t) = Ym(O)cos(wmt) (8.3) 

(8.4) 

For the case where Ym(t) is a sine function we have 

Wa 
Vc(t)Ym(t) = Vc(O)cos(<J.tt) I cos(wmt) dwm 

-wa 
Wa 

= Vc(O) I cos(wct) cos(wmt) dwm 
-wa 

Wa Wa 
= 0.5 Vc(O) I cos(wc + Wm)t dwm+ 0.5 Vc(O) I cos(wc - wm)t dwm (8.5) 

In the frequency domain this corresponds to irradiat ing with a rectangular function of 
frequencies centered at We (see f igure 8.7). The device used to perform this mul t ip l ication 
process is cal led a double balanced modulator and is commonly used in communicat ions 
equipment. Aside from performing e i ther AM, DSB or SSB modulat ion it can a lso be used as a 
mixer or phase sensi t ive detector. 

A b lock diagram showing how the modulator fits in with the rest of the system is given in f igure 
8.8. The carr ier s ignal is derived from a 1 0.65MHz digital source which can have its phase set 
under pu lse sequencer control .  lt then passes through an rf switch. This switch is normal l y  used 
by the 980A to define the width of the rf pulses. In the imaging system the rf l eve l is switched 

MASSEY u;� .Vi::.RSl f'r 
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off unt i l  just before i t  i s  required since a reset to  the pulse sequencer switches the modulator 
hard on (see below for reason). 

The DBM used in this work is a Motorola IC, the MC1496. The schematic for this device is given in 
f igure 8.9a. The device has two modes of operat ion - we w i l l  initial l y  cons ider the s ituat ion 
where the carrier ampl i tude Ye is large. In this mode the device uses switch ing to per iodica l l y  
reverse the modulat ing signal polar i ty, effect ively mul t iply ing the s ignal by  a square wave. An 
ana lys is of c ircui t  operation (from Roddy and Coolenl2'3l) is given below. 

The carrier may be considered to be a switch ing vol tage which a l ternately switches trans istors 
01,04 and 02,03 on and off, each pair be ing switched together. F igure 8.9b shows the circuit 
cond i t ion when the carrier has switched 02,03 on and 01,04 off. If we assume that the base 
currents are negl ig ib le ( i.e. P is large) then 

12 = I + i2 at junct ion A 
11 = I - i2 at junct ion B. 

The output vol tage is 

App ly ing K irchoff 's vol tage law to the loop containing Ym and R2 g ives 

but the c ircuit is normal ly  operated with I )) i2 and so (VI>2)6 :::: (VI>2)5. Hence, 

which means that 

where Ym is the modulating signa l .  Therefore 

(8.6) 

(8.7) 

(8.8) 

(8.9) 

(8. 10) 

(8. 1 1) 

When the carrier s ignal input changes polarity, transistors 01 and 04 are switched on whi le 02 and 
03 are now off (f ig. 8.9c). The output vol tage is then V1 - V2 and so 
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(8. 12) 

Thus the action of the carrier is to switch V0 at carr ier frequency, between ±.2RVm/R2. If we 
represent the switching act ion by a square wave funct ion p(t) at the carr ier frequency then 

V0 = -2RVm p(t)/R2. (8.13) 

A square wave can be represented by a Four ier series and so 

p(t) = sin(wct) - 1/3sin(3wct) + 115sin(5wct) + (8.14) 

We see from this resul t  that the output vol tage wi l l  contain a product term Vmsin(w et). For 
sinusoid modulat ion we then have 

V0 = ( -R/R2) V m [ cos( wet - Wmt) - cos( wet + Wmt) ] + higher terms (8.15) 

The higher terms may be f i l tered out or more simply we can reduce the level of Vc unt i l  the 
carr ier acts as a sinusoid (i .e. we are no longer driving the trans istors to saturat ion and cutoff). 
In this case the h igher terms vanish leaving us with 

(8.16) 

The disadvantage of this technique is that the output vol tage l evel is no longer independent of the 
carrier l eve l .  

F igure 8 . 10  is the schematic diagram for the rf modulator. P in 8 or the DBM accepts the carr ier 
s ignal (at 10.65 MHz) whi le the modulat ing s ignal is appl ied to pin 1, via a CA3140 opamp. This 
device performs 4 functions. i t  inverts the negative going signal produced by the DAC. l t a lso 
al l ows the amp l i tude or the modulated signal to be varied by adjust ing VRl . Carr ier suppression 
is obtained by adjusting VR2 which adds an offset vol tage to the signal being appl ied to pin 1. The 
offset avai lab le by adjusting VR2 also al lows d igital if1)uts or l ess than 128 to be interpreted as 
negative a l lowing a modulat ion range or - 128 to +127. (Hence the reason for the rr switch). 

A l though some carrier reedthrough is inevitable (the specif icat ions for this dev ice indicate a 
carr ier suppression -40db at l OMHz) this was in fact not round to be a problem because or the 
non- l inear characterist ics or the f inal power amp l if ier (see sect ion 8.5). 
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8.4 Single sjdebamJ modulation 

A disadvantage of the DSB form of modulat ion is that it doesn't a l low the s l ice selected to be 
moved up or down the y axis. Idea l l y  one should be able to select the y coordinate of interest and 
image a si ice at that level. This can be achieved by changing the Larmor frequency, e i ther through 
the use or a frequency synthes iser or by su i tab ly modifying the modulat ion function so as to sh irt 
the block or excit ing frequencies away from resonance. However s ince both sum and difference 
frequencies w i l l  De produced in the DBM an equivalent block or frequencies w i l l  De produced on 
the other side or resonance. S ince both w i l l  selectively exc ite a s l ice or spins a good deal or 
confus ion could result in the f inal image. 

Two methods have been devised which remove one or the sidebands - the f irst is commonly used 
in SSB communication systems. The DSB s ignal is fed through a narrow bandpass f i l ter leaving 
only one sideband. The f i l ter center frequency and bandwidth are usual ly f ixed and al though this is 
quite adequate for communicat ions i t would be a severe l imitat ion in an imaging system since a 
range or frequencies above and below w0 shou ld be accessable. 

The al ternat ive technique is rather more compl icated in that it requires two double balanced 
modulators. The required excitat ion spectrum is f irst Four ier transformed. The real and 
imaginary t ime domain signa ls are then appl ied to 2 DBM (see f igure 8.1 1) which are driven Dy 
carrier s ignals with quadrature phase. The resul tant signals are then added leaving only one 
s ideband. 

one d isadvantage or this technique is that it requires 2 e ight bit registers and 2 DACs to supply  
the real and imaginary signa ls. In add it ion there is an inherent de lay of 2j.JS between any two DAC 
level changes which could give r ise to imperfect sideband suppression. At present only a s ing le 
DBM is used and different sl ices are obtained by physical l y  moving the sample along the y axis. 

8.5 RE Transmitter Resoonse 

Ideal l y  the rf modulation at t he nucleus should De the same as that generated by the modulator. 
However the rr power amp l i f ier response was round to De very non-l iooar and it was oocessary to 
determine its transfer function before accurate selective pulses could be geoorated. 

T he system was cal ibrated by observing the nuclear tip angle as a function of the modulat ion 
ampl itude for a f ixed pulse width. This is chosen to be around lms corresponding to a bandwidth 
of about 1kHz. This t ime interval is considered a minimum appropriate to narrow excitat ion but 
w ithout s ignificant T 2 relaxat ion. Because the selective exc i ta tion pulse sequence includes a 
180° pulse i t  was necessary to cal ibrate the system for t ip angles ranging from 0° to 180°· 
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The cal ibration procedure (see f igure 8. 12) starts by  sett ing the DAC l evel for pulse B to the 
maximum value of 127 and then manual l y  adjust ing the gain of the modulator (VR1 in f igure 8.10 )  
unti l  a nul l  is obtained direct l y  fol lowing pul se B (pulse A having been set to zero ampl i tude). 
Pulse B is then a 180° pulse ( i t  is important that this adjustment be made from minimum gain and 
that the f i rst nul l  be selected - otherwise we might be seeing a 360° pulse). The width of the 
180° pulse is chosen so that the 90° pulse uses d igital values i n  the mid to upper range. Once the 
rf level for the 180° pulse has been determined the ampl i tude of pulse A is i ncreased unt i l  a 
maximum echo ampl itude is obtained - this corresponds to a 90° pulse. By recording intermediate 
values of echo amp l itude i t  is then possible to determine t ip  angle as a function of DAC ircut for 
that part icular sett ing of VR1, since 

e = arcsin(Aef A90). 

T ypical resu l ts for values of e from 0° to 90° are l isted in table 8.5 and 
p lotted in f igure 8. 13. 

TabiR 8.5 T ip ang i Rs as a function of modulator input 

AoAc Ae 9 AoAc Ae 9 
1 1 0  2297 90.0 86 652 16.5 
108 2288 84.9 84 540 13.6 
106 2206 73.8 82 433 1 0.9 
104 2098 66.0 80 358 9.0 
102 1923 56.8 78 266 6.6 
100 1739 49.2 76 209 5.2 
98 1578 43.4 74 131 3.3 
96 1439 38.8 72 1 09 2.7 
94 1302 34.5 70 70 1.7 
92 1046 27.1 68 3.2 0.8 
90 915 23.5 66 23 0.6 
88 755 19.2 64 0 0 

Nb. 

1 )  Rf DAC levels range from - 1 28 to 127 

2) Resu l ts are symmetrical i.e. e(A0Ac) = e( -AoAc) 

(8. 17) 
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Figure 8.14 output waveform from the rf modulator required for 
selective excitation [ timet>ase. 500 J.IS/div; vertical scale. 0.5V /div 1. 
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Once these results are obtained i t  is a simple matter to determine the required modu lat ion l eve l s  
for any selective excitat ion function. The effectiveness of th is procedure may be seen in f igures 
8.14 and 8.15 which show the modul ator and transmitter waveforms for a s ine modulated rf 
pulse. 

8.6 The jroaglng gradients : an Introduction 

To perform NMR imaging i t  is necessary to have three orthogonal l inear magnetic f ie ld gradients 
at ones disposal . The gradients are perhaps the most important part of an imaging system as their 
character ist ics determine the qual i ty of the images produced. A set of fair ly str ingent cond i t ions 
must be met if image d is tort ion is to be kept to a minimum. 

I) The 3 gradients must be highly orthogonal. Non-orthogonal ites lead to a range of 
distort ions - the part icular type depending on the imaging technique being used. 

2) The gradients must be high ly  I inear. L inear ity requ irements depend on the number of 
resolvable p ixels to be d isplayed in the f inal image - a 256x256 image would require a 
l inear ity of better than 1 part in 256 if distort ions due to non- l inearit ies are to be negl igible. 

3) Gradient switching must be fast - idea l l y  one should be able to switch a gradient on or off 
in l ess than one sampl ing interval (20 J.IS for 50kHz BW). 

4) The spat ial resolut ion in the f inal image depends on the appl ied gradient magni tude. To 
perform imaging in the microscopic regime requires grad ient strengths greater than lOGcm-1 . 
An addit ional requirem12nt in our system was the ab i l ity to perform diffusion measurments 
using pul sed f ie ld gradient NMR. This technique requires gradients of a least lOOGcm-1. By 
contrast, typical medical imaging systems use f i12ld gradients of less than lGcm-1 . 

If the main f ie ld B0 is d irected along the z axis then the gradients required are 8Bz18x, 8Bf8y, 
and 8B/8z. Gradients w ith respect to any other f ie ld component would have negl ig ib le effect due 
to the magnitude of B0. For example a lOOG field directed along the x ax is woul d  resu l t  in a 
frequency shift of "'3xto-5w0 whi le  i f  d irected along the z axis the frequency shif t would be 
"'7x 10  -3w0. 

A variety of coi l  conf i gurations have been developed to generate l inear f ie ld gradients including 
the Maxwe l l  pair, the pl anar shim coi l due to Andersoni30J and the quadrupolar coi l developed by 
Webster and Marsdenl31l. 
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Of  these the Maxwel l  pa ir is perhaps the simplest to  construct giv ing high l y  1 inear gradients of 
l arge magnitude (see Cal l aghan et al .1321). Unfortunately i t has a fair l y  h igh inductance for a g iven 
gradient and tends to be rather bul ky, not lending itse lf to the generat ion of orthogonal gradients. 

The planar shim coi l  des ign is compact (at l east in one dimension) but large inductances are 
required to provide grad ients of reasonable magnitude leading to long r ise t imes Ctr ) 100J1S). 
Deviat ions from l inearity are a lso s ignif icant, 1 to 5% being typical .  

The quadrupo1ar coil was determined to be the most suitable s ince it i s  compact and is capable of 
producing highly l inear f ie ld grad ients of large magnitude with low inductance coi l s. 
Unfortunately the des ign is only capable of producing gradients in the x and z directions and so 
the third gradient - directed along the y axis, is generated by a set of p lanar shim coi ls mounted 
on the outside of the probe. The poorer I inearity is not a problem as this gradient is usua l ly only 
required for s i  ice selection. 

8.7 X and Z gradient coi l  design 

Webstert3tl indicates that the optimum design for a gradient coil is produced by d istribut ing the 
current, I, on the surface of a cyl inder such that 

I = 10 cos 29 (8.18) 

A cont inuous current d istr ibut ion of this nature would be diff icu l t  to produce and so Webster 
suggests that bundles of wires be p laced around the c ircumference such that the above cond it ion 
is approximated. 

The design used in this work consisted of 3 groups of windings per quadrant (see f igures 8. 16 and 
8.17) w i th turns rat io N,IN0 = 7/10 (Gz coi l )  and N,IN0 = 14/ 10 (Gx coi l ). Each group of windings 
is separated by an ang le of 22.5° thereby closely approximating the required cos(2e) relat ionship. 
The two gradient coi l s  are wound on a common former (they are shown separated i n  f igure 8.16 
for cl arity) with a 45° rotation between the two sets of turns. The GH and Gz des ignat ions are 
present l y  tentative, being based on simple hand drawn f ield distri butions. Justi f ication w i l l  be 
found i n  the evaluation of the orthogonal gradients which are negl igible by comparison. 

To determine the gradient f ie ld strengths and uniformity the magnetic f ie ld due to each wire 
element is  considered. From f igure 8. 18 the f ie ld at point (x"y1,z1) due to current I f lowing in the 
vertical wires is given by the Biot-Savart l awl171 as 
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s how i ng the d i s tri buti on o f  turns end  current d i rect i on .  
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F igure 6.17 Photograph of the quadrupolar coi l  used to generate the Gw and Gz 
gradients. The coils are wound on a s lotted tef lon former of d iameter 20mm and 
length 50mm and are held in place with epoxy resin. 
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Jlo 1 I dl x r B = --
41T r3 

1 15 

(8. 19) 

The z component of this f ie ld (which is of interest) may be obtained by expand ing the cross­
product 

Bz = �I dx r y - dy r K 

411' r3 

For the case where the wires are paral le l  to the y axis, dx=O and so we have 

Bz = - Jlo fi h 
411' -h 

From f igure 8.18 we have that 

rw = xl - Ut 
and 

where ui and wi are the x and z coordinates of the ith wire. 

Substituting equations 8.22 and 8.23 into 8.21 we obtain 

Bz = Jlo I Ih 
4 1T  -h 

where 

On evaluat ing this integral we obtain 

(8.20) 

(8.21) 

(8.22) 

(8.23) 

(8.24) 



[Sec. 8.7 - X and Z gradient coi l design] 1 16 

Yo I [ (y-y1) (u, -<1) r Bz = 

41T a12 { (y-y1)2 • a1 2 }1/2 -h 

= 

� [ h-y, h•y, l (ui -x1) 
+ (8.25) 41T {(h-y,)2 + ai2}1/2 {(h•y,)2 + ai2}1/2 ai2 

The return paths for the vert ical wires are unfortunately  curved, and so eval uat ion of the ir 
contr ibut ion to the net f ie ld is diff icult. However the ana lysis is simp l i f ied i f  the return paths 
are approximated by straight wires (see f igure 8.19a). In that case we have for the z grad ient 
coi l 

but 

and 

and so 

where 

Evaluat ing equation 8.30 g ives 

+ 
d1•x1 l (y1 - v1) 

{(di-x,)2 + ai2}1/2 ai2 

(8.26) 

(8.27) 

(8.28) 

(8.29) 

(8.30) 

(8.31) 
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The return paths for the x gradient coi l  are inc l ined at 45° to the z axis (see f ig. 8.20a). The 
ana lysis for the wires is s impl if ied by rotat ing the coi l through 45° and evaluating Bz in this 
rotated frame (see f ig. 8.20b). 

In this case 
Bz = B . le = (Bx· i' + By· j' + Bz· lc ') . le 

= (Bw· + Bz.)//2 (8.32) 

We already have an expression for Bz· (equation 8.31). In a l ike mamer we can derive an 
expression for Bw· as 

Jlo l r _:j Bw· = 

4rr 

and so 

Bz = Bz• 1/2 .  

r dy '  - r dz' z y 

r3 
= 0 (8.33) 

(8.34) 

By different iat ing the resu l ts in equations 8.25, 8.31 and 8.34 with respect to the appropr iate 
variab le and summing the contributions for each wire, we obtain expressions for the f ie ld 
gradient as a function of posi t ion. Start ing with the z gradient we have that 

az, 

a J.lo l j [ (h-y,) - - L - + 

8z, I 4rr {(h-y,)2 + ai 2} 1/2 

(h+y1) l Cui - x1) 

{(h+y,)2 + ai 2}
1/2 ai 2 
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F i g ure 8.20 Rotat i on  o f  the x gradi ent coi l requi red  to  s impl i fy the cal cu l a t i on of Bz.  



[Sec. 8.7 - X and Z gradient coi l design] 

where 

and 

a 
+ - l: 

az, j 

Evaluat i on of this der ivat ive gives 

l: 
J.lo li [ (h-y1) 

2TT {(h-y,)2 + ai 2}1/2 

+ 
l: J.Lo l i [

--
(h-

_
Y
_
1) 

__ 

4TT {(h-y,)2 + ai2)3/2 

+ 
�0 11 [ (drx,) 

l: 
2n {(drx1)2 + a12lv2 

�o 11 [ (drx1J 
l: 

4TT {(drx1)2 + ai2)3/2 
+ 

+ 

+ 

+ 

+ 

120 

(dtx1) l (y1 - v1) 
+ 

{(dl•x,)2 + al2)1/2 al2 
(8.35) 

(h+y1) l (ui - x1) (wi - z1) 

{(h+y,)2 + ai2} 1/2 ai4 

(h+y1) l (ui - x1) (wi - z1) 

{(h+y,)2 + ai 2)3/2 ai 2 
(8.36) 

(drx1) l (y1 - v1)(wi - z1) 

{(dj+x,)2 + ai2)1/2 ai4 

(dtx1) l (y1 - v1)(wi - z1) 

{(drx,)2 + ai2)3/2 ai2 

The x grad ient. for the x grad ient coi l ,  may be found in a simi lar manner since 

(8.37) 
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where the term subscripted m is due to the main co i l  (wire paral le l  with the y axis). whi le the 
remaining terms, label led r are due to the return paths. Us ing the resu l ts in equat ions 8.25 and 
8.31 we obtain 

Evaluat ing equation 8.37 gives 

� [  (h-y,) 
GH(x1,y1,z1) = L 

211 {(h-y,)2 .. ai2)1/2 . 

� [  (h-y,) 
+ L 

211 {(h-y,)2 + a12)3/2 

�o l j [ I 
+ L 

411 {(dtx1')2 + aj '2}V2 

+ 

+ 

+ 
(h+y1) l (ui - x1 ') 

{(h-y,)2 .. aj '2}1/2 aj '2 

+ 
(dtx1') l (y1 ' - vi) 

{(drx1 ')2 + ai '2}1/2 2 aj '2 

+ (d1 +x1 ') l (y1 ' - vi) 

{(drx,·)2 + aj '2)V2 2 aj '2 

(8.38) 

(h•y1) l [ (u ; - x1)' I l 
{(h+y,)2 + ai2)1/2 ai 4 2ai2 

(h•y,) l (ui - x1) 

{(h+y1)2 + a12)3/2 a, 2 

((drx, ·J'

I

• •('l'/, ] (yl - Vj) 
(8.39) 

2ai2 
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+ 

where 

Po IJ [ (drx,')' (dj•<, ')' l 
l: 

4rr {(drx, ·)2 + aj '2}3/2 {(dl•x,·)2 + aj '2)3/2 

Po 11 [ (dr,,·) (dj•<, ') l 
l: + 

2rr {(drx1 ')2 + ai '2} 1/2 {(dtx,·)2 + aj '2}1/2 

Po lj [ (dj-<,') (dl''' ' ) l 
l: + 

4rr {(drx1 ')2 + a(2}3/2 {(drx,·)2 + aj '2)3/2 

x1 ' = z1/ /2 + x1/ /2 

z1 ' = z1//2 - x1//2 . 

8.8 Y gradient coil design 

(y, - Vj) 

2a · I 
(y1 - Vj)(W j - z1 ') 

2ai4 

(y1 - Vj)(W j - z1 ') 

2aj2 

(8.40) 

The third and f inal gradient is d irected a long the y ( i .e. the vert ical) axis. Due to the l imi ted 
cl earance between the probe and magnet pole faces (--- lmm ei ther side) it was necessary to use 
the exist ing y gradient pl anar shim coi l mounted on the outside of the probe. The d imensions and 
orientat ion of this coi l are given in figure 8.21. 

As in the case of the quadrupol ar coil. we sha l l  consider the f ie ld due to each wire separate ly. 
Using the results from the previous sect ion we see that the net f ield at point (x1.y1.z1) w i l l  be 

+ 
(y1-ei ) l (ui - x1) 

{(y,-ei)2 + al2}1/2 al 2 
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D i fferentiat ing with respect to y gives 

Gy(x1,y1,z1) = L 
J!o 1 i  [-----
4rr {(y,-ei )2 + ai 2} 1/2 

+ 

+ + 

+ 

(ycel)2 l (ul - x,) 

{(ci -y,)2 + ai 2}3/2 ai2 

(dtx,) l (y, - Vj)2 

{(di•x,)2 + ai2)3/2 ai2 

1 24 

(8.4 1) 

(8.42) 

where the summation over i corresponds to the return paths which are paral le l  to the y axis and 
those over j to the main elements para l le l  to the x axis. 

Computer programs has been written which use equations 8.36, 8.39, 8.42 and the data in f igures 
8. 17 and 8.21 to determine GH . Gy and Gz as a funct ion of posit ion. The orthogonal gradients have 
a lso been calculated for each coil and have been determined at the origin and at x=y=z=6mm. 
These results may be used as an indicator of the size of the undesirable gradient components. 
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Table 8.6 Calculated gradients 

coi l  desired gradients orthogonal gradients 

10/ 14/10 

shim 

7/10/7 

Notes 

GM 
Gu 
Gz 

= (21±4) 
= ( 1 .63±0 .09) 
= ( 15±3) 

1)  A l l  grad ients are in G cm-1A-1. 

Gy = 3x J0-7 [0 . 141 

GH = 5x 1o-10 [2 x J0-91 

GH = 3 x J 0-6 [0 . 1 ]  

2) The des ired gradients are determined at x=y=z=O .  

G2 = 0.3 [0.41 
Gz = 6x 10-9 [0 .9] 
Gy = 0 [0.07] 

1 25 

3) The orthogonal gradients are determined at the or igin and at x=y=z=6mm (those terms in 
square brackets). 
4) The errors in the desired gradients ar ise from the uncerta inty in the co i l  dimensions. 

As expected the orthogonal grad ients are neg l ig ib le, apart from the G2 gradient in the 1 0/14/10 
coil which is due to the return w ires. 

Contour plots showing predicted percentage deviat ions of the des ired gradients from the above 
va lues are given in f igures 8.22 and 8.23. These resul ts indicate that a 7mm diameter object 
could be accomodated within the 0.4% ( 1/256) contour.  thereby sat isfying condi tion 2. The poor 
l inear ity of the shim coi l  is apparent from the contour plot in f igures 8.24a and b. If the coi l  had 
been wound using the opt imum parameters130J w/z0= 1 .55 and Yc= 1 . 19z0 then the grad ient 
l inear ity would  have been much improved (see f igure 8.24c). The non- l i near ity of the shim coil 
resu l ts in a non-uniform s l ice. This wi l l  produce an uncerta inty in the proton dens ity of "'!5% 
for a 7mm diameter object. However the informat ion in f igure 8.24a cou ld  be used to correct for 
this distort ion. 

The above simu l at ions do not take into account the effect of image currents generated within the 
pole p ieces of the main magnet .  Calculat ions a long these l ines may be performed by considering 
the grad ient due to the coi l  conf igurat ion depicted in f igure 8.25. The calcu lat ions assume a 
medium with inf inite permeabi l i ty and so represent an extreme case. The pred icted central 
gradient is ( 16±3)Gcm-1A-1, approx imate ly  7% h igher than that obtained when the image grad ients 
are ignored. Because of the d iff icu l ty in accessing the actual magnitude of the image gradients 
the contour p lot in f igure 8.26 should  not be taken as an accurate representat ion of the grad ient 
uni formity but only as an i l l ustrat ion of the effect image gradients could have on the posit ion of 
the contours. In this part icu l ar case the 0.4.% contour is now posit ioned so that a 5mm object 
cou ld  be accomodated with neg l ig ib le image distort ion. 
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The grad ients have been indirect ly measured in two ways. Using standard pulsed f ield gradient 
spin echo techniques (see sect ion 9.2) we obtain gradients (23.74 ± 0.06) Gcm-1A-1 and ( 14 .89 ± 
0.09) Gcm-1A-1 for G" and Gz . By performing a 1-0 imaging exper iment with a cy l indr ica l  sample 
of water of known diameter we can infer the gradient magnitude from the frequency width of the 
prof i l e. This experiment gave G" = (22.8 ± 0.8)Gcm-1A-1, Gz = ( 14.6 ± 0.5)Gcm-1A-1 and Gy = 

( 1 .58±0.06) Gcm-1A-1. 

8.9 Controller for the jmaglng gradients 

The current suppl ies and contro l l er required for each gradient are based on the des ign of 
Ca l l aghan1321 et al. who used this system successfu l l y  in their work with pulsed f ie ld gradient 
NMR. The gradient coi ls are driven by 3 Kepco power suppl ies operat ing in a constant current 
mode. To improve gradient pulse r ise t imes and complete ly isolate the coi ls  when not required 
(found to be advantageous in PFG work) a ser ies of h igh power switching trans istors are 
connected between the Kepco psu and the gradient coi ls. Control l ing logic routes the current to 
ground when not required. 

A complete schematic of the gradient control ler is given in f igure 8.27. The switching 
transistors operate in a oar I ington conf iguration providing very h igh current gains. Switch ing 
t imes for the TIP36C are "'1J.1S, more than adequate for this task. 

I n  a typ ical pulse sequence the f irst instruct ion switches the gradient off by c losing SW2 and 
opening SWI. The required current level is then appl ied to the Kepco power suppl y. A delay of 
several IOO.JlS is then required to ensure the supply current has sett led. When the gradient is 
required a TTL 'on· signal is appl ied v ia the optocoupler (providing a further stage of isolat ion) 
which switches SW2 off and SWI on. al lowing current to pass through the gradient coi ls. When 
the supply is subsequent ly sw itched off the back EMF generated in L1 is shunted to ground via 
d iodes 01 to 04, protect ing the trans istors and hastening the fal l time of the pul se. Four d iodes 
were found to be necessary to remove a l l  traces of the r inging present in the coi l  circuit. Th is 
r inging appears to be of mechanical origin s ince it is not present when the main f ie ld is switched 
off. The extra d iodes prevent current from f lowing unless the vol tage is greater than "'2.8V. 
Whether the inc lusion of the extra d iodes actual l y  improves the fal l t ime or the gradient f ie ld is  
debatable. 

Because the gradient pulses are genera l l y  qu ite short ((40ms) with a duty cycle in an imaging 
experiment of at worst 1:5, average power d issipation in the gradient coils is general l y  low 
(severa l  watts at the most). However In the event or a program error lt Is quite l ikely that a 
continuous lOA current might be passed throught the coi l  with a resul tant power d issipation of 
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several hundred watts. such act ion would rapidly ru in the coi ls. To prevent such an event from 
occuring a sma l l  J2R sensor is  i ncluded in the current path. This consists of 3 turns of nichrome 
wire wound about a thermistor. Good thermal contact is maintained with s i l icon grease. If the 
power dissipated in the grad ient coi l becomes excessive the corresponding temperature r ise in 
the nichrome coil wi l l  be such as to cause IC2 to change state. throwing the crowbar on the 
Kepco, thereby cutting power to the coi l . This feature has proved to be very useful in the 
development of the system. providing a rapid Indication that a l l  is not wel l . 

8 10 Gradient oulse resoonse times 
1t was noted at the begiming of this chapter that gradient switching t imes should be short. 
idea l ly less than one sampl ing interval. to reduce image d istort ions and imaging t imes. Gradient 
switching t imes depend l arge l y  on the abi l i ty of the Kepco power suppl ies to keep the current 
leve l constant. S ince the coi l is a react ive load it presents a fair ly high impedance when f irst 
switched on. To achieve fast r ise t imes the Kepco must be able to supply  high vol tages to the coi l  
to  keep the current constant. In practice the max imum vol tage available from the Kepco is ---25V. 

The res istance and inductance for the gradient coi ls are l is ted be low 

Table 8.7 Gradient coli inductance and resistance 

Col i  X u z 

Gradient (Gcm-tA-1 ) 23.74±.0.06 1.58±.0.06 14.89±.0.09 

Inductance (J.!H) 83±.2 30±2 43±.2 

Resistance (Q) 2.56±0.02 1 1.5±0. 1  1.93±0.02 

From this data we can predict the minimum r ise t imes for the coi ls with a 25V power supp ly. The 
x gradient coi l  is driven by a 4A Kepco unit .  10 to 90% rise t imes for this coi l can be calculated 
as fol lows. 

The current through the coi l w i l l  be 

(8.43) 

(8.44) 
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where V m is 25V. Substituting for R, V and i(t) we obtain 

t 10.% = -L/Rw ln(1-0.4Rw1Vm1 = 1.4J.!S 
tgo.% = -LxiRx ln[1-3.6Rx1Vm1 = 14.9J.!S 
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(8.45) 
(8.46) 

and so a r ise t ime of 13.5 J.!S is predicted. For the y gradient coi l  the maximum current is 
25/1 1.5 = 2.17A and so 

t 10.% = -Ly1Ryln[1-0.217R yiVm] = 0.3J.!S 
t go.% = -LyiRy ln[ I- 1.953RyiVm1 = 6.0J.!S 

giving a r ise t ime of 5.7J.!S. For the z gradient coil the maximlJl"' current is lOA so 

t 10.% = -L/Rzln(H.OR /Vm1 = 1.8J.!S 
t go.% = -L/Rz ln(1-9.0R/Vm1 = 26.4 J.!S 

giving a rise t ime of 24.6J.!S. 

(8.47) 
(8.48) 

(8.49) 
(8.50) 

In practice the r ise t imes are rather larger being around 30 to 40J.IS for the x and z coi ls and 
lOOJ.!s for the y coi l .  The extra delay in the x and z coi ls seems to be caused by the l imi ted BW of 
the Kepco (this would seem to be the case as the r ise t imes for purely resistive loads are about 
the same), whi le the large mutual inductance between the var ious shim coi l s  m ight exp la in the 
long y coil r ise t ime. 

8.1 1  Pulse Sequencer 

Precise t iming is important in a l l  NMR experiments. T iming errors associated with the rf pulse or 
gradient switching could produce phase shifts leading to a var iety of imaging distortions. 

Because of the range of exper iments envisaged in the imaging field it was necessary to consider 
the implementation of a fa ir ly versat i le pul se control ler. It would be required to perform a 
number of operations - the main features being to: 

1) Provide analogue control of the rf level. 
2) Provide analogue control of the gradient levels. 
3) Provide digital switching for a variety of units. 
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Since frequencies up to 25kHz are detected by the NMR spectrometer i t  is essent ial that t iming be 
accurate to within a fract ion of the per iod of this maximum frequency if phase errors are to be 
keep to a minimum. Since one cycle takes 40J.ls at 25kHz. a phase error of one degree (rea l l y  quite 
smal l )  would requ ire a t iming accuracy or --- l OOns. A ser ies or switches and digital to analogue 
converters contro l led direct ly  by the 980A computer would c lear ly have no chance or achiev ing 
this sort of t iming precis ion. In addi t ion a great deal of work would be required to obtain 
software de lays of the required lengths. A further disadvantage of us ing direct software control 
would be the minimum delay required between level changes. Even with the most effic ient output 
instruct ion the 980A is incapable of switching levels c loser than --- 10J.ls apart - a c lear 
d isadvantage when a 90° rf pulse lasts 4J.ls. However the requirement that a var iety of pulse 
sequences be avai lable requires some sort of software control - a dedicated microprocessor 
system might be able to achieve this. but not without some sort of external interrupt t im ing 
c ircu i try to achieve pulse t im ing accuracy which would add considerab ly to the overa l l  
complex ity of the unit. 

After consider ing such an opt ion it was decided that a f l exible hardware based system which 
could be programmed to produce a ser ies of accurately t imed pulses would be more sui tab le. A 
block d iagram of the system eventual ly des igned to achieve this funct ion is given in figure 8.28. 
The system is based around 5 byte control words which are transferred from the 980A to the 4k 
bytes of RAM in the pulse sequencer before the exper iment begins. These words contain the 
fol lowing information : 

Byte 

1 
2 

3�5 

Table  8.8 Pulse sequencer register funct ions 

Funct ion 

dest inat ion of data level 
data byte 
t ime in J.lS 

Register 

mode register 
data reg ister 

t iming registers 

Before the experiment is started the required pulse sequence is ana lysed by the Hi tach i software 
(see volume 2) which generates a series of these words, one ror each level change. This data is 
then transferred to the 980A which passes it to the 4k bytes of RAM in the pulse programmer v ia 
the input reg isters. This a l lows a total of 819 level changes in any pulse sequence. 

On receiving a start pulse from the 980A the f irst 5 bytes of memory are transferred from the 
RAM into 5. e ight b i t registers (see above). The start pulse also starts a 24 bi t decade counter 
which counts in 1J.ls steps from o to 999999J.1S. 



I 
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ck 
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2. 
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The data in the t iming registers Is continual l y  compared with the output or the decade counters 
and when equal a pulse is produced which transfers the contents of the mode and data registers to 
a further ser ies of buffer registers whose outputs control the exper iment. e ither via a series or 
TTL buffers or digital to analogue converters. 

The equa l i ty pulse also init iates the transfer of the next 5 bytes or informat ion from data RAM. 
Since the t iming counter is uninterrupted during this process the output levels w i l l  change at the 
required t imes with an uncerta inty determined by the various delays in the circui try and the 
var iabi l i ty in the clocl< frequency. 

Due to l im i tations in the memory read/wr ite t imes (nominal l y  150ns for the devices used) a 
certain delay is necessary whi le  data is transferred from RAM to the data registers. A 4MHz clocl< 
(period 250ns) controls this data transfer and so 1.25J.!S is required. Because of this de lay 
adjacent levels may not be changed unless they are 2J.!S or more apart. An increase in c locl< 
frequency to perhaps 8MHz woul d  a l low leve ls to be changed when only 1J.!S apart but because the 
R/W per iod would now be 125ns the rel iab i l ity of the RAM devices might become quest ionable. In 
any case it has been found that a 1J.!S pulse is not required in any of our exper iments. 

The fol l owing outputs are ava i lable from the pulse sequencer - the corresponding contro l  word is 
g iven on the right. 

Table 8.9 Pulse sequencer outputs 

Funct ion control code 

G" level (0�255) 401,1evel2,t ime3 
Gy level (0�255) 20,1eve l ,t ime 
Gz leve l (0�255) O l, leve l , t ime 

rf level ( - 1 28� 127) 80,1eve l ,t ime 

Gw on/off 08,01,t ime 
Gy onloff 08,04,time 
Gzonloff 08,80,t ime 
rf on/off 08,40,time 

rf phase 0°/90° 04,20,time 
rf phase 0°/1800 04,04,time 
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980A sampl ing interrupt 08,08,time 

rf signal switch 08.20.t ime 

Pulse sequencer reset 08,02.t ime 

Notes 

I) The f irst byte refers to the register to which the data is to be sent. 

2) The second byte determines which digital l ines w i l l  be set. 

3) T ime at which data is to be transferred. Data is coded in BCD and stored in three bytes. 

E ight reg isters are capable of being accessed with this code but due to pet> s ize constra ints only 
6 registers are made avai lable (01 .04.08.20.40,80). This g ives four. eight b i t  DAC levels and 
s ixteen TTL levels which are used for control purposes. Only 9 are used at present. 

Appendix F looks at the pulse sequen<;er design in more detail giving schemat ics or each pet> and a 
descr ipt ion or their funct ion. 

Table 8 . 10 g ives an example or the code produced for a typ ical pulse sequence; a standard spin­
echo 1-D imaging exper iment (see f igure 8.29 for the corresponding pulse sequence). 

Table 8. 1 0  Pulse sequence code 

Address Control word comments 

00001 08 00 000 100 Reset a l l  control 1 ines at 1 00  ps 
00052 0 1  FF 0 00 102 Set Gz level to 255 at 1 0 2ps 
OOOA 80 FF 0 00 104 Set rf level to 1 27 at  1 04ps 
OOOF3 08 80 00 1 1 00  Gz on a t  l . lms 
00 14 08 00 00 1 1 02  Gz off a t  1 . 102ms 
0019 0 1  20 00 1 1 04 Set Gz level to 2016 at 1 . 104ms 
001E4 04  00  0 08080 Set rf phase to 0°  at 8.08ms 
00235 08 40  008100 Switch rf on at 8.1ms (90° pulse) 
0028 08  00  008104 Switch rf off at 8.104ms 
0020 04  20  0 09080 Set rf phase to 90° at 9.08 ms 
0032 08 40  009100  Switch r f  on a t  9.10 0ms ( 180° pulse) 
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90° -+ �r-R f  phose o• -+ 
40 . 1 ms 

Rf o n/ o f f  r-
8. 1 ms 9 . 1 ms 

1 27 -+ �r-R f  l evel 

G z  o n / o f f  �r-
t . t ms t O. t ms 

G z  l evel 

255 � 
20 -+ '�r-

Rf s i gne l  swi tch �r-
1 0 .07ms 

Sompl i ng i nterrupt r-
9 .9ms 

He l t sequencer J_ 
45ms 

Fi gure 8.29 Ti ming  d i ogrom for e 1 - D i meging experi ment .  
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0037 08 00 009108 Switch on rf off at 9.108 ms 
003C6 08 08 009900 Switch on sampl ing interrupt at 9.9ms 
0041  08 00  009930 Switch off sampl ing interrupt at 9.93ms 
00467 08 20 010070 Switch rf signal on at 10.07ms 
004B 08 AO 0 10 100 Switch Gz on at  10. 1ms 
0050 08 00 040 100 Switch everything off  at 40. 1ms 
00558 08 02  045130 Halt pulse sequencer at 45.1ms 

Notes 

1) 1 0 0J1S is added to a l l  t imes to a l low for init ia l data loading (this t ime is arbitrary -
anyth ing greater than 2J1S would do). 

2) A l l  data levels are set up wel l  in advance to a l low for the appropr iate device to respond 
(th is isn't a problem with the modulator but is important in the case of the gradients). 

3) The gradient level is i nita l l y  pulsed so that the response times are improved in the latter 
part of the sequence . A 2Jls pulse is chosen so to have no effect on the NMR system (since the 
gradient r ise t imes "'50 JlS) 

4) The rf phase must be set up at l east 20Jls before it is required to al low the phasing 
circuitry to stab i l ise. 

5) The rf level is switched, rather than just having its leve l changed, to prevent carr ier feed­
through when the pu lse is not required. 

6) The delay between the interrupt pul se and the desired sampl ing t ime is introduced to match 
software del ays in the 980A which occur between reception of the interrupt pulse and the 
onset of sampl ing. 

7) The rf signal swi tch is switched 30 JlS before it is required to give it t ime to respond (see 
comment in section 8. 13). 

8) A complete pulse sequence halt ( i.e. the clock is stopped) is necessary to prevent spur ious 
pul se switching from occur ing after the end of the pulse sequence due to random data in the 
pu l se sequencer memory. 

A l l  the required delays are transparent to the user who enters an idea l ised pulse sequence (see 
volume 2 for a descr iption of the pulse sequencer software). 
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8.12 auadrature detection 

In the original NMR system the free induction decay corresponded to a project ion of the 
magnet izat ion vector M onto the y axis. Since the x axis projection MM was unava i lab le it wasn't 
possib le to determine whether the magnetization was rotat ing clockwise or counter-c lockwise, 
i .e. above or below the resonant frequency. For this reason it was necessary to adjust the offset 
frequency so that all frequencies of interest l ay above or be low resonance. If this wasn't done 
a l i asing occurred. Whi l e  this did not present a problem in routine spectroscopy, such an affect is  
highly undesirab le in imaging where DSBSC selective excitat ion requires that the sl ice Larmor 
frequency be close to the carr ier. Furthermore, for the purposes of image reconstruction i t  
would be useful to  work exact l y  on resonance as this s impl i f i es the mathemat ics. 

For this reason a smal l circuit was added to the spectrometer which a l lowed MK to be detected as 
wel l .  W ith both MK and My ava i l able it is possible to work r ight on resonance without a l i asing, 
with the addit ional benef i t  of a doubled bandwidth. 

Most systems which al low detection of the quadrature signal component � K(t) a: MM (such as the 
Jeol FX90Q), do so by having 2 completely separate d ig i t ising systems. The advantage of this 
arrangment is that i t  al lows s imul taneous acqu isit ion of both in phase and quadrature s ignals. 
Unfortunately since each s ignal must pass through a separate af ampl i f ier and digit iser. the 
chances of a gain mismatch are quite high. This wi l l  l ead to the product ion of ghost l i nes in the 
frequency domain. 

In our system we have achieved quadrature detect ion by detecting tM and ty at d ifferent t imes. 
this has the disadvantage of requir ing twice as long as the previous method but s ince both signals 
pass through identical c ircui try, amp l i tude mismatches (at least from this source) are not a 
prob lem. 

From f igure 8.30 we see that 

�Y = �0 cos(�w + w0)t and �K = �0 s in(�w + w0)t (8.51) 

where �w is the frequency offset from resonance. 

In the detection procedure (phase sensi t ive detection) one mult ipl ies the NMR signal by a local 
osci l l ator at the resonant frequency i .e. 
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F i gure 8 . 3 0  C omponents of t he  megnet i zet i on vector i n  t he  l e b  freme .  
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�(t) = �0 cos(.6w + w0)t cos w0t 

= 0.5 to [ cos(.6w + 2w0)t + cos .6w t 1 (8.52) 

where re laxation effects have been ignored. The high frequency component is f i l tered out leaving 

t(t) = 0.5 to cos .6wt (8.53) 

which is a direct measurement of My in the rotat ing frame. 

If instead of mul t ip ly ing by cosw0t in the detector we mult ip ly by -sinw0t we obtain 

�(t) = -�0 cos(.6w + w0)t sin w0t 

= 0.5 �0 [ sin(.6w + 2w0)t + sin .6wt ). (8.54) 

Low pass f i l ter ing w i l l  now give the quadrature signal 

�(t) = 0.5 �0 sin .6wt ex My (8.55) 

It is therefore apparent that the local osc i l lator phase must be a l tered by 90° if we are to detect 
the quadrature signal . 

In the FX60 the local osci l lator is generated digita l l y  w i th a var iety of phases be ing made 
ava i l ab le  (cl early with quadrature detect ion in mind). 1t was therefore s imply a matter of add ing 
a logic switch to al low selection of the 0° or 90° local osc i l lator phase. The schemat ic for this 
a l teration may be found in f igure 8.3 1. To reduce the effects of hardware gain dr ift, in phase and 
quadrature signals are accumulated a l ternately. 

Once accumulated the two t ime domain s ignals must be Fourier transformed to obtain the 
spectral density funct ion. Normal ly this would be done w ith a ful l  Cooley-Tukey complex fast 
Four ier transform, with 

(8.56) 

Unfortunately the suppl ied FFT is based on the Bergland transform1331 which performs a FFT on 
real data only (al lowing reduct ion in memory space and computat ion t ime). However, it is quite a 
strai ghtforward procedure to implement a ful l complex FFT using the ava i lable a l gorithm s ince 
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00 

= f {t�t) + jtM(t) }{ coswt + j sinwt } dt 
- oo  

(8.57) 

G iven a function t(t) the Bergland FFT wi l l  produce Fc{t(t)} and F5{t(t)}. It is therefore a simple 
matter to generate the above funct ion by Fourier transforming tw and ty ind ividua l ly. 

8.13 At signal switching 

After a few 1-0 imaging tests had been performed i t  was clear that working on resonance ( i.e. 
�w=O) was going to cause problems. The projection prof i l e  (see section 3.1) of a tube of water 
had a l arge spike at zero frequency (resonance) - see f igure 8.32. The size of the spike was seen 
to diminish as one went off resonance. It was a lso dependent on the phase set t ing and pul se 
sequence used. For example pulse sequence A (f ig. 8.33) which used a spin echo to generate a 
nuclear signal produced a marked spike whi le  the prof i le  due to sequence B was pract ica l l y  spike 
free. 

From this information it became apparent that the problem was due to the ac capac i t ive coupl ing 
used in the af ampl if iers of the spectrometer. The de level present before the Gz gradient comes 
on in sequence A causes this capacitance to charge up. When the gradient is appl ied the system 
responds by producing a rapidly changing init ial s igna l fol lowed by a slow decay. When Four ier 
transformed this decay manifests itse l f  as a narrow spike at zero frequency. 

The improvements observed when operating off resonance were simply due to the fact that the 
signa l was no longer at zero frequency and so l i t t le or no charge was bu i l t  up. Cr i t ical phase 
adjustments reduced the g l i tch if the s ignal leve l was set to zero directly before the Gz pulse 
was switched on. 

The solution to this problem was s imply to ground the s ignal unt i l it was required. In this way 
there would be no t ime for a charge to bui ld up. The signal was effect ively grounded by reducing 
the gain of the IF stage unt i l sampl ing was due to start. No modif ication to the system was 
necessary as signal switching was already used in the or iginal system, possib ly to prevent 
overload during rf transmission s ince one would never have worked on resonance. A simple 
mechanical switch was used to select rf signal switching under spectrometer control (for normal 
NMR) or pulse sequencer control (for imaging) - as shown in f igure 8.34. A short delay between 
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F i gure 8 . 3 2  Proj ect i on prof i l e  of a tube of water show i ng the l arge 
sp ike e t  zero frequency caused by e c  coup 1 i ng  wi th in  the spect rometer. 

R f  
------��L-9

-if----------��L-1 8-0-0-----------------

Si gnal 

Pul se  sequence A 

Rf  

Si gnal 

Pu lse  sequence B 

15 1 

F i g u re 8.33 Pu lse  sequence used to observe the zero frequency g l i tch .  
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s ig .  i n  o--------1 
A >----o s i  g. out  

system ge i  n depends  on VA 

..-----o from spectometer pul se  t i mer 

i._ ___ o from imeg i ng  pul s e  sequencer 
off 
� 

F i gure 8.34 Rf si gna l  switch .  
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signal switching and sampl ing was necessary to a l low the system to respond; 30J.IS was found to 
De about opt imum (see f igure 8.35). The effect of this swi tch is dramatic as can De seen in f igure 
8.36. 

Unfortunate l y  it was d iscovered that this switch ing had only part ia l ly solved the problem. When 
an exponent ial window was appl ied before the FFT the g l i tch was seen to return. After 
investigating the software in some detai l the problem was traced to the way in which the 
basel ine correct ion was performed. Before the exponent ial window is appl ied a basel ine 
correct ion is performed which subtracts the average data value from al l data points. If the 
signal is asymmetric this results in a DC offset. Norma l l y  this wouldn't De seen In the frequency 
domain as the DC point is thrown away before display. However when an exponent ial f i l ter is 
appl ied the DC level is converted to an exponent ial decay which again manifests itse lf as a low 
frequency gl itch in the frequency domain (see f igure 8.37). 

This problem was solved Dy rewrit ing the base l ine correct ion rout ine so that only the average of 
the last ha l f  of the data points was subtracted. since these points usua l l y  have much the same 
value. due to the rap id decay of the signal .  The improvement obtained is signif icant (f ig. 8.38). 
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R f  

R f  s i gnal  
swi tch  
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-----�� ... 
F i g u re 8.35 Pu l se sequence i ncorporat ing  the rf s i gnal  swi tch .  
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F i gure 8 . 3 6  I mproved pro j ect ion prof i l e  obta i ned when  r f  si gnal  swi tch i ng  i s  used .  
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Figure 8 . 3 7  Zero frequency g l i tch returns when exponenti el f 1 1 teri ng  is  eppl i ed. 

F i gure 6.38 I mproved resul t obtei ned by modi fy ing the besel i ne correct i on  rou t i ne. 
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8.14 The graohjcs comouter 
Ini t ia l l y  it was proposed that the proton density data would be displayed on the osc i l loscope 
interfaced to the TI-980A computer. However the data memory avai lable (4k words) l im ited the 
image size which could be displayed to a 64x64 array. Image qua l i ty was a lso poor due to the 
f l icker produced by low screen refresh rates. 

The l imited memory and poor image qual ity prompted the purchase of an independent graphics 
computer. This machine, an Hitachi MBI6000. is based on the 8088 microprocessor and is 
suppl led with MSDOS. Currently it Is conf igured with 2561<bytes of main memory. two 320kbyte 
disk drives and 192kbytes of graphics memory. The latter a l lows the display of 640x400 pixels 
in 8 colours as wel l  as 16 pages of 16 colour text. 

Image reconstruct ion is currentl y  performed using both computers. The TI-980A col l ects the 1< 
space data. appl ies a f i l ter and then obtains the Four ier transform. The resul tant f i l tered prof i le 
is then transferred to the Hitachi pc v ia the paral le l  interface descr ibed in appendix F. Once in 
the Hi tachi the data is bacl<projected onto the image plane. The back project ion process is fair ly 
s low requiring ---24s per projection. At present this poses few problems as large numbers of 
accumulat ions are required to provide suffic ient s ignal to noise ratios in the f ina l  image. The 
image data is stored in the upper 128kbytes or memory as a 256x256 image with 16 b i ts per data 
point. 

8 colours were considered to be insuffic ient for the signal to noise ratios expected ( 10-+20) and 
so the screen resolut ion was reduced to 320x200 so that 4 screen pixels could be used to 
represent each data point. To reduce image fl icker. pixels in the same column were set to the 
same colour whi le those in the same row were a l lowed to differ. With this restrict ion 36 
d ifferent colour combinat ions were possible of which 16 were chosen to form a scale which 
could be used to represent proton density (see. for example. f igure 9.2 ). The choice or colours 
was necessari ly arb itrary, but an attempt was made to provide a scale which ranged from dark to 
l ight. An al ternative scale was a lso produced so that image data could be displayed on a 
monochrome monitor (see f igure 8.39). 

Once obtained. images are stored on disk as two 64kbyte data f i les. Hardcopy may be obtained in 
the form or a dot matrix screen dump with Images displayed as an array or 2 13x256 dots in up to 
10 shades. as in f igure 9.20. or by directl y  photographing the screen. Sect ions through the image 
can be displayed so that s ignal to noise measurements and amp l itude data can be obta ined (see 
f igure 8.40). Software l ist ings or the rout ines used to generate these funct ions may be round in 
volume 2. 



F i gure 8.39 (top) Monochrome image of a sect ion through an Aral ia stem. 

f igure 8.40 (bottom) A hor izonta l  ampl itude prof i l e  taken through the " 10 tubes" 
image, f igure 9.13. (See sect ion 9. 1 for imaging deta i ls). 
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9 IMAGJNG EXPERJMENTS 

9.1 Proton density imaging 

Proton dens i ty  i mag ing is the simplest imagi ng technique and has a l ready been descr ibed i n  some 
deta i l  in  chapter 4 .  The pu lse sequence used to produce images which are func t ions of proton 
dens i ty  is  given in f igure 9. 1 .  

The short 2J1S gradient pu lses are used to prepare the Kepco power suppl ies so that gradient r ise  
t imes are  as  short as poss ib le. The  Gy and r f  pul se sequences sel ect ive l y  exci t e  a s l ice of sp i ns 
a long the y ax is. Data acquis i t ion is in i t iated w ith the appl icat ion of the x and z imagi ng 
grad ients and continues for a t ime T=N/ llf where N is the number of data p oi nts and llf the 
bandwidth. A l ternate experiments change the phase of the 90° pulse by 180° for coherent noise 
cancel lat ion purposes, wh i l e  every second pair of exper iments changes the l ocal osc i l l ator phase 
used in phase sens i t ive detect ion, thereby producing the quadrature s igna l .  After four such 
exper iments have been car r ied out (and the real and imaginary t ime domain s ig na ls  stored) the 
process is repeated unt i l  Nacc accumulat ions have been obtained. 

When the t ime domain data has been accumul ated it is  f i l tered to improve the frequency domain 
s igna l to noise rat io, and then mu l t i p l ied by a ramp in  preparat ion for backproject ion. A 
quadrature FFT is then performed, w i th the resul tant phased data 

(9.1) 

be ing transferred to the H i tachi for backproject ion and display. A preparatory exper iment is 
normal l y  performed before imaging begi ns which adjusts ex so that the phased data has a f l at 
base l ine. 

Once the f i l tered project ion has been transferred to the H i tachi p.c., new gradient parameters are 
transferred to the pu lse sequencer and the process is  r epeated for the next project ion ang l e  <P. 
The requ ired gradient va lues are generated by the H i tachi when the pu lse sequence is wr i t ten and 
are stored in the TI-980A memory throughout the exper iment. When <P has reached 90° the x 
gradient must be  reversed (this is done manua l ly a t  present) to a l low the second and th ir d  
quadrants of  I< space to be  mapped. 

lni t ia l  experiments were car ried out w it hout  the ass ist ance of a y gradient coi l  and so i t  was 
necessary to  physical l y  cut the sampl es to prevent i mage confusion due to  over l y ing structures. 
Because the sens i t iv ity  of the system was in i t ia l l y  rather poor, fair l y  thick s l ices were requ ired 
and so the resolution was l ow. P lant stems were therefore obvious imaging candi da tes as the ir  
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structure varies 1 i t t le  along the longi tudina l  axis. The imagirv;;J parameters and observed 
resolut ions for the images presented in this section are l i sted in table 9.1 

Table 9.1 Jmaging parameters 

Sample D.y llZmaK f bl Nacc t rep D.f resl2 res2 S/N3 

Hydrangea 9mm 6mm smot 9 20 Is 50kHz 250j!m 220}!m 50 
Parsnip 7mm 4.5mm smot 9 20 ls 50kHz 250j!m 220J..Im 4 0  

10mm tube 2mm 10mm smot 3 40 0 .5s 50kHz 330J.1m 200J..1m 50 
Rye grass 6mm 2mm 284Hz 50 0.4 20kHz 90j!m 50J..Im 55 

Wheat grain 2mm 3.5mm 384Hz 24 0.5 50kHz 180jim 60j!m 38 
Ara l ia 1 . 1mm 2.4mm 300Hz 24 0 .5s 20kHz 120j!m 52jim 32 
2 tubes l.5mm 3.2mm 156Hz 60 0.2s 20kHz 140J.1m 47j!m 38 

10 tubes 1.5mm 1.3mm 350Hz 60 0 .2s 20kHz 45j.tm 36jim 34 
A. Tenium 1.5mm lmm 350Hz 24 0 .5s 20kHz 45j!m 35j!m 38 

Notes 

1 )  The f irst 4 images were obtained before the zero f requency g l itch problem was solved (see 
sect ion 8.13) and so, rather than apply ing an eKponential window, a smoothing routi ne was 
used on the spectral prof i l e  data. Smot 9 means that 4 points on e i ther s ide of each data 
point are averaged; an equivalent exponentia l  broadening would be around 1.7kHz in this case. 
The rye grass image used a combinat ion of exponential broadening and smoothi ng  to reduce the 
size of the zero frequency g l i tch; smot=3 in this instance (th\2 quot\2d f igur\2 is th\2 total 
broad\2ning). 

2) Resolut ion was measured from a cross sect ion of the image data. The rate at which the 
s ignal dropped away at the edge of the image was used as a measure of the resolut ion. Th is  
resul t  wi l l  tend to be l arger than the calculated resolut ion (res2), which is  based on the 
appl ied broadening and uses th\2 Ray le igh cr iterion, because of the non-discont inuous changes 
in proton dens i ty at the edge of the sample. 

3) The s i gnal to  noise ratio is  measured from the cross section data and is  defined as peak 
s ignal height/rms nois\2 l evel. The rms noise level is approximated as peak-to-peak 
noisef5120J. 

F igure 9.2 is a l ight m icrograph of a section through an Hydrangea stem. This p lant is a dicot 
which means that the vascular bundles are spread around the periphery of the stem (al though thei r  
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presence is not obvious from this photograph). The central region is composed chief l y  of 
col l enchyma t issue which contains large quant it ies of ce l lu lose. The corresponding NMR image, 
f igure 9.3, shows a marked contrast between the outer regions of the stem, which were green 
and moist in the original plant, presumably containing the vascul ar bundl es. and the central pulpy 
region which was quite dry. This i l lustrates the important point that only hydrogen nucle i  which 
are not signif icant l y  bound to surfaces. or attached to r igid macromolecules. w i l l  produce 
narrow NMR spectral l ines suitab le  for imaging purposes. The water protons in the vascul ar 
bund l es fa l l  into this category. The spectral l ines from nucle i  which are f ixed and unable to move 
relat ive to one another. such as those in the cel lu lose of the col lenchyma t issue. w i l l  be 
signif icantly broadened due to dipolar interact ions between ne ighbour ing nucle i. These signals 
w i l l  go undetected by the imaging system due to Its l im ited bandwidth and so this region of the 
p lant appears b lack. 

The second micrograph, f igure 9.4. is of a thin sect ion through a parsnip stem. This p l ant is 
c l ear ly a monocot ( i.e. vascul ar bundles d istr ibuted throughout the stem) and again the 
surrounding col l enchyma t issue is quite prominent. The vascu lar bundles are quite obvious in the 
corresponding NMR image, f igure 9.5, as regions of h igh intens i ty indicat ing high leve ls  of mob i l e  
hydrogen nucl ei , probabl y  in the form of water. Because of the thick sl ices used in these 
exper iments individual cel ls are not v isible. In fact the l argest cel l u l ar structure in these 
m icrographs is about 50Jlm in d iameter, which is l ess than the transverse resolut ion app l icable in 
this exper iment. 

The next micrograph, f igure 9.6. is of a thin sect ion through a rye grass stem. Again the vascular 
bund l es are obvious as is the surrounding col lenchyma t issue. The rye grass stem used in the 
imaging experiment. f igure 9.7. was different from that shown in f igure 9.5. This sect ion was 
taken from higher up in the stem. The dry outer sheath of the grass is visible as a region of 
l ower intensity whi l e  only 3 vascu lar bundles are visible. It has been suggested that this m ight 
ref lect the tr igonal leaf structure of this p lant, other non-active bundl es being invis ib l e. 
However more samples would need to be studied before a definit ive statement cou ld be made. 
The rye grass stem was left standing in a weak copper sulphate solut ion prior to imaging to 
reduce T 1• thereby a l lowing a reduct ion In the repet i t ion t ime trep· 

The next image, f igure 9.8, is of water i n  a IOmm diameter f lat bottomed sampl e  tube. The water 
just covers the bottom of tube and the image exhibits a meniscus effect w i th the water around 
the edges of the tube some 2mm deep whi l e  that at the centre is somewhat l ess than lmm. The 
s l ight irregu l ar i ty in the shape of this image suggests a non-uniformi ty  in the x and/ or z 
gradients. 

The removal of the zero frequency g l i tch, described in sect ion 8.13, enabl ed exponentia l  f i l ter ing 
to be used. Addi ti onal SIN improvements were a lso obtained by replacing the rf preampl i f ier and 
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F igure 9.6 (top) L i ght m icrograph of a thin section through a rye grass s tem. 

F igure 9.7 (bottom) The NMR image of a 6mm s l ice through a rye grass stem which 
was 2mm in d iameter. The part icu lar s l ice imaged was d i ff erent from that used to 
obta in the I ight m icrograph hav ing had a hole in the centre and be ing surrounded by a 
dry outer sheath (the purp le  and b l ue regions in the image). 
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F igure 9.8 (top) The NMR image of water in a f l at bottomed. !Omm d iameter. NMR 
tube. The water has formed a meniscus which is c l ear ly v is ib le  in the image. Note 
the non-c ircul ar nature of the image - poss ib ly  caused by gradient nonl inear i t ies. 

F igure 9.9 (centre) The NMR image of a 2mm transverse sect ion through a 3.5mm 
w ide wheat grain. No base l ine correct ion has been appl ied to th is image and so 
background noise is v is ib le. 

F igure 9. 10  (bottom) The major anatomical features of the wheat grain. 
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associated c ircu i try  w i th the improved apparatus descr ibed in sect ion 8.2. The fol lowing images 
are representat ive of those obtained after these modi ficat ions had been made. 

F igure 9.9 is an image of a 2mm transverse s l ice taken through a wheat grain. F igure 9. 1 0  is  a 
d iagram showing the major anatomical deta i l s  w i thin the gra in. The vascul ar bundl es aga in  stand 
out as regions of h igh proton dens i ty  as does the thin a leurone l ayer cover ing the grain, whi le  the 
starchy endosperm t issue has an intermediate dens i ty. 

F ur ther resolu t ion enhancements were obtained by reducing the s ize of the rf coi l  from 12 to 
5.6mm. At this s tage e lectronic s l ice select ion, as opposed in  physica l  s l ice selection. was 
achieved. a l l ow ing intact specimens to be imaged in a non- invasive fash ion. The fol low ing 
images were obtained us ing the sma l l  rf coi l  and the s l ice se lection procedure d iscussed in 
sect ion 3.2. apart from the Ara l i a  stem, which was cut. 

F igure 9.1 1 is an image of a thin sect ion through an Aral ia stem. This was the thinnest sect ion 
used in these exper iments and shows the i ncreased amount of deta i l  which becomes vis ib le as the 
s l ice thickness is reduced. Vascu lar bundles with d iameters ranging from 100  to 600.J.1m are again 
clear l y  d ifferent iated. 

To obta in f igure 9 . 12  a 1mm i.d. pasteur p ipette was p l aced inside a 3.2mm i .d. NMR tube and then 
immersed in doped water. Severa l  features are notable - the l ow f i l ter constant (c lose to 
optimal )  resu l ted in an essent i a l l y  uniform proton dens i ty, except for some art i facts which seem 
to be caused by gradient non-orthogonal i ty. A minor software error in the backproject ion 
rout ine which has s ince been corrected may a lso have contr ibuted to th is e ffect. 

Ten g lass cap i l l ary tubes were drawn under a name. f i l l ed wi th  doped water. the ends sealed. and 
were then mounted in two groups or 5 e i ther s ide of a sheet of paper of th ickness 80J1m. The 
resul tant image. d ispl ayed in  f igure 9.13 again shows art ifacts due to gradient non­
orthogonal i ty. and the large app l ied broadening which has resul ted in a non-uniform intensity 
across the tubes. Desp ite these prob lems the tubes. which have interna l d iameters ranging from 
130 to 280Jlm. are c lear ly  d i fferent iated. 

A m icrograph of a sect ion through the stem of A lyssum Tenium is shown in f igure 9.14. An NMR 
image through a s im i l ar stem. f igure 9. 15. shows remarkable s im i l ar i t ies w i th the two r ings of 
vascu l ar bundl es. ranging in w idth from 50 to 130jlm. being prominent l y  d isp layed. 

Having obtained proton densi ty  images. it is of i nterest to see how the observed resolut ion 
compares w ith the expected resolut ion as determined by equation 6.63. The imaging technique 
used in these experiments d i ffers si ight l y  from that descr ibed in section 6.5 in that only ha l f  or 1< 
space is sampled. Because of this the s ignal amp l itude in image space w i l l  be ha lved. The noise 



F i gure 9.11  (top) The NMR image of a l . lmm transverse sect ion through an ara l ia 
stem which was 2.4mm in d iameter. The vascular bundles are v is ib le  as regions of 
high intensi ty. 

F igure 9. 1 2  (centre) The NMR image of doped water in a 3.2mm Ld. g lass tube. The 
stem of a l mm Pasteur p ipette has been introduced to h igh I ight the image 
distort ions caused by grad ient nonl inear i t ies and inaccurate bacl<project ion. 

F igure 9.13 (!Jottom) The NMR image of doped water in 1 0  cap i l l ary tubes which 
ranged from 130 to 280J.!m in d iameter. Sel ect ive exc itat ion was used to ensure that 
only a 1.5mm s l ice of sp ins were st imu lated. 
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F igure 9.14 (top) L ight micrograph of a th in sect ion through the stem of  A lyssum 
Tenium. 

F igure 9.15 (bottom) The NMR image of a 1.5mm (st imulated) transverse s l ice 
through a J mm d iameter Alyssum Tenium stem. Note the two r ings of vascu lar 
bund l es which have been c lear ly  d i fferent iated. 
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l eve l  w i l l  a l so be  a l tered. I f  equat ion 6.50 i s  re-eval uated for n=O-+N rather than for -N/2-+N/2 
we f ind the noise l evel is decreased by a factor of 1//2. The overa l l  SIN therefore decreases by 
a factor of 2-v2. A number of the parameters in  equat ion 6.63 have a lso been a l tered. In the 1 0  
tube i mage the number o f  compl ex accumulat ions has increased from 8 t o  60, the observed s ignal 
to noise i s  34 not 40  and 90 rather than 256 project ions are performed. The short T 2 of the 
CuS04 doped sampl e  (5.8ms) resu l ted in a signif icant attenuat ion in the observed s ignaL The 
de lay between init ial exc i tation and app l icat ion of the imag ing gradients was 6ms. Th is resul ted 
in an attenuat ion of exp( -6/5.8) ::: 0.355. The se lective pulse used to exc ite the nucl e i  was not 
lOO% eff ic ient - not a l l  spins were exci ted by go<�. A s ignal to noise exper iment conducted us ing 
a se lective pulse showed an effic iency of "-'68% when compared w i th a non-se lect ive pu lse. Wi th 
a l l  these factors combined we f ind a net resolut ion of 

b.Xrew = b.Xold (8/60)1/4 (34/40)1/2 (2)1/4 (0.355)-1/2 (256/90)1/4 (0.68)-1/2 

::: b.XoJd X 1.75 . (9.2) 

Using the resu l t  in  column A of T ab le  6.2 for T 2 = 5ms we f ind an expected resolut ion of 16.9 x 
1 .75 = 29.6J1m. Note that this i s  the resol ut ion using opt imal broadening. F rom equat ion 6.62 we 
see th is corresponds to a 9.3kHz B.W. and an app l ied broadening of 53Hz. In this part icular 
exper iment a 350Hz broadening was used to improve the S/N. As a f irst approximation we m ight  
expect a decrease in  resolut ion of ( 106/403) = 0.26. A more deta i l ed ana lysis ,  obtained by 
s imulat ing the effect on a computer shows a resolut ion drop of "'114.5 - points are resolved  
when 2 p ixe l s  apart if  the opt imum f i l ter i s  used and 9 apart w ith the 350Hz f i l ter. The effect of 
adding the f i lter i s  to improve the (350/53)3/2 (obta ined using equat ion 6.58, 
modi f ied for n=O-+N), wh i le  the increase in bandwidth from 9.3 to 20kHz resul ts in a r educt ion of 
(9.3/20)1/2 = 0.68 in  s ignal to noise. Combining these factors we obtain a f inal resolut ion of 

b.xrew = 29.6J1m x (53/350)3/4 (20/9.3)1/4 4 .5 

= 39J1m (9.3) 

c lose to the observed value or 36).1m. 

9.2 ourusiQn CQotrast lmaglng 

A knowledge of molecular self  diffusion coeff ic ients enabl es one to direct l y  probe dynamica l  
processes w i thin a system. Pulsed gradient, spin echo NMR (PGSE NMR) is one of on ly  a few 
techniques which a l l ow non- invasive measurement of molecu lar d iffusion in systems undergoing 
Brownian motion. The technique makes measurements on the t ime scale of tens of m i l l iseconds 
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and al lows se lf  diffusion coefficents as low as 1 Q -14 m2s-1 to be measured. Th is  corresponds to 
displacements of around IOOnm. 

The pulse sequence used to perform PGSE NMR is g iven in f igure 9. 16. The 90 and 180° pu lses 
produce a conventional spin echo, the 180° pu lse reversing the dephasing of the magnetic 
moments caused by inhomogenei t ies in the main f ie ld. The addi t ion of the two gradient pu lses 
cause an a ttenuat ion in the echo if the nucle i  have moved in the t ime f.l. This ar ise s  because 
rephasing occurs in a different magnet ic environment and so is incompl ete. The attenuat ion of  
the echo may be  related to the se lf  d iffus ion coefficients of the nucle i ,  and therefore to the 
molecules they are part of, by us ing the Stejska l-Tanner equat ion134l (see appendix G) 

(9.4) 

where D is the self diffusion coeffic ient and G the appl ied gradient magnitude. By performing a 
number of experiments with d ifferent va lues of G (or tl) it is therefore possib le to obtain a va lue 
for the sel f  diffusion coefficient D. When D is known. as is the case with waterl351, th is 
technique may be used to cal ibrate the appl ied gradient. This has been done for t he x and z 
imaging gradients. The resu l ts are p lotted in f igur12 9.17. Th12 y gradient must b12 measured using 
a diff12r12nt t12chniqu12 (descr ibl2d in s12ct ion 8.8) as i t  produces insuffic il2nt echo a tt12nuat ion. 

In a conventional PGSE NMR exp12riment the diffusion of a bulk  sample  is measured. lt is impl ic i ty 
assumed that the diffus ion coefficient is constant throughout the sample. When dea l ing with 
natural l y  occuring samples, such as p l ant stems, th is  is no longer the case as the var iety of 
phys ical and chemical environments with in the sample  l ead to a range of diffusion coefficients. 
Norma l l y  it would  be necessary to n�move the region of interest and study i t  separate ly. This is 
necessar i l y  a rather invas ive tl2chique and so as an a l ternative we can perform an  imaging 
exper iment on the magnet izat ion in the samp le  at thl2 t ime 2-z; (figure 9. 18a), thereby obtaining a 
2-D distr ibution of attenuations which can be d irect ly  related to the spatial ly dependent se l f  
d iffusion coefficient function D(x,z). 

In its simp lest form, such an exper iment would require obtaining a number of images w i th 
d ifferent values of G and then calculat ing D(x,z) from the attenuation data. F igures 9.19, 9.20,  
9 .21  and tab le  9.2 i l l ustrate the resul ts of such an experiment performed on cut s l ices of wheat 
grain l .25mm th ick. Selective exc itat ion wasn't ava i lable at the t ime this exper iment was 
carried out, a l though the pulse sequence in f igure 9.18b cou ld  now be used. Diffusion was 
measured a long the grain's long itudinal ax is, in order to make a compar ison wi th data obtained 
using radioactive tracer methodsC36l S ince the y gradient cannot be used as a d iffusion sensing 
gradient (because of i ts l im i ted magnitude) it was necessary to mount the grain s l ice vertica l l y  
as  shown in f igure 9 . 22  and use the z gradient. This meant using the Gy gradient as  one of  the 
imaging gradients. The rather odd image shape (when compared to that in f igure 9.9) is a 
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b e e n  u s e d  with  t h e  8bove  8 ttenuet i on dote  end  equot i o n  9 .4 t o  o b ta i n  8 v a l u e  
for  the  8 p p l  l ed gradi e n t  o f  ( 23 .  7 4 ± 0.06 ) G cm-1 A -l . 
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F igure 9.19 The NMR image of a transverse sect ion through a wheat grain 
i l lustrat ing the inf luence of the pulsed gradient sequence g iven in f igure 9.18a. As 
the magnitude of the gradient pu lses  are increased, the spin echo ampl i tude 
decreases at a rate determined by the local water d iffus ion rate. z gradient current 
values are, from top to bottom, a) 3A2 ; b) 6A2 ; c) 12A2 ; d) t8A2. 
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consequence of imaging with this rather non- l inear gradient. D i f f icu l t ies were a lso encountered 
because of the long r ise t ime of this gradient. This was a l l eviated to some extent by using a 
10kHz bandwidth wi th a consequent 100JlS sampl ing interval .  Despite the narrower bandwidth i t  
was st i l l  necessary to switch Gy on 50JlS before GH  in order to mimimize phase d istort ion in the 
f i l tered prof i l e. 

Even w ith the enhanced s ignal to noise ratio obtained by working w i th a reduced bandwith it was 
st i l l necessary to image for an hour to offset the insensi t iv i ty of  the IOmm rf coi l  used at  the 
t ime. The total exper iment was therefore rather l ong, tak ing 4-5 hours to obtain suff ic ient data 
from which to calculate diffusion coeff ic ients. The long imaging period proved to be a probl em 
as the cut sample  invar iab ly  changed shape (due to dehydrat ion), l ead ing to anomalous d if fusion 
coeff icients in regions of  sma l l  area, such as the vascul ar bundles. This effect was reduced by 
p lac ing a sma l l  piece of cotton wool, saturated wi th water, above the samp le  to keep it moist for 
the durat ion of the exper iment. 

C lear ly improvements would  be seen if a l arger, more l inear, y gradient were ava i l ab l e  and if the 
Smm rf coi l  were used. Desp ite the l im i tat ions of these G!Xper iments the resu l ts shown in tab le  
9 .2  are  consistent w ith the average of 6 to 7x JO-IOm2s-l obtained by other methodsl37) and 
ind icate the potent ia l  of this technique for the invest igat ion of spatial ly dependent self  d iffusion 
coeff ic ients. 

Table 9.2 local ized water self-diffusion within the wheat grain 

Region1 

2 
3 
4 
5 
6 
7 

ldent i f ication2 

Dorsal endosperm 
Cheek endosperm 

Ventra l  endosperm 
Vascular bund le + cha l aza 

Nuce l lar project ion 
Endosperm cavity 

Aleurone l ayer + testa + per icarp3 

o ( 10-10 m2 s-1 ) 

5±3 
7.0±0 .5 

7±1  
10. 1±0.5 

5±2 
10.6±0.8 

9±3 
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Notes 

I ) See f igure 9.20. 

2) The endosperm (regions 1 . 2 and 3) Is the organ In which starch is  deposi ted; at this stage 
of development starch compr ises about 80.% of the wheat grain's dry weight. The outer layer 
of the endosperm (the a leurone l ayer). the seed coat (testa) and the wal l of the fruit (per icarp) 
are not resolved and together correspond to region 7. Long i tudinal transport of water and 
solut ions of nutr ients is provided by the xylem and phloem vesse ls  in vascular bundles 
scattered through region 4. Nutr ients travel from the vascular bundles into the endosperm v ia 
the chalaza and nucel lar project ion (region 5) and through a l iquid f i l l ed cavity occupying part 
of reg ion 5. 

3) The data corresponding to region 7 i s  subject  to errors associated with defining a 
consistent region c lose to the image boundary. 

9.3 Bestrictea diffusiQn 

When the motion of  a molecu le is restr icted by the presence of some sol id barrier, such as a cel l  
wal l .  equat ion 9.4 no l onger holds. As the t ime scale of the experiment i s  increased the ln(A/ A0) 
vs b. p lot  wi l l become non-l inear. A simple exampl e  of th is effect may be seen in f igure 9.23 
which shows rest icted d iffusion in a parsnip s tem. As b. i s  increased a fairly even attenuat ion is 
seen across the image, but when b. becomes l arge the attenuat ion of the echo s ignal in the 
regions around t he edge or the stem exceeds that in the rest of the image. i t  i s  c lear from th is  
data that  the water in the central vascular bundles Is suffering restricted d iffusion when b. i s  
greater than ""5ms. Us ing the E instein relat ionsh ip (equat ion G.l l ) and a diffusion coeff ic ient of  
"' to-9m2s-1 i t  may be  deduced that the watBr mol�tcules giving r isB to  these s igna ls  are trapped 
wi th in structures of ""5Jlm in diameter. Measurements of restricted d iffusion thereforB a l low an 
indirect probe of structure an order of magnitude smal ler than those direct l y  vis ib le us ing the 
imag ing process. 

9.4 Relaxation contrast imaging 

Aside from proton density and d iffus ion coeff ic ients there are a variety of  other parameters 
which can be imaged using the NMR technique. Of par ticu lar interest in the medical f ie l d  are 
those images which contain relaxat ion informat ion. Qui te  often images which have l it t l e  
contrast in straight sp in  dens i ty show considerable detai l  when sp in  relaxat ion is  used as an  
imag ing parameter. In i ts simplest for m relaxation contrast may be obtained by  using a long 



F igure 9.23 A ser ies of images showing the effects of restr icted diffusion in the 
parsnip s tem. PGSE parameters are, from top to bottom a) l:1=2ms, S=Oms ; b) 
6=2ms, S= lms ; c) l:1=8ms, S= lms. Note the m inimal attenuat ion in the central 
vascular bundles which occurs as 6 is increased. If we assume that the diffusion 
coeff ic ients of the water in these vascul ar bundles is s im i lar to those around the 
per iphery then this impl ies that spins in this region have their mot ion restricted. 
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del ay between the se lect ive 90° pu lse and the refocussing 180° pu lse. Those parts of the image 
with short spin-spin re laxat ion t imes w i l l  be attenuated with respect to those with l onger T 2 
values (see f igure 9.24 for an exampl e  of this technique). More quant i tat ive resul ts may be 
obtained Dy performing a series of exper iments. in a manner ak in to that used in d iffus ion 
contrast imag ing. from which the attenuat ion data may De used to determine T 2 as a funct ion of 
posit ion. 

T 1 contrast may be obtained by reducing the experiment repet i t ion t ime so that those areas with 
long re laxation t imes w i l l  be se lective l y  attenuated. More quant itative data may be obtained by 
performing a convent iona l 180° I H - 7: - 90° I " inversion recovery pu lse sequence and imaging 
after the 90° pu lse (see f igure 9.25). However, both pulses wou ld  have to be spat ial ly se lective 
if s l ice se lect ion was des ired. The re laxation t ime coul d  again be obtained by anal ys ing 
a ttenuat ions as a function of 7: and pos i t ion. 



F igure 9.24 (top) The spin echo image (t'=2ms) of a cube of eraser rubber with a 
2mm hole dr i l led through the centre. (bottom) A repeat of the above exper iment but 
wi th the hole f i l led with water. The water produces a more intense s ignal because 
of i ts l onger spin-spin re laxation t ime. 
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Rf 

lmaging gradients 

� Sample 
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���-1 8_0_0 '-x

--------���-9-if-l x--------------------

F i gure 9 . 2 5  T 1  contrest i me g i n g  p u l s e  sequence  
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10 PROPOSED IMA6IN6 EXPERIMENTS 

10.1 F low jmaging 

Of interest in the microscopic regime is the possib i l i ty of imaging bulk  f lu id f low. This could 
g ive valuable information concerning transport processes in plants, which at present can only be 
studied by means of rad ioact ive labe l l ing techniques. The potent ial of h igh spat ial resolution 
combined with completely non- invasive measurement provides a strong incentive for the 
devel opment this technique. 

In its most straightforward implementat ion. NMR f low imaging would observe the motion of 
protons - usual ly those in water. More complex exper iments which would al low one to 
se lectively observe the motion of part icular molecular species can also be envisaged using 
excitat ion techniques discussed in the next sect ion. 

The f irst treatment of f low us ing PGSE NMR techniques was due to Stejskal138l who extended the 
treatment of diffusion measurement to include effects due to bul k  transport of matter. The 
evolut ion of the se l f  correlat ion function139l Ps(r0 I r.t) under diffusion and f low is given by 

8Psf8t = \7.0. 'VP5 - 'V.v P5 . ( 10. 1) 

The f irst term is a more general case of equation 9.4 and i ncludes the possib i l i ty of non­
isotropic diffusion. D is the diffusion tensor and has components D 1J which take account of 
diffusion along the i axis due to gradients in P5 along the j axis. The second term is simply an 
expression of the cont inuity equat ion for f luid f low and g ives the probabi l i ty per unit t ime that a 
nucleus wi l l  pass through unit volume. 

For the case of uniform, constant dif fus ion and a spat ial l y  uniform. but t ime dependent flow. 
equat ion 10. 1 has the fol lowing sol ut ion138J 

Ps(r0 I r,t) = (64rr3 D"" Dyy Ozz t3) -1/2 

x exp{(x-x0-SH)2/4DHH - (y-y0-Sy)2/4Dyy - (z-z0-Sz)2/40zz} ( 10.2) 

where SH , Sy , and Sz are the components of the f lu id displacement vector S. Substitut ing into 
equat ion G.7 Stejskal obtains, in the narrow gradient pulse approximation 

R(G,6,S) = exp{ - ?f2S2 6.0.6 6 - j?fS6.V6 ) 
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= exp( - o2&2 G.D.G t. } (cosC�&G.vt.) - jsin(o&G.vt.) }. ( 10.3) 

It can be seen that in add i t ion to the rea l attenuation (which for isotropic diffusion is ident ical 
to equat ion 9.4) we also have a complex osc i l latory term which depends on the nuclear ve loci ty. 

Since the s igna l is a complex quant ity the observed echo amp l i tude w i l l  be 

( 10.4) 

For a correct ly  phased spectrometer and a 90° I x - 1: - 180° I y spin echo, Mx wi l l  be zero and so 
our signal wi l l  have the peak va lue 

� = Muexp{ - o2&2 G.D.G t. } { cos(o&G.vt.) - js in(o&G.vt.) } 

The echo ampl itude should  therefore look something l ike f igure 1 0. 1 when plotted against t.. It 
is c lear from equation 10.5 that if diffusion produces a signif icant attenuat ion then a ser ies of 
exper iments which vary t. rather than G wi l l  provide a more accurate assessment of v. 

A f low imaging experiment would work along the same l ines as that used in the d iffusion work, 
except that more exper iments would have to be performed to unambiguousl y  determine the f low 
velocity, due to the s inusoidal nature of the attenuation funct ion. The most accurate way of 
determining the magnitude of v would  be to Four ier transform the attenuation funct ion with 
respect to t.. A peak would then be observed at the frequency o&G.v/2rr with a broadening 
determ ined by the se l f  diffusive mot ion. 

A l l  the imaging techniques described so far (re laxation, d iffusion and f low) require that a number 
of images be produced from which the required data can be extracted. Due to memory 1 imitat ion 
in the graphics computer it is current l y  necessary to do this extract ion by hand. C lear l y  it would 
be more efficient if an image of the appropriate parameter could be produced in one exper iment. 

10.2 Chemical shift imaging 

I t  was ment ioned in chapter I that the resonant frequency of a nucleus is modif ied by its l oca l  
chemica l environment. The spectra from even moderately complex molecules contain a wea l th of 
information which can give insights into the overal l e lectronic configuration of a molecule. On a 
more mundane level chemical shif t  information can be used as a »finger print• for identi f ication 
purposes. 
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Normal spectroscopy obtains the data from the bu lk  sample - no spatial di fferent iation is 
obtained. An imaging technique which could produce spectroscopic data as a funct ion of posit ion 
would be very useful . A var iety of methods have been suggested, and a few demonstrated, which 
would  a l low chemical shift information to be imaged. They fa l l  into three catagor ies . In the 
f irst. termed select ive volume excitat ion spectroscopy140l, a sma l l  volume within the sample  is 
se lect ively exc ited. The subsequent nuc lear signal is observed in the absence of a gradient and so 
can be used to obta in h igh resolut ion spectra. Al though not rea l l y  an imag ing technique in the 
norma l  sense it does have the advantage that sophisticated data ana lysis is unecessary and 
resu l ts can be obtained rapid ly. 

The second technique - often cal l ed four dimensiona l imaging, is due to Ha l l  et a l .  14 1l, and uses 
the pu lse sequence in f igure 10.2. Dur ing the experiment the gradients are adjusted so as to 
sample a latt ice of points in k space. Each experiment produces a free induct ion decay. for t imes 
greater than t', which can be Fourier transformed to produce a h igh resolut ion spectrum. The 
signa l obta ined has the form (for t)r) 

�(t, G) = Jp(r) exp(-oG.r t)f;(v,r) exp(- j2rrvt) dv dV 
V -oo 

( 10.6) 

where g(v,r) is the spectral prof i l e  for the free induction decay produced by the molecules at 
point r and G is the net gradient vector app l ied during the t ime o�r. 

The f irst step in reconstruct ion is to Fourier transform this s ignal with respect to t to obtain 

�(v,G) � !:(r) exp(-1!G.r t) g(v,r) dV. ( 10 .7) 

When k space has been completely sampled, data with constant frequency offsets v can be Fourier 
transformed with respect to r to obtain 

�( v, r) = p(r) g( v.r) ( 10.8) 

whi ch is the desired funct ion. The disadvantage of this technique is the t ime required to obta in 
the data and the amount of memory space required to store it .  A 128 x128 image wi th 128 points 
in the frequency domain per posit ional coordinate would require 1283 words of memory and 
several hours of data accumulat ion t ime141l (at the very least). 
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Rf 

S i gnal 

� Sample 

T 

L Select a point in k spac• _l__ Obtain high resolution fid ---------' 

F i g u re 1 0. 2  4-D chemical  shi ft i meg i ng  pu lse  sequence used  by  He l l .  
I f  on l y 2-D speti e l  i nformation i s  requi red G y  can  be used t o  sel ect i vel y 
e><c i t e  e s l i ce of sp i ns  i n  the usual manner. 
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The third technique. frequency sel ect ive excitation. is attract ive when different iation of only a 
few spectral l ines is requ ired (typica l l y  the case in medical imaging). Selective excitat ion is 
achieved by the appl icat ion of a broad ( "soft ") 90° pu lse at the resonant frequency of the l ine of 
interest. various. rather compl icated pulse schemes. such as STEAM142l. have been invented to 
a l l ow simul taneous si ice and frequency se lect ion. One advantage of these techniques is that data 
from more than one spectral prof i l e  can be obta ined in a singl e  repet i t ion t ime since different 
nuc le i  are being stimulated in each case. 

A l ternatively one can perform sel ect ive saturat ion exper iments143l in which certain spectral 
1 ines are excited with a soft 90° pu lse and then al lowed to dephase. The l ine of interest is left 
unaffected by th is process (see f igure 10.3). Th is technique can only look at one I ine at a t ime 
s ince it is necessary to wait t imes of order T1 to a l low the saturated spins in re-equi l l ibrate. 

10.3 lmaging of the self correlation function P5{r.r0l 
In many complex molecu lar systems i t  would be of interest to direct l y  measure the funct ion 
P.j..r I r0,L�) - part icu lary in those cases where it is suspected that Gaussian statist ics can no 
longer be assumed, e.g. when a part ic le is undergoing restr icted diffusion. We see from equat ion 
G.7 that the attenuation of the PGSE is g iven by the Four ier transform of P5 . To obtain P5 we 
therefore need to sample k space so as to obtain an attenuat ion R(G,&,6) =R( k ,6) for each point. 
A two dimensional Four ier transform can then be appl ied to produce P.j..r I r0,6). Since only one 
point in k space is determ ined per exper iment it would be necessary to l imi t  the number of points 
in the f ina l  image to perhaps 322. 

By vary ing t::. between successive exper iments it would be possib l e  to see P5 deve lop with t ime. 
For example, if our samp le  consisted of a thin f i lm of water between two l amel lar boundar ies, 
we would expect a narrow Gaussian for short t imes 6, which became progress ive l y  broader as 1:::. 
was increased. As 6 became very large the sides would f latten and for 6�oo we would have a 
tr iangul ar funct ion. 

The advantage of this sort of exper iment over the normal method descr ibed in sect ion 9.2 is that 
it g ives a two dimensional picture of the diffusion process and so is not l im i ted by assumpt ions 
made concerning the stat istics of the molecu lar mot ion. 
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R f  

: ...................................................................................................... .l �--·····-····························································································································.1 
Selective saturation Conventional FBP imaging experiment with slice selection 

F i g u re 1 0 . 3  A mod i f i ca t i on of Axel and Dougherty·s sel ect i ve s a t urat i on e x p eri ment 
w h i c h  perfo rms chemi ca l  s h i f t  i m a g i n g  u s i n g  FBP.  The comp o s i t e  se l e c t i ve  s a tura t i on 
p u l s e  l e a v e s  t h e  s p i n s  produc ing  the desi red spectral  l i ne unaffected whi l st t i p p i ng e l l  
o thers through 90� B y  t h e  t i me t h e  i me g i n g  experi ment  start s  t h e  magnet i z a t i o n  due to 
these spi n s  wi l l  have compl ete ly  dephased and so onl y those  nuc l e i  re s o na t i ng at  the 
d e s i red frequency  wi l l  be  i meged. 
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11 SUMMARY AND CONCLUSIONS 

This work has described the modif ication of a commercial NMR spectrometer to perform high 
spatial resolut ion NMR imaging on samples smal ler than IOmm. Voxel resolutions of around 
120 Jlm have been reported whi le  theoretical calculations ind icate that this could De reduced to 
"'50 pm in the ideal case. 

An analysis of the two most commonly used imaging techniques show that f i l tered back 
projection is more sensitive than Fourier zeugmatography, particulary when deal ing with samples 
having short T 2 values. 

A fundamental l imi tation to the resolution is the avai lable signal to noise rat io. Beyond 
optimizing the detect ion system. this can only be improved by employing higher Larmor 
frequencies. The present work was performed on a 60MHz ( l.4T magnet) apparatus and when f irst 
reported1441 (see appendix I) in June 1986. represented an improvement of a factor of 5 over 
previously publ ished voxel resolut ionsl51. In July 1986 Aguayo et al .1451 reported a voxel 
resolution of 30Jlm obtained using a 400MHz machine. 

Despite the l imitat ions of the magnetic f ie ld. the present work has establ ished the potent ial of 
NMR microscopy and quant if ied the factors which determine resolut ion. The demonstrat ion of 
d iffusion contrast microscopy is novel and i l l ustrates the potential of NMR microscopy, even at 
low fields. in the measurment of local molecular dynamics. The wheat grain study has clear ly 
demonstrated the appl ication of the method in plant physiology. The potent ial of the technique 
to measure both diffusion and f low of water and nutr ients in intact plant t issue is apparent. 
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APPENDIX A 

A Bunge-Kutta algorithm ror solving the Bloch equations 

We need an a lgori thm which can solve the coupled part ial different ial equations 

8M11 /8t = ?f{MyBz - MzBy} - M11 /T 2 
8My 18t = ?f{MzB11 - M11 Bz} - My/T 2 
8M2/ot = ?f {M11 By - My B11} - (Mz - Mo)/T 1 
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(A. I) 

using numerical t echniques. Given an init ial magnetizat ion vector M at t ime t we wish to 
determine i ts magnitude and direct ion at t ime t+l::.t. This process may then be iterat ively appl ied 
to determine the function M(t) for a l l  t imes of interest. 

The procedure on which the fol lowing program is based is the fourth order Runge-Kutta a lgor ithm 
which is norma l l y  presented in the fol lowing form: 

G iven an ini t ia l  value problem y' = f(x,y) , y(x0) = y0 f ind y for x)x0. Given the ini t ia l  value Yn we 
calculate the four aux i l i ary quant it ies An. Bn. Cn. Dn to f ind the new val ue Yn+1 , where 

and 

An = h f(xn.Y n) 
Bn = h f(Xn + 0 .5h, Yn + 0.5 An) 
Cn = h f(Xn + 0 .5h, Yn + 0.5 Bn) 
Dn = h f(Xn + h, Yn + Cn) 

Yn+1 = Yn + (An + 2Bn + 2Cn + Dn)/6 

(A.2) 

Yn+l is then an approximation of y(xn+1 ) where xn+1 = x0 + (n+ l)h. This a lgorithm can be modified 
to solve equat ion A.l by noting that A.l has the form 8Mj /8t = fi (M11 ,My .M z). A.2 therefore 
becomes 

and 

An = h fi (M11 ,My .M z) 
Bin = h fi (M11 + 0.5A11n . My + 0.5A!Tl, Mz + 0.5Az� 
C1n = h f 1 (M11 + 0.5B11n . My + 0.5B!Tl, Mz + 0.5Bz� 
Din = h fi (M11 + C11n . My + Cyn. Mz + Cz� 

Mi(n+1) = Mi(n) + (Ain + 2Bin + 2Cin +Di,.J/5 

(A.3) 
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where i can be x. y or z and h is the step interval for time t I.e. t""1 = t0 + (n+ l )h. 
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Table A.1 is a l ist ing of this  a lgori thm which has been coded in BASIC. This part icular version 
determines the response to a 90° rf pulse. L ine 280 init ia l ises the magnet izat ion components to 
their equ i l ibrium values whi l e  l ine 290 sets the Bx (B1) f ie ld to a value which g ives a 20J.1S 90° 
pulse. Line 300 sets T1 = 1s, T 2=80Jls and h, the time step, to 1J.1S. The main program, l ines 
310�410 calculates the new values of Mx. My and Mz for each step in t ime by cal l ing the Runge­
Kutta algorithm on I ines 1000-t1370. This process is then repeated with the results of each 
intermediate step being recorded in the arrays MXA, MY A, MZA. This data may then be plotted to 
produce the resul t  shown in f igure A.l. More complex pulse sequences (such as those used to 
generate the data in section 3.2) may be obtained by rewrit ing the main program to fol low the 
various gradient and rf level changes (see tab le A.2). The routine in tab le  A.3 s imulates spin echo 
formation by fol lowing the mot ion of a l arge oomber of spins each of which exper ience a s l ight l y  
different local f ie ld. Results are presented in f igure A.2 for a 90° I w - 180° I y pulse sequence. 
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T a b l e  A . 1 

1 0 0  ' 
1 1 0 ' Program to s i m u l ate the response of a group of spi ns 

1 20 ' to a 90 degree , 2 0us , rf pulse . ( T 1 = 1 s , T 2 = 80us ) .  
1 3 0  • 

1 4 0  D I M  MXA ( 1 0 00 ) , MYA ( 1 00 0 ) , MZA ( 1 0 0 0 ) 

1 50 • 

1 6 0  ' B l och equ a t i ons 
170 ' 
1 8 0  DEF FNFX ( MX , MY , MZ ) =GAMMA * ( MY * BZ-MZ * BY ) - MX/T2 
1 90 DEF FNFY ( MX , MY , MZ ) =GAMMA * ( MZ * BX - MX * BZ ) -MY/T2 
2 0 0  DEF FNFZ ( MX , MY , MZ ) =GAMMA * ( MX * BY-MY * BX ) - ( MZ - M O ) /T 1  

2 1 0  ' 

220 ' Cons tants 
230 ' 
240 GAMMA = 2 . 6752E + 0 8  
2 5 0  • 

260 ' I n i t i a l is e  v a r i a bles 

270 • 

280 MX = O : MY= O : MZ= 1 : N= O  
290 BX = 2 . 935848E- 0 4 : BY = O : BZ = O  
3 0 0  T 1 = 1 : T 2 = . 0 0 0 08 : H= . 0 0 0 0 0 1  

3 1 0  ' 
320 ' Ma i n  program 
330 • 
340 FOR T = O  TO . 0 0 0 5  STEP H 
350 IF T > . 0 0 0 0 2  THEN BX = O  
360 MXA ( N ) =MX : MYA ( N ) =MY : MZA ( N ) =MZ 
370 N=N + 1  
380 GOSUB 1 0 0 0 : ' Runge-Kutta 
390 NEXT T 
4 0 0  GOSUB 2 0 0 0 : '  P l o t  d a t a  
4 1 0  END 

1 0 00 ' 

1 0 1 0  ' Runge-Kutta A l gori thm 
1 020 ' 
1 030 ANX= FNFX ( MX , MY , MZ )  
1 040 ANY= FNFY ( MX , MY , MZ )  
1 050 ANZ = FNFZ ( MX , MY , MZ )  
1 060 ' 
1 070 XARG= MX + . 5 * H * ANX 
1 080 YARG =MY+ . 5 * H * ANY 

1 090 ZARG=MZ + . 5 * H * AN Z  
1 1 00 ' 
1 1 1 0  BNX=FNFX ( XARG , YARG , ZARG ) 
1 1 20 BNY= FNFY ( XARG , YARG , ZARG ) 
1 1 30 BNZ = FNFZ ( XARG , YARG , ZARG ) 
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1 1 40 • 
1 1 50 XARG=MX+ . 5 * H * BNX 
1 1 60 YARG=MY+ . 5 * H * BNY 
1 1 70 ZARG=MZ + . 5 * H * BNZ 
1 1 80 • 

1 1 90 CNX= FNFX ( XARG , YARG , ZARG ) 
1 2 0 0  CNY= FNFY ( XARG , YARG , ZARG ) 

1 2 1 0  CNZ = FNFZ ( XARG , YARG , ZARG ) 
1 220 • 

1 230 XARG=MX+H * CNX 
1 240 YARG =MY+H * CNY 
1 25 0  ZARG=MZ+H * CNZ 
1 260 • 

1 27 0  DNX= FNFX ( XARG , YARG , ZARG ) 
1280 DNY= FNFY ( XARG , YARG , ZARG ) 
1 29 0  DNZ =FNFZ ( XARG , YARG , ZARG ) 
1 3 0 0  • 

1 3 1 0  MXN=MX+ H * ( ANX+ 2 * BNX+ 2 * CNX+ DNX ) /6 
1 320 MYN=MY+H * ( ANY+ 2 * 8NY+ 2 * CNY+ DNY ) /6 
1 330 MZN=MZ +H * ( ANZ+ 2 * 8NZ+2 *CNZ + DNZ ) /6 
1 340 • 

1 350 MX=MXN : MY=MYN : MZ=MZN 
1 360 • 

1 3 70 R ETURN 

1 0 0  • 

Table A . 2  

1 1 0  ' Program to determi ne the m o t i o n  o f  the y magneti z a t i on 
1 2 0  ' vector fol low ing a 30 degree select ive s ine pulse . 

1 30 • 

1 4 0  D I M  MXA ( 1 0 0 0 ) , MYA ( 1 0 00 ) , MZA ( 1 0 0 0 )  

1 5 0  • 

1 60 ' Bloch equ a t ions 

1 7 0  • 

1 80 D E F  FNFX ( MX , MY , MZ ) =GAMMA * ( MY * BZ -MZ * BY l - MX/T2 
1 90 DEF FNFY ( MX , MY , MZ ) =GAMMA * ( MZ * BX - MX * BZ ) -MY/T2 
200 DEF FNFZ ( MX , MY , MZ ) =GAMMA * ( MX * BY - MY * BX ) - ( MZ-M0 ) /T 1  

2 1 0  • 

220 ' C o n s tants 
230 • 

2 4 0  GAMMA= 2 . 6752E+ 08 : P I =3 . 1 4 1 5927# 
250 • 

260 ' I n i t i a l i se variables 
270 • 

280 TAU= . 0 0 1 S : H= . O OO O O S : DEL = 1 E - 09 

290 M X = O : MY = O : MZ = 1  
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3 0 0  • 

3 1 0  ' M a i n  program 
320 • 

330 FOR Z = . 0 0 026 TO . 0 0 4  STEP . 0 0 0 0 2  
340 FOR T = O  TO . 0 0 3 - H  STEP H 

200 

350 BX= . 0 0 0 00 3 6 7 1 464# * SI N ( 3 * PI * ( T-TAU+ DEL ) /TAU ) / ( 3 * PI * ( T - TAU+DE L ) /TAU ) 
360 BY=O : BZ = . 0 2844 * Z  
370 GOSUB 1 0 0 0 : ' Runge-Ku t t a  
380 NEXT T 
390 FOR T = . 0 0 3  TO . 0 0 45-H STEP H 
4 0 0  BX=O : BY = O : BZ = - . 02844 * Z  
4 1 0  GOSUB 1 00 0 : ' Runge-Ku t t a  
4 2 0  NEXT T 
430 MXA ( N ) =MX : MYA ( N ) =MY : MZA ( N ) =MZ 

440 N =N + l 
450 NEXT Z 

460 GOSUB 2 0 0 0 : ' Plot d a t a  
470 END 

1 00 • 

Table A . 3  

1 1 0  ' Program t o  s imul a te the f ormation of a s p i n  echo by coadding the response 
1 2 0  ' of 500 s p i ns , each of which experiences a s l ightly d i f ferent m a i n  field . 
1 3 0  • 

1 4 0  D I M  MXA ( 1 0 0 0 ) , MYA ( 1 0 00 ) , MZA ( 1 00 0 ) , I BZ ( 50 0 ) 

1 5 0  • 

1 6 0  ' B l och equ a t i ons 

1 70 • 

1 8 0  DEF FNFX ( MX , MY , MZ ) =GAMMA * ( MY * BZ - MZ * BY ) - MX /T2 
190 DEF FNFY ( MX , MY , MZ ) =GAMMA * ( MZ * BX-MX * BZ ) - MY/T2 
200 DEF FNFZ ( MX , MY , MZ ) =GAMMA * ( MX * BY-MY * BX ) - ( MZ - M O ) /T 1  

2 1 0  • 

220 ' Cons tants 
230 • 

240 GAMMA = 2 . 6752 E + 0 8  
250 GOSUB 800 : ' Def i ne inhomogeneous field 
260 • 

2 7 0  ' I ni t ial i s e  vari ables 
2 8 0  • 

290 BX = 2 . 935848 E - 04 : BY = O : BZ = O  

3 0 0  • 

3 1 0  ' M a i n  program 
320 • 

330 FOR SP IN=1 TO 5 0 0  
340 M X = O : MY=O : MZ = 1 : N= O  
350 FOR T = O  TO . 0 0 0 4  STEP H 
3 6 0  IF N < 5  THEN BX= 1 . 1 74339E - 0 3  E L S E  BX=O 
3 7 0  IF N > = 1 00 A N D  N < l 1 0 T H E N  BY= 1 . 1 7 4339E- 03 ELSE B Y = O  
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380 IF N< 5 OR ( N > = 1 0 0  AND N < 1 1 0 ) THEN BZ = O  ELSE BZ= I BZ ( SP I N ) 
390 MYA ( N ) =MY+MYA ( N )  
4 0 0  N=N+ 1 
4 1 0  GOSUB 1 0 0 0 : ' Runge - Ku t t a  
420 NEXT T 
430 NEXT SP I N  
440 GOSUB 2 0 0 0 : ' Plot data 
450 END 

800 • 

8 1 0  ' Generate an array of random numbers having 
820 ' a Gau s s i a n  proba b i l i t y  d i s t r i bu t ion 
830 • 

840 I NPUT " E nter s t andard dev i a t i o n  o f  inhomgeneity ( i n Tes l a ) " ; SD 
850 RANDOM I ZE 
860 FOR I = O  TO 5 0 0  
870 AMP= -SD * LOG ( RND ( 1 ) + 9 . 999999E - 2 1 ) 
880 IF I NT ( RND ( 1 ) + . 5 ) = 1 THEN S I GN = 1  ELSE SIGN= - 1  
890 I BZ ( I ) =AMP * S IGN 
900 NEXT I 
9 1 0  R ETURN 
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My 

My 

F i gure A .  1 The  s i mu l ated response to a go• rf pu l se  
obtai ned as 6 resul t o f  runn ing  the  program in  tab l e  A. l 

Sp i n  echo 
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t 

t 

Fi g u re A.2 The si mulated response of 500 sp ins  to a go•lx - 't' - 1 80° ly pu l se  sequence.  
The decay i s  c6used by i nhomogenei t i es in the mBin f i e l d .  Refer to  t a b l e  A.2 for detai l s . 
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APPENDIX B 

THE FAST FOURIER TRANSFORM 
Many or the image reconstruct ion techniques discussed in this work make use or the fast Fourier 
transform. A descr ipt ion or this a lgorithm wi l l  now be presented. 

F irst we must consider the relat ionship between the cont inuous Four ier transform and the 
corresponding transform obtained using discrete t ime and frequency intervals - the discrete 
Fourier transform. F irst we have the cont inuous transform 

00 

S,(f) = f St(t) exp(-j2rrft)dt 
-00 

where St and Sr represent t ime and frequency domain data respect ively. 

To obta in the discrete Four ier transform we make the fol lowing substitut ions 

t = n&t 
f = m&f 
T = Not 
fl.f = N&f 

O�n<N 
O�m<N 

(B.l) 

where N is the total number of data points in the two domains, T the total sampl ing t ime and fl.f 
the frequency bandwidth. 

If the integral in equation B.l is replaced by a summation these re lat ionships may be used to 
obta in the fo l lowing e�<pression 

N-1 
S,{m&f) = � St(n&t) exp{-j2TTnm&t&f} St. (8.2) 

n=o 

If we arbitrar i l y  set St=l then we have 
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N-1 
S�m/N) = 2: St(n) exp{-j2rrnm/N} 

n=o 

since .6.f = 1/St = 1 . 
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(B.3) 

The inverse discrete Fourier transform may be obtained in the fol lowing manner. F irst we 
mul t ip ly both sides of equation B.3 by the function exp{j2rrn'm/N} to give 

N-1 
S�m/N) exp{j2rrn'm/N} = 2: St(n) exp{j2rr(n'-n)m/N}. 

n=o 

Summing both sides with respect to m we obtain 

Or 

N-1 N-1 N-1 
L s�m/N) exp{j21Tn'm/N} = L L St(n) exp{j2rr(n'-n)m/N}. 

m=o 

N-1 

m=o n=o 

N-1 
= L St(n) Sn·n N 

n=o 

= St(n') N. 

St(n) = N-1 L s�m/N) exp{j2rrnm/N} 
m=o 

which is the desired resu l t. 

Equat ion B.3 may be expanded giving 

(B.4) 

(B.5) 

(B.6) 
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�H 
S�m/N) = 2: [ Re{St(n)} cos(2rrnm/N) + Im{St(n)} sin(2rrnm/N)1 

n=o 
N-1 

+ j 2: [ Im{St(n) cos(2rrnm/N) - Re{S1(n)} sin(2rrnm/N)]. (B.7) 
n=o 

To obtain this resu l t  requires 4N2 mult ipl icat ions, 2N2 addit ions and 2N2 tr ig. function 
calcu lat ions (usua l l y  obtained from a look-up tab le). Of these the mult ipl ications dominate the 
computation t ime and so we have a computat ion t ime tc where 

(B.B) 

tx being the time required to perform a mult ipl icat ion. 

For l arge values of N the computation t ime wi l l become very long and for sma l l  personal 
computers. i t becomes t ime consuming to calculate the OFT for N greater than about 54. (for 
example it takes the Hitachi p.c. ---20 seconds to eval uate the OFT in equat ion B.7 when N=256). 

The Cooley-Tukey algori thm1461 reduces the amount of computational effort required by factor ing 
equat ion B.3. Using this method the computat ion time becomes 

(B.9) 

which resu l ts in a substant ial reduction in computat ion t imes for large N. 

The Cooley-Tulcey algor ithm 

Let us represent exp(-j2rrnm/N) as W(nm). Equat ion B.3 may then be reexpressed as 

N-1 
Sr(m/N) = 2: St(n) W(nm). (B. IO) 

n=o 

Let us suppose that N is some power of 2 i.e. 

N = 2P (B. l l) 
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Then the summat ion can be rewritten as 

I 1 
S�m/N) = 2: 2: 2: . . . .  2: St(n) W(nm) 

n0=0 n1=o n2=0 np- l =0 

where n and m are now represented by the binary numbers 

n = np-l 2P-I + np-2 2P-2 + 1"\p-J 2P-3 + • . .  + no 
and 

m = mp-l 2P-I + mp-2 2P-2 + mp-3 2P-3 + . . .  + m0. 

If we expand W(nm) in terms of these variables we obtain 

W(nm) = W{m(np-t 2p-t + np-2 2P-2 + . . . +no)} 

= W{ m np-l 2P-1 } W{ m(np-2 2P-2 + . . .  +n0)}. 

But 
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(8. 12) 

(8.13) 

(8. 14) 

m 2P-I = mp-l 22P-2 + mp-2 22P-3 + mp_3 22p-4 + . . . + m0 2P-I (B. 15) 

and since a l l  terms from 22p-2 to 2P are mult ip les of 2P (=N) we have that 

W{ m np-! 2P-I } = W{ m0 1"\p-l 2P- I } . 

With this simp l i f ication equat ion 8.12 becomes 

(8.16) 

S�m/N) = 2: 2: . .  [ 2: St(n) W( m0 1"\p-1 2p-l ) 1 W{ m(np-2 2P-2 + . .  +n0)}. (B.17) 
n0=0 n1=0 np-1 =0 

The term in square brackets wi l l  be written as St1 Cm0.np-2.np-t . . . . .  no). m0 having replaced np-t· 

The simpl i f ication process depicted in this equation may then be repeated, with St1 in p lace of 
St(n). In general at the ith step, the function 
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2: SI- I (m0,m1, . . .  ,mi -2.np-i.np-i • l· . . •  no) 
np- l  = 0 
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(8. 18) 

Note that the subscr ipt t has been dropped as the intermediate steps no longer represent t ime 
domain data. 

Expanding the summat ion we obtain 

+ Si-1 (mo.m1 . . . .  ,m,_2,0 ,np-l- l· . . .  ,n0) W([m0•2m1+ . . .  •m1-1 2i-l ]2P-i ) . (8.19) 

We therefore have a relat ionship between between t ime and frequency domain data in terms of an 
iterat ive expression. To evaluate equat ion 8.19 we f irst note that the argument, (m0,m,. . . . •  m i-
1.np-i- 1.n p-i-2 • . . . .  n0). is a binary number consisting of p bits. We can therefore replace it with a 
binary number � where 0 ::s � ::s N-1  i.e. 

Si(�) = Si-1 (� ') + Si-1 (� ") W( d) (8.20) 

where �· has m1-1 = 0 , �" has m1-1 = I and d takes the value 

(8.2 1 )  

Note that �" = D.' + 2P-I = D.' + N/21 and so equation 8.19 becomes 

SI(�) = SI-I (�') + SI-I (i' + N/21 ) W(d). (8.22) 

Consider the special case when i = i'. Then mi-1 = I and equat ion 8.19 becomes 

Si(�') = Si-1 (l') + Si-1 (l' + Nf2i ) W(d') (8.23) 
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the other special case is � = � .. in which case m1_1 = o and equat ion 8.19 gives 

where 

and so 

Si(�' + N/2i) = Si-1 (�') + Si-1 (�' + N/2i ) W(d") 

d' = [m0+2m1+ . . .  + 21-1 ] 2P-i 
d" = [m0+2m1+ . . .  +mi-2 2i-2 1 2H 

W(d") = W(d') W(2P-1) = W(d') W(N/2) = -W(d'). 
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(8.24) 

(8.25) 

(8.26) 

Removing a l l  primes from equations 8.23 and 8.24 and us ing the resu l t  from equat ion 8.26 we 
obtain the so cal l ed "butterf ly operations· 

SI (.O.) = 51-1 (.0.) + 51-1 (.0.+ N/21) W(d) (8.27) 

SI (.O. + N/21) = SI-I (.�) - 51-1 (.0. + N/21) W(d) (8.28) 

where we have redef ined .0. and d as 

(8.29) 

Since the input { Si-1 (_ns i-1 (.0. + N/2i) } and the output { (Si (�).S i (.O. + N/2i) } have the same 
argument indices, the computation may be executed in place. by wri ting the output resu l ts over 
the input data, for each stage .0.. A pictorial example of the above calcu lat ions is i l lustrated in 
f igure 8.1 for N=8. 

Each node represents a var iable whi l e  the arrow impl ies an add i t ive contr ibut ion from two 
previous nodes. Mul t ipl icat ions by a constant are represented by a number wr itten near the 
arrowhead. 
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Time domain data 

i=O i=l 
S1 (0) 

- 1  

i=2 

-W(2) 

i=3 

-W(3) 

Frequency domain data 

F igure 8 . 1  " Butterfly d iagram" showing the seq u ence of events which 

occur in  the Radix 2 fast Fou rier transfo rm algorithm fo r N=8. Each node 

represents a variab l e  and each arrow the additive contribution from two 

previous nodes. M u ltipl ications by a constant are represented by a value 

written near the arrowhead. 
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Note from this diagram and equation 6 .29 that the index of the f inal result has i ts t> l ts in reverse 
order 

(6.30) 

lt i s  therefore necessary to perform a bit reversal before the frequency domain data can be used. 

From equat ion 6.29 we see that d may be obtained from .Q. by divid ing by 2P-i fol lowed by a bit 
reversal i.e. 

d = 8.R.{.Q.f2p-i} 

= B.R.{O,O,O, . . .  ,O,m0,m1, . . . ,ml-2,0) 

= {O,m;-2,m ;-3, . . . ,m1,m0,0,0,0, . . .  ,0) 

= {O,m;-z,m ;-3, . . .  ,m1,m0} 2P- I (8.31) 

which is just equation B.29. 

S ince S 1(n) and 'W(d) are complex functions, equat ions B.27 and 8.28 must be expanded in terms of 
the real and imaginary parts of these variables, that is 

S(n) = Re{S(n)} + lm{S(n)} 

'W(d) = cos(2rrd/N) - j sin(2rrd/N) 

and so equation 8.27 becomes 

Re{Si(.Q.)} = Re{si- 1 (.Q.)} + Re{ si- I (.Q.)} cos{2rrd/N} + lm{si-1 (.Q.)} sin{2rrd/N} 

(8.32) 

Im{S i(.Q.)} = Im{si-1 (.Q.)} + Im{si-1 (.Q.)} cos{2rrd/N} - Re{si-1 (.Q.)} s in{2rrd/N} 

and equation 6.28 

Re{Si(q)} = Re{si-1 (.Q.)} - Re{si-1 (q)} cos{2rrd/N} + Im{si-1 (q)} s ln{2rrd/N} 
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(8.33) 

lm{S i {q)} = lm{si-1 (D.)} - lm{si-1 (q)} cos{2TTd/N} - Re{Si-1 (q)} sin{2TTd/N} 

where q = Q. + Nf2i and both real and imaginary domains have N data points. 

The computat ion of cos{2TTd/N} and s in{2TTd/N} is simpl ified as d has only N discrete values which 
can be stored in a look up table. Since second, third, and fourth quadrant data can be calculated 
from f irst quadrant values it is only necessary to store the N/4+1 values 

<X(O) = sin{2TTO/N} <1 f {0,1,2, . . .  ,N/4} (8.34) 

from which 

W( d) = <X(N/ 4-d) + j<X( d) <1 f {0-+N/4} 

= -<X(d-N/4) + j<X(N/2 - d) <1 f {N/4-+N/2} (8.35) 

= -W(d-N/2) <1 E {N/2-+N}. 

The assembl y  l is t ing for the N point FFT used in this work is g iven in volume 2. 
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APPENDIX C 

Derivation of eguation 6 44 

fr 
Re{q.(f)} = (2;r)-1 d/df [ (2n)-1 p J Re{S�O)} ( 1-f2ffr2)1/2 (f'-f)-1 df' ]. (C. I )  

-f r 

The term in the square brackets may be written 

where 

X = f' - f 
a = f s2 - f2 
b = - 2f 
c = - 1 

fr -f 
(2;r)-1 P f (a + bx + cx2)1/2 x-1 dx 

-f r -f 

C.2 is a standard integral(471 given for -fr(f(fr by 

2iTfr 
P [ (a + bx + cx2)1/2 + 

b 

2 /(-c) 
sin-1 ( (2cx - b) ) 

(b2 - 4ac)1/2 

- la I n  + 
( (a + bx + cx2)1/2 + a2 

_

_ b _) l f r - f 

x 2 /a -fr - f 
Eval uating the princ iple part and subst ituting back in C.l yields 

ReN(f)} = d/df (2;r)-2 [ iT  Re{S�O)} (f If r) 1 

which is  the desired result .  

(C.2) 

(C.3) 

(C.4) 
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APPENDIX 0 

Sensitivitu enhancement using multiPle sPin echo summation 

By recal l ing the nuclear signal using 180° rf pulses it is possib le to i ncrease the signal strength 
and so improve the signal to noise ratio. The degree to which the 5/N ratio can be improved 
depends on the T 2 for the sample. since eventua l l y  the recal led s ignal is lost in the noise. 

lt is of interest then to determine the optimum number of recal led echoes and the consequent 
improvement in the signal to noise ratio, for a given T 2. The pulse sequence for imaging with 
echo summation is given in f igure 6.16. We sha l l  presume that both sides of the echo are summed 
to maximize the 5/N enhancement and that one s ide of the echo has much the same form as the 
other. Let the 180° pulses be appl ied at intervals of 27: seconds. The s ignal level after summing 
m echoes w i l l  then be 

Sm = [ I +  2exp(-2r!T2) + 2exp(-4r/T2) + . . .  + 2exp(-2mr/T2) 1 50 
m 

= [ 1 + � 2exp(-2nr/Tz) 1 So 
n=l 

where 50 is the s ignal level for a single f id. 

The noise l evel a lso increases. but less rapid ly because of i ts random nature 

Nm = (2m + 1)1/2 No 

(0. 1 )  

(0.2) 

N0 is the noise level for a s ingle f id. The f inal signal to noise rat io after m echoes have been 
summed is therefore given by 

m 
(S/N)m = (S/N)0 [ 1 + � 2exp( -2nr /T 2) ] (2m + 1 )1/2 

n=l 
(0.3) 

The optimum number of echos can be found by maximiz ing the enhancement factor m, that is 
f inding m such that 
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[ 1 + � 2exp(-2m:IT 2) l (2m + 1 )-1/2 ] = 0. 
n=l 

We first note the series sum 

H 
� an = ( I  - ak)l(l-a). 

n=o 

With k = m + 1 and a = exp(-2r IT 2) we f ind that 

and so 

m 2 [1 - exp(-2(m• 1)r IT 2) 1 
2 �  2exp(-2nriT2) = - 2 

n=l [ 1 - exp(-2riT 2) 1 

2 exp(-2riT2) [ 1 - exp(-2mriT2) 1 
=------------

[ 1 - exp(-2riT2) 1 

2 [1 - exp( -2mriT 2) 1 
= ---------

[ exp(-2r IT 2) - 1 ]  

2 14 

(0.4) 

(0.5) 

(0.6) 

(SIN)m = (SIN)0 [ 1 + 2(1 - exp{ -2mt' IT 2} )  '(exp{2t'/T 2} - 1)-1 1 [ 2m + 1 ]-1/2 (0.7) 

Although equation 0.4 can be evaluatedi26J it is more straightforward to calculate the 
enhancement factor for a range of m values and look for a maximum. The results of such a 
calcul ation are given in tab le 0.1. 
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Table  D.l 5/N enhancement and optimum echo number as a funct ion of t:/T 2 

t:/T2 opt imum m 5/N enhancement 

I 0 1 
0.5 1 1 .002 
0 .2 3 1 .452 
0.1 6 2.028 
0.05 12 2.858 

215 



[Appendix E - Impedance matching] 216 

APPENDIX E 

ImPedance matching 

l t  is important when working with low level rf signa ls to ensure that each successive stage in a 
system is efficient ly matched to the subsequent circuit . For maximum power transfer this 
impl ies that the output impedance of one stage be equal to the input impedance of the next. 
However for the case of noise matching it may be necessary to use non-optimal power matching 
to obtain the best noise f igureClSl. 

The var ious interconnect ions between successive rf stages in the imaging system are made us ing 
SOQ coaxia l cable. S ince the resonant c ircuits and ampl i f iers invar iab l y  have impedances which 
d iffer from this value it is frequent l y  necessary to transform impedances to. achieve opt imal 
matching. A var iety of circuits are ava i l able which achieve th is purpose but 2 are of part icular 
interest in this work. 

The f irst (see f igure E . l )  is used to couple both the transmitter and receiver to the rf coi l  for 
maximum power transfer. At resonance the equivalent paral le l  resistance of this circuit is quite 
high and. for large qual ity factors. is given by R = 02r where r is the coil resistance. R is about 
SkQ for the rf coi l  used in this work. As the circuit is tuned above resonance the res istance R is 
reduced and the combinat ion c2-L beg ins to look induct ive. Capacitor C 1 may be adjusted (wi thout 
signif icant ly al tering the tuning s ince C1 > > C2) unt i l  this inductive component is tuned out. In 
this way the circuit can be made to look res ist ive with any value of resistance less than the 
maximum of SKQ. For part icu l ar values of L. and NMR resonant frequency w0• we obta in values 
for C1 and C2 using the fol lowing technique. 

F irst it is necessary to obtain an expression for the equivalent para l le l  resistance of an inductor 
i.e. to show that R=02r. The impedance of the r-L combinat ion in f igure E. lb is just 

z = r + jwL (E. I )  

and from f igure E . lc 

z = = (E.2) 
jwL + R 

Equat ing real and imaginary parts in equat ions E . l  and E.2 we obta in 
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Cl  

d) 

C2 L 

L -

C l  

r 

a) b)  c) 

L '  

C l  C l  

r 

e) f) 

F i g u re E. l I mp edance matchi ng equi val ent  c i rcu i ts .  
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R 
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w2L2R R 
r = = (E.3) 

R2 + w2L 2 R2/(w2L 2) + 

and 

LR2 L 
L = = (E.4) 

R2 + w2L 2 (w2L 2fR2) + 

Equation E.4 can onl y be val i d  if w2L 2 « R2. Subst ituting this result into equat ion E.3 g ives 

(E.5) 

where Q2 = wL/r. 

With th is result we can now go on to analyse the tank circuit in figure E. ld. When tuned above 
the ir resonant frequency, c2 and L w i l l  have an inductance L' (fig. E. le). The equ ivalent para l le l  
res istance R (f ig. E .  If) w i l l  then be w2L '2/r from equation E.5. C1 is selected so that 

z-1 = R-1 + (jwL')-1 + jwc1 = R-1 

� (jwL ')-1 = -jwC1 

(E.6) 

Subst i tut ing for L' then g ives 

C1 = (w2 R r)-l/2 (E.7) 

but r = wLIQ and so - [ Q ] 1/2 
c, - -- . 

w3 R L 
(E.8) 

Now if c1 )) c2 then (wL)-1 � wc2 and so L � (w2C2)-1. Substituting this result into equation E.8 
g ives 
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- [�] 1/2 
c, - . 

W R  
(E.9) 

Having measured L and a i t  is therefore a straightforward procedure to calculate C1 and C2 for a 
des ired value of R. 

An a l ternat ive impedance matching c ircu it which works in much the same way is pictured in 
f igure E.2a. This t ime C2 and L are tuned sl ight ly below resonance so as to look induct ive. C1 
tunes out this inductance leaving the desired resistance R. 

Circuit ana lysis is aga in fair ly straightforward as can be seen from the equivalent circuits 

In f igure E.2c 

In f igure E.2d 

=> L '  = ( [r ' L2l!r )1/2 

C1 is adjusted to tune out L · so that 

c, = (w2L ')-1 = 
[ r ] 1/2 

r ' L2 w4 

In th is case C1 « C2 and so wL � (wC2)-1 • Subst i tut ing for Q=wllr we f ind that [ c2 
] '
.
/2 

c, � 
r' Q w 

(E. IO) 

(E. 1 1 ) 

(E. I 2) 

(E. 13) 
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C l  

C2 

b) 

L 

8) 

C l  C l  

L 

- C2 R L '  - R L '  -

r 

c )  d )  e )  

F i g ure E.2 Alternate i mpedance match ing  c i rcui t .  
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APPENDIX F 

A descriPtion of the interface and Pulse seguencer hardware 

F.l TI-980A Interface 

To communicate with the pulse sequencer it was necessary to design and bui ld  an interface 
circui t which could be p lugged into the TJ-980A computer. To simp l ify operations and ensure 
maximum data transmission rates. a paral le l  interface was chosen A schematic for this board is 
given in f igure F. I. whi l e  tab l e  F.l l ists the ava i lable outputs and the appropr iate control codes 
required to act ivate them. 

Table F.l Pinouts for the TI-980A interface card 

P2 connections P3 connections 

P in no. Function Funct ion 

I gnd sd OD 
2 sd E01 sd OE 
3 sd 60 sd OF 
4 sd AO sd 05 
5 sd 20 Sd 06 
6 sd CO gnd 
7 sd 40 sd 04 
8 sd 80 sd OB 
9 sd oo sd OA 
10  D3 sd 09 
1 1  D2 Sd 08 
1 2  Dl Sd 03 
13 DO sd 02 
14 Sd 50 Sd 07 
15 sd 90 sd oc 
16  Sd 10 n.c. 
17 sd FO n.c. 
18  Sd  70 n.c. 
19 sd DO n.c. 
20 sd 30 n.c. 
2 1  sd BO n.c. 
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P 1 - 1 3 1 /0 5 
P 1 - 1 1 1 /0 4 
P 1 -5 1/0 7 
P 1 -6 1 /0 6 

P 1 -25 1/0 0 
P 1 -23 1/0 1 
P 1 -20 1/0 2 
P 1 - 1 9  1/0 3 

1 /0 bus ( from 

P 1 -33 1 /0 1 5  
P 1 -31 1 /0 1 4  
P 1 -29 1/0 1 3  
P 1 -27 1 /0 1 2  

P 1 -63 1 /0 8 
P 1 -61 1 /0 1 1  
P 1 -59 1 /0 1 0  
P 1 -57 1 /0 9 

T l - 98 0A)  

'---
-

o -

4 2 
5 7 IC1 1 2  1 0  
1 3  1 5  

1 9 '---

4 2 
5 7 IC2 1 2  1 0  
1 3  1 5  

1 9 

4 2 
5 7 
1 2  IC3 1 0  
1 3  1 5  

1 9 

4 2 
5 7 IC4 1 2  1 0  
1 3  1 5  

1 9 
� 

6 1 1 5  - 1 
1 4  1 3  - 0 IC5 9 1 0  r-- 0 
1 1  1 2  r-- 1 2 3 4  

0 1  0 
6 1 1 5  r-- 1 

1 4  IC6 1 3  f-- 1 
9 1 0  r-- 0 
1 1  1 2  r-- 0 2 3 4  

0 1  0 

D1 0 
D1 1 
DB 
D9 

D 1 5  
D 1 4  
D 1 3  
D 1 2  

DO 
D1 
D2 
D3 

20 
2 1  IC7 23 
22 1 9 1 8  

1"" 
,-1.., 

20 1 9 1 8  
2 1  ICS 23 
22 

P2- 1 3  
P2- 1 2  
P2- 1 1  
P2- 1 0  

8 bit date b us 

D7 P2-22 D4 P2-23 D5 P2-24 D6 P2-25 

" 
1 6  device 
selection lines 

(P2) 
/ 

' 
1 6  device 
selection lines 
(P3) 

/ 

.... ... (,) c ... :::> C' ... .., ... .., :; 
c. 
0 1-

..... 
5 6 1 2  � � 1 3  

1 1  
2 

1 0a 
3 
5 

9c 1 0b 
6 

1 0c 1 1  
9a 9d 

1 3  1 2  

P 1 -47 GOIO 

P 1 -49 RESET 

1 

4 

F i gure F. 1 T I -980A i nterface schemat i c. 
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Integrated circuit key 
IC 1 -4 SN74LS 1 75 
IC5-6 SN7485 
IC7-8 SN741 54 
IC9 SN74LSOO 
IC1 0 SN74LS02 

-
8 3 

·w 
9 � 0 1 2 

1 0c 1 0  
8 

P 1 -5 1  TERMIO 
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22 07 n.c. 
23 04 n.c. 
24 05 n.c. 
25 06 sd oo 
26 reset Sd 0 1  

Notes 

1 )  The sd or select dev ice codes correspond to the upper byte of the word be ing transferred 
to the interface. The lower byte contains the data (bits DO-D7). 
2) Due to some T.I. id iosyncracy the most s ignif icant bit on the 1/0 bus is l abel led 1/0 o 
rather than 1/0 15. Hence the bit reversal in f igure F. l from input to output. 
3) PI refers to the 80 pin plug on the interface board which connects to the TI-980A 
computer. P2 and P3 are 26 pin plugs. P3 is  present l y  uoosed whi le  P2 is connected to the 
pulse sequencer via 3 metres of r ibbon cable. 

The 980A has a special output instruction (WDS - write direct single) which loads data onto a 
spec ial 16 bit J/0 bus. The part icular uni t to be accessed by this instruct ion is determined by 8 
of the 16 b its in the WDS instruction. Only 6 of these b i ts are present ly used in our system -
al lowing a total of 64 per ipherals to be accesssed (these include the d isplay, l ight pen. chart 
recorder. ADCs and other devices required to run the NMR exper iment). 

An understanding of the operation of the interface card can be gained by referr ing to the t iming 
d iagram in figure F.2 and the schematic in f igure F. l . The computer's f irst step on issuing a WDS 
instruction is to pl ace the 6 bit 1/0 address on the 16 b it data bus ( l ines 1/0 9 to 15 in f igure 
F. I). L ine 1/010 determines when the computer has issued an input or output instruction; a WDS 
instruction sets this 1 ine high. This data is then compared with a reference address (3316) by 
compar itors IC5 and IC6. When the address is stable (s ignified by a low l evel on the GOIO l ine) 
the resul t  of this compar ison is stored in an RS latch (IC IOa,b). A low pulse on the TERMIO I ine 
then ind icates that stable data is  present on l ines J/0 0-+ 15. This pulse transfers the data from 
the 1/0 bus to registers ICI-+4 if the result of the comparison was true. The loop produced by 
IC IOc and IC9a,d resets the latch in the event of a correct compar ision so as to be ready for the 
next WDS instruct ion. 

Ini t i a l l y  i t was p lanned to use the interface to dr ive a ser ies of output registers which could 
d irectly control the imaging exper iment. For this reason 8 b its of the data bus (D8-D15) have 
been decoded a l lowing 1 of 32 registers to be selected for output (see tab le F . l  for the control 
codes). The appropriate select ion l ine goes low for the duration of the TERMIO pulse a l lowing 
data on the 8 bit bus to be transferred to the desired device. For the reasons ment ioned in 
sect ion 8.11 it was decided that this  course of act ion would not be f lex ib le enough for the range 
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0010 

IC9 P6 

IC 1 0  P 1 3  

TERMIO 

IC 1 0  P 1  

IC 1 0  P 1 0  

1/0 bus 

"'{_j= 300ns 

X Address 

11 

1 .5.US 

11 

11 

: 

"'{_j= 300ns 

+sons 

X Data 

Fi g u re F.2 T I -980A i nterface t i m ing di agrem. 
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of exper iments envisaged, and so a separate pulse sequencer was designed. The number of 
se lect ion outputs has therefore proved to be rather extravagant as only 3 are used at present (2 
for the pulse sequencer and 1 for the graphics computer). 

Ini t ia l test ing of the interface showed that data transmission was unrel iab le because of the 
cross ta lk and interference present on the paral lel output l ine. These problems were considerably  
reduced by rewiring the r ibbon cable so that earth wires were interd igitated with the data l ines 
(thereby reducing the character ist ic impedance of the l ine). Further improvements in pulse shape 
were obtained by terminating the cable with a ser ies of inverters (see figure F.3 for a schemat ic). 

F.2 The ouJse seguencer 
The pul se sequencer is mounted on 3 double sided pri nted c ircui t  cards (approximate d imensions 
120 x 150mm) constructed us ing B ishop Graphics pcb artwork materials. The boards divide the 
sequencer into memory, t iming and output units. Schemat ics for these boards may be found in 
f igures F .4 to F. 10. 

The operat ion of the pul se sequencer may be divided into 2 parts; data load ing and sequencing. 
The data load ing operat ion is carr ied out by the fol lowing program (wr itten in TI-980A assembly 
code. see mnemonic l ist on page 250). 

Address Opcode 

1F38 0000 
1F39 0 100 
1F3A C508 

1F3B 1000 
1F3C 0000 

1F3D 0000 
1F3E 3000 
1F3F C506 

1F40 0000 
1F4 1  70DF 

Table F.2 Paral lel  data transfer routine 

Mnemonic 

LOA (1F39) 
DATA 
RMO A,ST 

LDX ( 1F3C) 
DATA 

LOA (1F3E) 
DATA 
RMO A,B 

LOA (1F41) 
DATA 

Comment 

Enable external interrupts. 

Reset address counter. 

Init ial ise base register to point to 
the start of the pulse sequence. 
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7xSN74LS04 
1 0  P 1 - 1 2  sd 1 0  ) P2-2 5 � 6 P3- 1 7  

DO P2-1 
1 2  P3-34 sd 20 P2-9 1 38>o1 2  P3-3 
1 2  P 1 -7 sd 30 P2-20 9 G>o 8 P3-25 

D 1  P2-2 
6 P3-37 sd 40 P2-7 9 8>o 8 P3-5 
6 P 1 -8 sd 50 P2-26 1 1 �1 0  P3- 1 1 

P2-3 02 4 P3-36 P2- 1 1 3 8>o 4 P3-8 sd 60 
4 P 1 -5 sd 70 P2-22 1 � 2 P3- 1 5  

03 P2-4 
2 P 1 -35 sd 80 P2-6 [I>o 2 P 1 -2 
6 P 1 -6 

· sd 90 P2-25 1 3�1 2  P3- 1 2 
04 P2- 1 7  

2 P3-28 sd AO ) P2- 1 0  5 8>o 6 P3-9 
4 P 1 -3 sd BO P2- 1 9 1 3G>o1 2  P3-20 

05 P2- 1 6  
8 P3-3 1 sd CO P2-8 1 1 8>o1 0  P3-4 
2 P 1 -4 sd OO ) P2-21 1 1 G>o1 0  P3-24 

06 P2- 1 5  
1 0  P3-32 sd EO P2- 1 2  1 8>o 2 P3-7 
1 0  P 1 - 1  sd FO P2-23 3 � 4 P3- 1 4  

P2- 1 8 D7 6 P3-30 
Ready ( P3-29 4 o<f] 3 P 1 - 1 1 < Ready 

+SV 
Connector key 

P 1 - to Hitachi graphics computer 
Power-on reset circuitry P2 - from TI-980A interface 

P3 - to pulse sequencer 

6 P3-2 Reset 
O O I "FT 

Reset P2- 1 4  9 1 
Fi g ure F.3 Buff er boerd schemet i c .  



Internal reset [I 

P I  -2 

ernal Ext 
re set 

P 1  - I S 

Loa d mode 

D7 
D6 DS D4 D3 D2 
D l  DO 
Dat 
P I  

P I  
20 32 3 1  28 35 36 37 34 

a bus 
-25 

P l -9 
IC I 2  74LSOO 

rLJ IC1 2a IC 1 2b IC 1 2c 

I 
Clear 

1 3  1 5  4D 40 -..1 7 "" 5 2D r- 20 (/) - 30 1 1  
_____11_ -..1 3D Ul 2 n 1 0 _i_ fQ 3 I D -

Clock 
9 

sd 20 

--u-

I 
i5E 4 5 8 9 7 6 3 2 1 4  74LS374 I S  

1'7 1 6  IC2 1 8  1 9 T 1 3  1 2  
Clock I Data bus r l12;0 (internal) 

sd 40 

Timer reset Reset Sequencer on Increment address 

P l -8 __fL __fL P l - 1 7  _f'l_ _n_ 

f-4--1 5  � 1 0  5 
1 7  R AM I 8 > 22 1 4  0 a.. 

� 5 1 28- 1 5  a.. 3 1 1  ""' "' .. 6 1 6  IC4 Ill Ill 7 
--!J. 23 _.2_ I 

OE WE CS 1 9 
20 2 1  11 8  

� Address bus 
ICI 3b 

I 20 2 1  8 
Dir f-4--OE WE CS 1 3  7 I S � 1 7  3 1 0  5 

1 5  5 1 7  R AM 2 8 > 22 1 2  8 1 4  a.. 0 5 1 28- 1 5  a.. 3 1 6  74LS245 4 1 1  "' ""' ;: .. 6 1 4  6 1 6  Ill IC3 ICS Ill 7 1 1  9 1 3  1 8  2 9 23 I 
Enable 1 9 

Dir 0 � 

+9 I � 

D l1�1� --u-
+SV D7 d data Loa 

DO D2 D4 D6 
Fi gure F.4 -Pul se sequencer 1 nput end memory Cl rcu1 t s  (pcb 1 ) . 

AO A2 A4 A6 AS A I O  
A I A 3  AS A 7  A 9  A l l 
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Reset 

Ill ::> ..0 
� ., 
0 

J1... 

D7 D6 DS D4 D3 D2 D1 DO 

9 
Clock 

1 3  4D <XI 40 1 5  P2- 1 2  
1 2  � 1 0  P2- 1 1 3D If) 30 
4 ,.... 7 P2-9 2D (ij 20 ..J 5 ..,. 2 P2- 1 0  1 D  ,.... 1 0 

Clear 
1 

1 3  1 2  
IC1 5  1 

Clear 
1 3  4D ,.... 40 1 5  P2- 1 6  

� 1 2  3D 30 1 0  P2- 1 5  
If) ,.... 4 2D - 20 7 P2- 1 8  (/) ..J 

5 ..,. 2 P2- 1 4  1 D  ,.... 1 0 
Clock 

9 P 1 -4 

I, 1 3  ............ 1 2  P2-4 ./ 
1 ........._ 2 P2-1 BE I r / 

1 7  7D 70 � 5 6 P2-3 3 1 D  \/) 1 0 2 7 3D � 30 6 3 4 P2-2 1 4  ..,. 1 5  4 6D ,.... 60 5 2D ,., 20 8 (/) 9 1 1  1 0  P2-5 4D ..J 40 1 3  ..,. 1 2  1 1 1 8  SD ,.... so � 5 6 P2-8 8D 80 
Clock 9 8 P2-6 

1 1  1 2 P2-7 
IC 1 4  & 1 5  

P 1 -3 

Fi gure F .5  Dete output  end contra 1 regi sters (pcb  1 ) . 

228 

R7 
R6 
RS 
R4 

-0 .. o; Ill 
.... � Ill ·g. .. Q: 

R3 
R2 
R 1  
RO 

•••• .1 

Load mode 
register 

D7 
D6 
DS 
D4 Ill ::> ..0 

� D3 ., 
0 

D2 
D 1  
DO ...... , 

Load data 
register 
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4MHz address clock 

Increment address 

Address bus 

Reset 

AO A 1  A2 A3 A4 AS A6 A7 AS 
A9 A 1 0  
A 1 1 

P 1 -5 
_It_ I 6 4 J 

5 
__st_ IC1 3 A  +5V 

14 5 
Cnt down Cnt up 

3 OA Clear 
2 Os 
6 Oc 

74LS1 93 
IC9 7 Oo Load 

Carry Borrow 
1 2  1 3  

4 5 
Cnt down Cnt up 

3 OA Clear I 2 Os 
6 Oc 

74LS1 93 

I 7 Oo 
IC 1 0  

Load 

Carry Borrow 
1 2  1 3  

4 5 
Cnt down Cnt up 

3 OA Clear 
2 Os 
6 Oc 

74LS1 93 
IC1 1 7 Oo Load 

Carry Borrow 1 1 2  1 1 3  
n.c. n .c .  

_n_ 

Fi g ure F.6 Memory address  counters (pcb 1 ) . 

229 

1 4  

.!..!.__ +5V 

1 4  

.!..!.__ +5V 

1 4  

r!l-- +5V 
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Data bus Register se le et 
D5 D3 D7 D2 Clear Gy Rf 

D4 DO D6 D l Gz Gx 
8XSN74LSI 57 4XMC I 408L -8 

1 3  1 2  
4 5 

1 3  1 2  4 
5 

1 3  1 2  4 5 

1 3  1 2  
4 5 

1 3  1 2  4 5 

1 3  
1 2  4 5 

1 3  1 2  4 5 

1 3  1 2  
4 5 

4D 40 3D v 30 I D (S 1 0  2D - 20 
CL CK Jl J9 
1 1 f9 
CL CK 

4D "" 40 3D v 30 1 D  !:! 1 0 2D 20 

4D 40 3D N 30 I D  (S 1 0 2D - 20 
CL CK Jl J9 
1 1 19 
CL CK 

4D - 40 
3D (S 30 I D - 1 0 2D 20 

4D 40 3D � 30 1 D  !:! 1 0  2D 20 
CL CK J l J9 
11 r9 
CL CK 

4D (1\ 40 
3D tl 30 I D - 1 0 2D 20 

4D 40 3D � 30 I D  !:! 1 0  2D 20 
CL CK 
J1 J9 
1 1 19 
CL CK 

4D ..... 40 3D tl 30 I D - 1 0  2D 20 

1 5  1 1  D l  Comp 1 0  1 0  2 6 D2 
7 5 D6 Vee D7 -Vref 

1. Rng +Vref 
IC48 Gnd 

1 5  1 2  DO V cc 1 0  9 D3 2 8 D4 lo 7 7 D5 
1 5  1 1  D l Comp 1 0  1 0  2 6 D2 D6 Vee 7 5 D7 

-Vref 
j_ Rng +Vref 

IC47 Gnd 
1 5  1 2  DO V cc 1 0  9 D3 2 8 7 7 D4 lo D5 
1 5  1 1  D l Comp 1 0  1 0  2 6 D2 
7 5 D6 Vee D7 -Vref 

j_ Rng +Vref 
IC46 Gnd 

1 5  1 2  DO V cc 1 0  9 2 8 D3 
7 7 D4 lo D5 
1 5  1 1  Dl Comp 1 0  1 0  2 6 D2 
7 5 D6 Vee D7 -Vref 

1. Rng +Vref 
IC45 Gnd 

1 5  1 2  DO V cc 1 0  9 2 8 D3 
7 7 D4 lo DS 

-8V +5V QV +2 V 
O .O I IJ.F 

� 3 =r= l kO 1 5  � 1 4  Nf!3 2 
1 3  l kO 4 � VR l 4 

Gz level 
� 3 =r= O .O I IJ.F 

� 1 5  
1 4  Mf!!!J -v 
2 
1 3  l kO 4 � I VR 

� 3 =r= O.O I IJ.F 
Gy level 

3 

l kO 1 5  NWv;;; 1 4  Nf!3 2 
1 3  l kO 4 � l VR 2 

Gx level 
� 3 =r= O.O I IJ.F 

l kO 1 5  NWv;;; 1 4  N'f!!3 VR 
2 
1 3  l kO 4 NNv-l Rf level 
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3-1 3pF 

4MHz 

l1 80pF 
.. 

4MHz 

P 1 - 1 7 
Start sequencer 

3 
Address clock 

_n_ P 1 -8 
Reset 

OP 

1 1 1  LD 

M 3 1 - (I) (1\ OA 2 2 u M Os 6 .. iii 3 o; iii _, Oc 7 (J) _, 
'<t Oc '<t I'- I'-

IC32 IC33 
CL Enable 
1 4  6 5 4  

1 0 0 

1 k0 

_n_ P 1 -2 
Transfer data 

F i gure F.8 Pulse sequencer end date d i s tri butor. 

P 1 -4 
P 1 -3 

1 k0 

231 

1 MHz 

1 MHz 
AND 
2MHz 

Load mode register 
Load data register 

A 
B 
c 
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4 1 1  

._�8��r��(------------------------� 6 
4MHz ttl 
1 MHz L---��3� I 1l �--+4-�4-��1 2� A1 � .----+-1-+-+-1-+-----!-1 �3 A2 � 

.---4-�4-��:�� �! � & ._ ________ __J 
2MHz .---------...;;4� 2D EN 20 .....,s,_____, 

.-------_._..;�� �g i! �g '""'��----' 
�---�8� 4D � 40 �97--------' 

�---�17� 7D � 70 H1�6------� 
.-------,!..;1 4� 6D r-- 60 H1_,s __ ----, �-�1 8� 8D IC 1 8  80 H1..;::9,..----. .----.!..:1 3"-l SD CK SO r-1�2--� 

1 11 
c 

.....__§_ = IC25 

r---+�r+--�1 2� A 1 � ..---+-i-++----l-1 *l3 A2 � r-�r+-r-�1�0 A3 � .-+�r+--..!..:1 s� A4 ...... 
�-+-�1-1--1--�-....;4� 2D EN 20 f-'5;---___. 

�-r��+--�7H 3D � 30 �6�-� 
���f-I-----:3:H 1 D "" 1 0 1-'2::.-------' 

H�+-1--�8� 4D � 40 17";9,....----� 
��+--�1 7-\-1 7D � 70 H1�6:------, HH-----;.:,1 4� 6D r-- 60 H1._,S __ -..., 

L---....:6� = IC23 

H-___g1 8� 8D IC 1 7 80 H1_,.9,..----, �-1�3� SD CK SO r1�2--..., 
1 11 

'-+4-�--�12� A 1 � 
�-�--�----+1�3 A2 � 

L---+-+-+-----+1 �� �! � B 
�-----"6� = IC22 

.-----+�------�1 2� A1 � .----+-i-----l-1�3 A2 � .---��----�1�0 A3 � .-+�------..!.:1 s� A4 "" H-1--�H-++--...;;4� 2D EN 20 I-'S7--
HH-+�----'�� �g f! �g f-*�---H-1--�----...;8� 4D � 40 17";9 ------' 

�-+-+---+1 7""" 7D � 70 H1�6:------, ...... -+--__,!.;1 4� 6D "" 60 H1._,s __ -..... 

L---------'6� = IC2 1 

DN UP 
N 
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(1\ 
B 1 � 0  Ui CL � B2� OA � 
B3� OB "" BO ,._1..2 0 C LD L1J...... D IC3 1 I -

DN UP 
N 

+SV 

(1\ 
B 1 � 0 Ui CL� B2� OA � B3� OB "" 
B0,._!..2 QC LD L1L. D IC27 �V 9W EY 

1
!1 ,;, 
DN UP 

N �-----;.;1 �� 8D IC 1 6  80 HJc;;i:---, +--!..:"-l SD CK SO �-...., (1\ '-+--------�12� A 1 � B 1  � 0 Ui CL � '--
4-------�1.;;:..�3 A2 � B2 � OA � '---+---------!-1 0� A3 � B3 � OB "" 

� OO O � fl\ N I'- - ! I  C... N - N N - N N N  1 11 '-----+--------.!..:1 S� A4 r-- BO ,._1..2 QC LD L1J....., D1 D3 DS D7 
DO D2 D4 D6 

A D IC26 I -'---------!:6:.-t = IC20 +SV 
P 1 -8 Data bus (internal) Reset >-----------------------------' 
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Transfer data 

.... u .. o; (J) .... � Ill ·o. .. 
0:: 

,,,, 

Ill :> CD 
.!! .. 
0 

.. . .. 

R5 

R4 

R3 

R2 

R 1  

RO 

Clear 

D 1  D2 D6 D7 DO D3 D4 D5 

P 1 -2 __fl_ ---w Rf 

� Gx u 
< 
0 .... � Gy u .. o; (J) 

� Gz ........ 

� 
� 

_n_ 
50c 

1 3  
>-- 1 2  4 5 

1 3  
1 2 4 5 

1 3  1 2  4 5 

1 3  1 2  4 
5 

D4 DO D6 D 1  --D5 D3 D7 D2 Clear 
L. ...... Data Bus ....... .J 

4x74LS 1 75 
4D 40 3D in 30 1 D  !:! 1 0 2D 20 
CL CK 
j1 j9 
1 1 T9 
CL CK 

4D N 40 3D � 30 1 D  - 1 0 2D 20 

4D 40 3D t2 30 1 D  u 1 0 2D - 20 
CL CK 
j1 j9 
1 1 T9 CL CK 

4D v 40 3D � 30 1 D - 1 0 2D 20 

1 5  
1 0  2 7 

1 5  1 0  2 7 

1 5  
1 0  2 7 

1 5  
1 0  2 7 

Nb. Pcb socket numbers have not bun assigned 
as pcb 3 is still under development. 

I 
_ _  j 

F i g ure F. t 0 TTL output  reg isters end sel ect i on  l og i c (pcb 3 ) .  
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1F42 D833 WDS 13 
1F43 0000 DATA A Reset pul se sequencer. 

1F44 0000 LDA (1F45) 
1F45 70EF DATA 
1F46 D833 WDS 13 
1F47 0000 DATA A Put pulse sequencer into its load mode. 

1F48 0300 LDA ((B) + (X)) Load data to be transferred 
1F49 C200 RIV A ,A Complement data (necessary due to inverters in buffer). 
1F4A 3800 AND (1F4B) Remove upper byte. 
1F4B OOFF DATA 
1F4C 3000 LOA ( 1F4D) Add command to transfer data to pul se 
1F4D 3000 DATA sequencer and not some other unit. 

1F4E D833 WDS 13 
1F4F 0000 DATA A Transfer data to pulse sequencer. 

I F  50 0000 LDA (1F51) 
1F51 70BF DATA 
1F52 D833 WDS 13 
1F53 0000 DATA A Increment pulse sequencer memory address. 

1F54 C322 AIN X,X Increment memory pointer to look at next data value. 

IF 55 C520 RMO X ,A 
1F56 6000 CPL ( 1F57) 
1F57 0200 DATA Have a l l  256 data values been transferred? 

IF 58 CD20 SEQ 
1F59 78EA BRU 1F44 No, so transfer next data value. 

1F5A 0000 LDA ( 1F5B) 
1F5B 70DF DATA 
1F5C D833 WDS 13 
1F5D 0000 DATA A Reset pulse sequencer. 

1F5E 0000 LDA (1F5F) 
1F5F 707F DATA 
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1F60 0833 WDS 13 
lF61 0000  DATA A Start pul se sequencer. 

lF62 0000 LOA (1F63) 
1F63 cooo DATA 
1F64 0833 WDS 13 
1F65 0000  DATA A 
1F66 CEOO IDL Wait for sampl i ng interrupt. 

The f irst step is to reset the pulse sequencer by loading 2016 into the input mode register IC 1  (see 
l ines 1F40�43 in the l ist ing). Note that due to the inverters in the buffer al l data must be sent 
to the pulse sequencer In an inverted form. hence 70DF not 7020 in l ine 1F41 .  (The 70 In this 
command is the se lection code for the mode register). The reset pulse clears the address 
counters (Ic9�1 1). decade counters (IC26�31). control registers (IC7-+8) and output registers 
(IC37�44 and IC51-+54). 

The sequencer is p laced in the ' load data mode' (l ines 1F44-+47) by loading 10 16 into ICl. This 
sends pin 2 on IC1 high and pin 3 low. Pin 2 d isab les the output buffers on the RAM chips (IC4-+5) 
whi l e  p in 3 configures IC2-+5 so data w i l l  f l ow direct ly  from IC2 to memory. 

L ines 1F48�4F load data into IC2 from which it is transferred into the f irst location in memory. 
The memory address counter is then incremented ( l ines 1F50-+53) by loading 4016 and then 10 16 
into IC1 (thereby toggl ing output 20). The next byte is then loaded and the process repeated unt i l  
a l l  pu lse sequence data has been transferred. 

With the data loaded (in the format described in sect ion 8.1 1) the experiment can commence. The 
pulse sequencer is f irst reset (l ines 1F5A�5o) to point the memory address counter to the f irst 
instruction. and is then placed in the run mode by loading 8016 in IC 1 ( l ines 1F5E-+61) . This starts 
the clock (IC34) running and automat ical l y  puts IC3�5 into the read mode ( i.e. data flow out of 
memory). 

With reference to the t iming diagram in f igure F . 1 1  we see that on the f irst 5 high to low 
transi t ions of the c lock the control. data and t iming bytes are transferred from memory to 
registers IC7 and 8, IC6. and IC16-+18 respect ively .  Data distribution is handled by the r ing 
counter (IC32-+33). When the data on the output of the decade counters (IC26-+31 )  matches that 
on the t im ing registers a low going 1 25ns pulse is produced by IC19 which resets the r ing counter 
and transfers the data in the output register IC6 to one of 6 8-bit registers (IC37-+44 and 
IC51-+54) determined by the contents of IC7 and 8 ( the control register). From here the data is 
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Reset 

Clock 

Ring counter 
reset 

Address 
clock 

Data bus 

Load mode _...__ ___ __J 

Load data :=J LJ fJ LJ 
Load T3 :=J LJ fJ LJ 
Load T2 :=J 

Load T 1  :=J 
LJ fJ 

LJ fJ 

F i gure F. 1 1  T iming  di egrem for the pu lse sequencer. 

LJ 
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free to pass as either a 256 l evel analogue s ignal (IC45-+48) or as a TTL l evel (IC51-+54) to the 
outs ide world (e.g. the rf modu lator and gradient control lers). The 8 b i t  digital to analogue 
converters produce a negative going s ignal which has a max imum magnitude of "' 2V. This l evel 
may be adjusted with the preset pot VRI or in the case of the gradients with the front panel 
controls  VR2-+4. Manual adjustment of the maximum gradient was found to be desirab le as in 
many app l icat ions the range of gradient l evels required is far below the max imum achievable (e.g. 
typ ical imaging gradients range from 0 -+ IOGcm-1 whi l e  the maximum gradient is I 00-+200Gcm-1) . 

When the r ing counter is  c leared the next 5 bytes are transferred from memory and the above 
process is repeated unt i l  an end of sequence flag is detected. This resets the pulse sequencer via 
IC12a and the system hal ts. 

F.3 Graohics comoutllr interface 
Data transfer from the Tl-980A to the H itachi graphics computer is implemented with a very 
simi lar rout ine to the one just d iscussed except that the device selection code is now 8016• The 
H itachi is connected to the pulse sequencer buffer board via 6 metres of r ibbon cable (see f igure 
F . 12 for a printed c ircu i t  board interconnection block diagram). A tr istate buffer at the end of 
the cable (see figure F . 13) p lugs d irect l y  into the Hitachi Centronics port. This port is normal l y  
used to dr ive a printer and so to avoid conf l ict ing logic level s  when the computer i s  operating in 
a non- imaging mode the buf fer board includes a trans istor to switch the buffer outputs to a h igh 
impedance state when the voltage on pin 14 is high (the normal condit ion). When operating in the 
imaging mode the port is reconf igured to act as an input dev ice and a zero logic level is sent to 
pin 14 to enable the buffer board). 
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T I-980A computer 

1 6  o/p lines 

:. ............................ p i ································' 
Interface card 

r···P2····: r·····P3 ·····: 

TTL interface card 
(part of original system) 

Hitachi MB I 6000 P.C .  
Centronics port 

1 6  se le et lines 8 data lines Reset [ Ready 
8 data lines 

30 

P2 '····························· P2 ································' l
.
··· 

Select line 

, ..................... ��-�f;� -��-��······················:�-�-�=�R.:..e:..:.a�d�y�fl:a�g:�:i.._:.::_:J
_

I --
C

-

en

-

t

-

ro

_

n

_

i

-

cs
-b

u

-

f

-

fe

_

r

_

c

_

a

_

r

_

d _ _j 

8 data lines Load Load Reset Reset mode data 
1.-------�-----.l 8 data lines :.. .......... ················· P I ································' : ............................. P I ································' 

8 se le et lines 
Pulse sequencer PCB I P2 1----r.--� P2 Pulse sequencer PCB3 

,. ............................ P I ································: 

8 data lines Reset Start 2 Load 
registers 

'····························· P I ································' 
Pulse sequencer PCB2 

Fi gure F . 1 2  

Load data 

Transfer data 

:····························· P I ································: 

1 6  TTL 
levels 

To imaging system 

4 analogue 
levels 

PCB i nterconnecti ons 
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3 X 74LS 1 26 

P l - 1 2  DO 6 P2-2 

P 1 -7 1 1  P2-3 

P 1 -8 8 P2-4 

P 1 -5 3 P2-5 

P 1 -6 4 P2-6 

From pulse sequencer P 1 -3 1 1  P2-7 Centronics port 
: 

P 1 -4 8 P2-8 

P 1 - 1 3 P2-9 

P 1 -2 F 1  6 P2- 1 1 

P 1 - 1 1 F2 3 2 P2- 1 

-Tristate control line 

Fi g ure F. 1 3  Centron i cs buffer port .  

P 1 - 1 4  
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APPENDIX 6 

6.1 Derivation of the attenuation coefficient R(6.&.A) 

240 

To obtain an expression for the attenuation of the spin echo due to d iffusion effects we must 
consider the motion of the nuclear spins dur ing the pulse sequence outl ined in sect ion 9.2 and 
i 1 1  ustrated in f igure 9. 16. 

Consider the mot ion of a group of magnetic moments which experience the same external f ields. 
Fol lowing the app l icat ion of the 90° I H pulse (see f igure G. l) the magnet izat ion associated with 
this group w i l l  be d irected along the y axis. At t ime 7:, directly before the appl icat ion of the 
180° pulse the magnetization vector wi l l  be inc l ined at some angle cp to the y axis such that 

and 
cp0 = �G.r0 t 

where r0 is the posit ion vector of the nucleus at the time the gradient pulse G is appl ied. 

(G.l) 

(G.2) 

Foi l owing the appl icat ion of the 180° I y pulse the magnetizat ion vector rotates about the y axis 
to g ive 

M =  i ' MH sin{-cp0} + j 'M y cos{-<Pol. (G.3) 

The appl icat ion of the second gradient would, in the absence of any molecular motion. produce a 
clockwise precession about the z axis by an angle <Po thereby restor ing the magnet izat ion to its 
or iginal posit ion. However if we al low the nucleus to be displaced by r-r0 dur ing the t ime 6 we 
obtain the modif ied result 

(G.4) 

where the relative phase shift produced by this movement is 

<Pr = � G.r S. (G.S) 

Equation G.4 can be handled more convenientl y  if we reexpress it in exponential form as 

M(2-r:,G) = M0 exp{-jlfG.(r-r0)S }. (G.6) 



e )  

X' 

c)  

X' 

e) 

(G.r) le" 

X' 

Z' 

M 
�------y' 

Equi l i bri um mogneti zot i on 
before the rf pul se .  

Z' 

'f'o 

Magnet i zat i on fol l ow ing  the 
eppl i cct i on of the gred i ent pu l se. 

Z' 

'f'r - 'f'o 

Mognet i zc t i on  et t ime  2 -r. 

b) 

X' 

d )  

X' 

Z' 241 

Mognet izot ion  fo l l owi ng 
o go•lx rf pu lse .  

Z '  

Mogneti zot ion  fo l l ow ing  the 
cppl i ce t i on of the 180. Iy pul se .  

F i gure G.  1 Mot ion  of the mognet i zot i on 
vector due  to  a l occ l i zed group  o f  sp ins  
when the  pu lse  sequence in  f i gure 9. 16 
is cppl i ed. 
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The influence of rel axation may be incorporated by including a separate factor exp( -2r/T 2). 

The net magnet izat ion may be determined by summing the contr ibut ion from each group of spins. 
If we assume that our sample has uniform spin dens ity the observed attenuation in the sp in echo 
ampl itude w i l l  be1391 

R( G,S,ll) = M(2� ,G )IM(2�. 0) ' !: ,(r o l  r .11) exp{-jll G. (r-r 0) S) dV. (G. 7) 

where Ps(r0 I r,b.) is a weight ing funct ion giv ing the probab i l ity that a spin wi l l  have moved from 
r0 to r in t ime b.. We reca l l  from section 3.1 that (2rr) -1 CfG& may be ident if ied as the reciprocal 
space coord inate k, and so R may be v iewed as the 30 Fourier transform of P5. 

For molecules undergoing free Brownian mot ion P5 is the solut ion to the isotropic diffusion 
equat ion 

(G.8) 

which when eval uated gives 

P5 = (2rro2)-3/2 exp{-(r-r0)2/2cr2} (G.9) 

where 
cr2 = 2Dt (G. IO )  

0 being the molecular se l f  diffusion coeff icient. P5 corresponds to the product of the 
probabi l i t ies P5(x0 I x,b.)P 5(y0 I y,b.)P 5(z0 I z,b.) and so we ident ify o2 as the mean square 
displacement of molecules a long one axis during time b.. The mean square d isplacement in three 
d imensions is therefore given by the sum !4 71 

,... 2 = ,... 2 + ,... 2 + ,... 2 = 6Dt vr VK vy vz . 
Having obtained an expression for P5 the attenuation factor is read i l y  eva luated s ince 

R(G,S,ll) = h2rrcr2)-3/2 exp{-(r-r0)212cr2)exp(-j t.r ) dV 

(G. l l) 

(G.12) 
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This integra l  may be eval uated by separat ing the terms as f a l lows 

00 

R(G,S,6) = (2rro2)-3/2 f exp{-il<x(x-x0)-(x-x0)2/2o2}dx 
-oo 

00 00 
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x f exp{-jl<y(y-yo)-(y-y0)212o2}dy f exp{-jl<z{z-z0)-(z-z0)2/2o2}}dz (G. 13) 
- oo  -00 

Each integral may then be solved separate l y  resu l t ing in the fol lowing function 

R(G,S,6) = exp{-l<x2o2f2} exp{-l<y2o2f2} exp{-l<io2f2} = exp{-l<r2o2f2} 

= exp{-Cf2G2&2D&.6.}. (G.14) 

Note that this resu l t  is an approximat ion which is only val id for t imes &«6. The exact 
expression for R has been derived by Stejskal and Tanner1341 who obta in 

Equat ion G. l4 is  therefore a good approximat ion in the domain &«.6., but for those si tuations 
where this is not the case we can def ine an effect ive observat ion t ime which has the reduced 
value 

6r = 6 - &/3. (G.16) 
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