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Abstract 

MRI is a non-destructive technique to visualize the inner of the human body. In recent 
years a new MRI technique to visualize diffusion in human brain has been developed, 
called Diffusion Weighted Imaging (DWI). To investigate the dependence of this 
measuring technique on the diffusion itself, a large range of parameters of this method 
need to be examined. One of these parameters is the gradient strength and the duration 
of the gradient pulse. Clinical MRI has restrictions on gradient strengths and therefore 
new gradients to measure in an experimental environment are developed. 

A new gradient coil has been designed and developed. This gradient coil can reach 
very linear magnetic gradient fields up to 300mT/m in a region of interest with a 
diameter of 8 cm. A new RF coil was designed and developed to transmit and receive 
the high frequency signals from the sample. Data acquisition and control have been 
done with the existing NMR software available at the Magnetic Resonance 
Laboratories (MRL) at the Eindhoven University of Technology (TU/e). New 
software procedures to measure diffusion have been implemented in this software. 

The gradient coil and the RF coil have been calibrated and tested and the first 
diffusion measurements on water samples with a CuS04 solution have been 
performed. 
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Chapter 1 

lntroduction 

1 .1 Design and development of the gradient coils 

Diffusion Weighted Imaging (DWI) is a relatively new Magnetic Resonance Imaging 
(MRI) technique. Contrast in conventional MR images is based on the difference in 
relaxation times of various kinds of tissue, whereas DWI is sensitive to microscopie 
motion of water molecules in a tissue. 
Diffusion Weighted Imaging is becoming an important technique for the detection of 
certain pathologies, for example stroke. These pathologies can be characterized by a 
change in the diffusion. 
An important feature of the in vivo use of DWI is that it needs to be safe and nonde
structive. Developing such a technique starts with diffusion measurements on biologi
ca! tissues with Nuclear Magnetic Resonance (NMR). Clinical NMR systems have 
restrictions. Some measurement techniques can not be implemented because they re
quire very fast changes in the magnetic field, which leads to spontaneous nerve 
stimulation. Besides, the available gradient strengths are low compared to experi
mental set-ups. Also the manufacturers of these systems keep the operating system 
inaccessible because of safety reasons. Experimental set-ups have a more open oper
ating system and can deal with larger gradients but are mostly used and build for 
small objects or animals. 
With the arrival of a clinical NMR set-up of l.5T at the Technica! University in Eind
hoven (TU/e), a main magnetic field with a large volume became available. To do dif
fusion measurements with large gradient strengths up to 300mT/m on a large sample 
up to lücm, new gradient coils were needed. 
In this reports the development of new gradient coils is discussed. Those coils are de
signed to generate large gradient fields on larger volumes than in the existing set-ups 
at the TU/e for measuring diffusion in biologica! samples. A set-up was built, using 
the main magnetic field of the 1.5T system, with the developed gradients coils and RF 
coil. Software was created to measure diffusion with so-called Pulsed Field Gradients. 
The graduation research was performed at the Magnetic Resonance Laboratories 
(MRL) of the Department of Applied Physics at the Eindhoven University of Tech
nology (TU/e). 

1 .2 Technology assessment 

Disturbance of diffusion in biologica! tissue can indicate that a tissue is in distress. 
With the early detection of this disturbance, some tissue can be saved because medi
cines can be given earlier. Therefore it is necessary that measurement techniques for 
diffusion are developed and optimized. With the new set-up, the influence of the sys
tem parameters, such as gradient strength, on measurements can be investigated. Also 
the influence of system parameters and extemal factors (like temperature) on diffusion 

1. Introduction 
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measurements can be investigated. With this information, protocols to measure diffu
sion for clinical use can be improved. 

1.3 Structure of this report 

In chapter 2, the basics of MRI are discussed together with an explanation of diffusion 
measurements with MRI. Measurements that are done with existing coils are de
scribed. In chapter 3 the development of the gradient coils is explained and in chapter 
4 it is described how these coils were tested and calibrated. Also the diffusion meas
urements with the new coils are discussed here. The last chapter the conclusions are 
drawn and recommendations are gi ven. 

1. Introduction 
2 
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Chapter 2 

Diffusion measurements with MRI 
In this chapter the theory of MRI will be explained briefly. The principle of T 1 and T 2 de
cay will be explained, and the RF pulses and the sequences necessary to measure these 
decays. Finally a short introduction on diffusion measurements with MRI will be given. 

2.1 Basics of MRI 

2.1 .1 Magnetic resonance 

a. Precession of a magnetic moment 
The magnetic moment µ (spin) of a nucleus is proportional to its mechanic momentum b: 

ji=yb, (2.1) 

where y is the gyromagnetic ratio of the nucleus. For hydrogen 1H: 

__[_ = 42.58 MHz . 
2n T 

(2.2) 

When a nucleus is placed in an extemal magnetic field B0, the magnetic momentum of 
this nucleus will experience a torque: 

- db 
and since T = - : 

dt 

dji db (- - ) -=r-=r µxB0 • 
dt dt 

(2.3) 

(2.4) 

Equation 2.4 describes a precession of the magnetic momentum around Bo with the so
called Larmor frequency: 

w = yB0 • (2.5) 

The precession of one spin placed in an extemal magnetic field B0 is shown in figure 2.la. 
Equation 2.5 is called the resonance condition because the nucleus can absorb energy of 
electromagnetic waves with the Larmor frequency. To explain Magnetic Resonance 
(MR), a group of spins will be considered because experiments are done with a large en-

2. Diffusion measurements with NMR 
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semble of nuclei. All spins in the magnetic field Bo will precess with the Larmor fre
quency, but all with a different phase. The result of all these spins is a net magnetization 
M0 in the z-direction (because all net transverse magnetization will cancel out). This is 
schematically shown in figure 2.lb. 

x 

Figure 2.1 a Precession of a 
spin placed in an external 
magnetic field B0. 

b. Frame of reference 

Mo 

Figure 2.1 b Total magnetiza
tion of a system of spins 
placed in an external mag
netic field Bo. 

y' 

Figure 2.lc RF pulse angle 
a. When an external mag
netic field B 1 is applied, the 
total magnetization will pre
cess along B1 according to 
Eq.2.5. 

Until now only the statie (x,y,z) frame of reference is considered. For explanation pur
poses, a rotating frame of reference (x',y',z) will be introduced. The z-axis is the same in 
both frames. In the rotating frame, the x' - and y' -axes rotate with the Larmor frequency 
with respect to the stationary (x,y,z) frame. In this rotating frame, the individual spins do 
not precess but the net magnetization is still parallel to B0. For the spins in this rotating 
frame B0 does not seem to be present. 

c. RF-field 
In the MR experiment, a second magnetic field B1 is applied, perpendicular to the main 
magnetic field B0. This B1 field rotates around the z-axis in the (x,y,z) coordinate system 
with the Larmor frequency and it is a statie field in the rotating frame of reference 
(x' ,y' ,z). The net magnetization M0 will then precess around this B1 field, schematically 
shown in figure 2. lc. (When the frequency of the B1 field is not close to the Larmor fre
quency, B1 will vary rapidly and average out in the rotating frame of reference, and con
sequently it will not result in a rotation of M0). The duration t of this applied B1 field de
termines the angle of rotation a of the total magnetization M0. The flip-angle a can be 
calculated by: 

(2.6) 

The application of the extra B1 field is called the RF (Radio Frequency) pulse or the a 
pul se. 

d. Bloch equations 
The magnetization as function of time can be deduced from the Bloch equations: 

2. Diffusion measurements with NMR 
4 
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dM M (- - ) __ x =yMyBo __ x +y MxB1 
dt T x 

2 

(2.7a) 

dMY M (- -) --=-vM B __ Y +yMxB ' 
dt I' x 0 T 1 y 

2 

(2.7b) 

dM M -M (- - ) __ z=- z o+yMxB 
~ T 1 z 

1 

(2.7c) 

where Mi is the net magnetization in the i-direction of all spins. M0 is the initial magneti
zation of all spins in the B0 field. T1 is called the spin-lattice relaxation time or longitudi
nal relaxation time. This is the characteristic time for the total magnetization to recover to 
the original magnetization M0 in the z-direction. T 2 is the spin-spin relaxation time, the 
characteristic time describing the dephasing of the transverse magnetization to zero. The 
magnetization as function of time after a 90° pulse can be solved from equation 2.7 (B1 is 
then zero): 

M, =M{l-ex{-; )J 
M, =M0 ex{-;, }in(w 1) 

M, = M 0 ex{- ;, }os(w t) 

where t is the time since the RF pulse is turned off and CD the Larmor frequency. 

(2.8a) 

(2.8b) 

(2.8c) 

The rotating transverse magnetization induces a voltage in the RF coil, which is placed 
perpendicular to the xy-plane. This voltage oscillates with the Larmor frequency and de
cays with the time constant T2 or T2* due to dephasing of all individual spins (figure 2.2). 

BO 

Figure 2.2 Rotating magnetization induces a voltage in the RF coil, placed perpendicular to the xy-plane. 

e. Ti and T2 decay 
Figure 2.3a and b show the longitudinal and transverse magnetization as a function of 
time in the rotating frame of reference. Usually, if the Bo field is not completely homoge
neous, the transverse magnetization decays faster than it would decay in a completely 
homogeneous Bo field, because of more spin dephasing, and the characteristic time for 
this decay is then described by T2*. T1 is always langer than or equal to T2. T1 and T2 are 
characteristic for each type of material. 

2. Diffusion measurements with NMR 
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Mz Mo - - - - - - - - -:_:::-_;:;;..-.:;:::...-----

t 

Figure 2.3a Longitudinal relaxation: the longitu
dinal magnetization Mz recovers as a function of 
time with a characteristic time T1. 

t 
Figure 2.3b Transverse relaxation: the trans
verse magnetization Mx'y' decreases as a function 
of time with a characteristic time T2• 

2.1.2 Free induction decay (FID), spin echo's, and pulse seguences 

Different RF pulses with different flip-angles and different interval times can be applied, 
which will result in so-called spin echoes. Spin echoes, free induction decay and several 
sequences will be discussed in this section. 

a. Free induction decay and spin echo in the Hahn sequence 
For an ensemble of spins and only Bo applied, the net magnetization M0 of all spins will 
be in the z-direction. A 90° pulse will force the net magnetization in the x'y' -plane (figure 
2.4a). The rotation of the net magnetization around the z-axis induces a signal in the re
ceiving coil and this is called the Free Induction Decay (FID). Immediately after this 
pulse, the transverse magnetization will decay, due to dephasing of the individual spins. 
After some time 't, the spins are partly dephased (figure 2.4b), and no net magnetization in 
the transverse plane is remaining. Then a second RF-pulse, a 180° pulse, is given to invert 
the spins in the transverse plane (figure 2.4c ). As a consequence every spin rotates in the 
other direction (figure 2.4d) and the fast and the slow rotating spins will have the same 
phase again after time 2't' (figure 2.4e). This is called the spin-echo. The time TE=2't' is 
called the echo time. Schematically, this Hahn pulse sequence is presented in figure 2.5. It 
is a time diagram, in which the RF pulses and the signals are shown on a time axis. At t='t' 
after the 90° pulse, a 180° pulse is applied and at t=2't', the spin echo occurs. The expo
nentially decaying line in the figure indicates that the signal decays with a characteristic 
time T2• The signal intensities of the spin echo is given by: 

(2.9) 

where TR is the repetition time when the sequence is repeated. 

2. Diffusion measurements with NMR 
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y' 

,. 
1soe 

(a) (b) (c) 

y' 

,. ,. 

(d) (e) 

Figure 2.4 Hahn pulse sequence in the rotating frame of reference; ( a): The 90 ° pulse rotates the total 
magnetization into the x 'y '-plane, ( b ): due to the magnetic field inhomogeneities the individual spins will 
dephase, (c): at t=rthe 180°pulse is applied, (d): the spins will rephase, (e): spin-echo and maxima[ signal 
will occur when the spins are all in phase again at t=2r. 

RF 

T T t 

Figure 2.5 Hahn pulse sequence. The RF pulses and the induced signals are shown on one axis. First a 90° 
pulse is applied, the FID occurs and at t=r the 180° pulse is applied. At t=2r the spin echo occurs. 

b. Carr-Purcell-Meiboom-Gill sequence (CPMG) 

This sequence consists of a 90° pulse followed by a number of 180° pulses (figure 2.6). 
Because of the multiple 180° pulses, the spins will rephase and dephase after each 180° 
pulse, creating multiple spin echoes. The intensity of the echoes will decrease as a func
tion of time. This intensity decays with the characteristic time Tz (equation 2.8a and b). 

2. Diffusion measurements with NMR 
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18011 18011 

Spin echo 
FID 

t 
T T T T T T 

Figure 2.6 CPMG sequence with three 180° pulses and three spin echoes 

2.1.3 Gradients 

a. Basics 
Gradient fields in MRI are linearly in space varying magnetic fields superimposed on the 
B0 field and are used to spatially encode the MRI regions of interest. Gradients are usually 
applied in three directions: 

G = dBZ 
x dx ' 

G = dBZ 
y dy ' 

G = dBZ 
z dz ' 

and the total magnetic field becomes: 

B(r,t) = B0 + Gx (t )x(t )+ GY (t )y(t )+ G
2 
(t )z(t) 

=B0 +G(t)·r(t). 

(2.lüa) 

(2.lüb) 

(2.lüc) 

(2.11) 

The Larmor frequency wL (r,t) of each individual spin becomes position dependent: 

wL (r,t) = yB0 + }'(](t )· r(t), (2.12) 

with yB0 = WL is the Larmor frequency. The phase of each spin can be calculated accord
ing to: 

cp(r,t)= f~w(r,t') dt', 

cp(r,t) = y fJB0 + r(t')· ë(t')] dt', 

cp(r,t )-cp(o,o) = r f~ r(t')-ë(t') dt'. 

(2.13) 

2. Diffusion measurements with NMR 
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If gradients are applied, spins at different positions will have different phases and fre
quencies. In the received signal, the phase and frequency information can be used to cal
culate the position of the spins. The intensity of the signa! is proportional to the number of 
spins on that position. In the following paragraphs it will be explained how full 3D spatial 
encoding can be achieved using 3 gradients; the slice selection gradient, the frequency 
encoding gradient and the phase encoding gradient. 

b. Slice-selection gradient 
The total magnetic field, if one gradient Gz in the z-direction is applied, is: 

(2.14) 

with Bo the extemal magnetic field and z the z-coordinate of the particle. The frequency 
of each spin depends on the z-position. If the gradient Gz is applied during a 90° pulse, 
only the spins with the Larmor frequency close to the B1 RF frequency will rotate into the 
x'y'-plane. Figure 2.7 shows the linearly dependent Bz field in the z-direction as a func
tion of position. Since a finite pulse will always contain a band of frequencies, a finite 
slice thickness will be excited by the 90° pulse. 
The width of the frequency band and the gradient strength therefore determine the thick
ness of the slice. 

B(z) 

B(z2)=B0+G,z2 >--------->< 

B(z 1)=B0+Gzzt >--------,.( 

tg- 1 (G,~ 

! 
!z, f2 

11 

Figure 2. 7 Slice selection; only the spins between z1 and z2 have the correct Larmor frequency and will ro
tate into the x'y'-plane when a 90°pulse is given while the z-gradient G, is applied. 

c. Frequency encoding and phase encoding gradient 
The frequency and the phase encoding gradient will be explained for completeness but not 
in extensive detail. More information can be found in [VLA99]. After slice selection, all 
spins in the selected slice are in the x'y' -plane. Although the slice has a non-zero thick
ness, it will be considered as two-dimensional. Consider in figure 2.8 nine spins in one 
slice. After the RF pulse accompanied by the slice selection gradient all the spins have the 
same frequency w (figure 2.8a). When an x-gradient is applied, the frequencies of the 
spins will depend on the x-position (figure 2.8.b). This x-gradient is applied during the 
acquisition of the echo, which will encode the second dimension. The x-gradient is usu
ally called the read-out gradient. 

2. Diffusion measurements with NMR 
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The third dimension is encoded by applying a gradient in the y-direction during a short 
period of time. This induces an y-position dependent phase shift. The y-gradient is also 
called the phase encoding gradient. 

000 
OC~C?J 
000 

(a) 

OOG 
UOG 
CJ(!)(!) 

(c) 

CJ4 

CJ5 

CJG 

Figure 2.8 Frequency and phase encoding gradient, (a): after the slice selection all spins have the same 
frequency w; (b): x-gradient makes thefrequency x-position dependent; (c) the y-gradient is applied during 
a short period of time which will induce a phase shift in the y-direction ( d) to encode the third dimension. 

d. Time diagram and k-space 
Figure 2.9 shows a time diagram fora Hahn pulse sequence if gradients for imaging are 
used. The first axis shows the RF pulses and the echo as a function of time. On the other 
three axis, the applied gradients are shown as function of time. The height of the gradient 
blocks represents the strength of the gradients. 
The transverse magnetization in a slice after the gradients are applied can be written as: 

M xy(t) = Jf m(x, y)exp(-i(wt +<p))dxdy = Jf m(x, y)exp(-i(kxx+ kyy))dxdy, (2.15) 
xy xy 

2. Diffusion measurements with NMR 
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where wand cp are the frequency and phase encoding, and m( x,y) the number of spins as a 
function of position. lt is readily seen in eq.2.15 that m(x,y) can be extracted by Fourier 
transformation. More details can be found in [VLA99]. 

180° 
spin echo 

RF 

Gz 

Gx 

Figure 2.9 Time diagram of a Hahn sequence with gradients. The first axis represents the RF pulses and the 
echo. The other three axis show the gradients in the z-, x-and y-direction. 

2.2 Diffusion Magnetic Resonance lmaging 

2.2.1 Mathematica! description of diffusion 

Molecular diffusion is the result of thermal, so-called Brownian motion. This type of mo
tion results in random displacements of molecules. In nonuniform systems, the classica! 
first Fick's law describes diffusion [JOS60]. The diffusion coefficient Dis introduced as a 
constant, which characterizes the change of concentration of one type of molecule as a 
function of time. When the molecules are uniformly distributed, no macroscopie variation 
can be seen, but there are still random displacements, which is called self-diffusion. In 
that case other approaches must be used to evaluate the diffusion. The probability of 
finding a molecule, started at a position r0, at a position r at a time t can be calculated. 
This displacement r-r0 follows a Gaussian distribution, which is expressed in Einstein' s 
equation: 

( (r - r0 )
2

) = 6Dt , (2.16) 

where t is the time and D the diffusion coefficient. Because of the microscopie structural 
heterogeneity of living tissue, the diffusion of water through a tissue is a direction
dependent quantity that can be described by a symmetrie tensor D containing six inde
pendent elements [FINOO] (Dxy=Dyx, Dxz=Dm Dyz=Dzy): 

2. Diffusion measurements with NMR 
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l
Dxx Dxy 

D = Dxy DYY 

Dxz Dyz 

(2.17) 

The trace or the so-called isotropic Apparent Diffusion Coefficient (ADC): 

1 1 
ADC = -Trace(D) = -(Dxx + DYY + Dz

2
). 

3 3 
(2.18) 

In this form the ADC may be used to obtain a so-called isotropic diffusion weighted im
age. 

2.2.2 MR sequences and diffusion imaging 

The most widely used method for measuring diffusion with MRI is the Pulsed Field Gra
dient (PFG) method, incorporated into a Hahn spin-echo sequence. Figure 2.10 shows a 
time diagram of this PFG sequence. The first axis represents the RF pulses that are given 
and the echo that will be measured. The second to the fourth axis represent the gradients 
that are applied in the z, x and y direction. On the fifth axis, the pulsed field gradients are 
shown which may be applied in any direction. 

900 180• 

RF -' ·~. ______ __.._ _____ __.____._ 

~ . .... ·i 

GY-------------------+-: .... 1 

PFG G 

. . ...... " 
Figure 2.10 Pulsedfield gradients in a time diagram. The first axis represents the RF-pulses and the echo; 
the second to fourth axis represent the gradients in the z, x and y-direction. On the fifth axis, the pulsed field 
gradients are shown; two equal pulses with strength G, pulse duration 8 and interval time .1 between the 
ons et of the two puls es. 

The purpose of the PFG' s is to magnetically label the spins. Diffusion of labeled spins 
causes phase dispersion, which leads to signal loss in the echo. As shown in figure 2.10, G 
is the gradient strength, 8 the gradient duration and ~ the time between the onset of the 
pulses. Immediately after the first pulsed field gradient the spins have acquired a phase 
shift, <j>1: 

</J1 = rz1G8, (2.19) 

2. Diffusion measurements with NMR 
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where z1 is the position of the spin along the diffusion encoding axis. Also the second 
pulsed gradient produce a phase shift, <l>z: 

(2.20) 

Because of the presence of the 180° pulse, the net phase shift is the difference between </>1 

and </>2: 

PFG 

statie spin 

flowing spin 

G 
G 

diffusing spinG 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ••••••••••••••••••••••••••••• ••••••••••••••••••••••••••-- ••••••••••••••••••••••••••• wmm••••••••••••••-•••• 

M netto 
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__. 

(2.21) 

phase 

0 

~til 
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Figure 2.11 Effect of Pulsed Field Gradients on spins from statie, jlowing and diffusing particles. 1f parti-
cles are statie, the spins in a voxel wilt defocus during the first lob and completely refocus during the sec
ond lob. Spins from moving particles wilt also defocus and refocus completely, but because of the movement 
of all particles in the same direction the particles are subject to another gradient strength during refocusing 
then during defocusing. Spins of dif.fusing molecules defocus completely but wilt not refocus completely be
cause of the random displacement of the molecules. 

For spins of statie molecules, where z1 =z2 the net phase shift in a voxel is zero, for spins 
from flowing molecules there will be a net phase change unequal to zero. For spins of dif
fusing particles the phase shift will be zero in a voxel but due to diffusion incomplete re
focusing occurs, leading to signal loss. This is illustrated schematically in figure 2.11. 
Diffusion leads to attenuation of the spin-echo signal. S0 is the signal of the spin-echo 
when no gradients are applied, according to equation 2.9, and S the signal acquired when 
the PFG' s are applied. The difference in attenuation between S0 and S is due to diffusion 
and can be used to calculate the diffusion coefficient [VLA99]. The attenuation of this 
signa! can be described according to: 

s S = exp(-bD), 
0 

(2.22) 

where D is the diffusion coefficient and b the gradient factor, a sequence parameter from 
the set-up. The b-value is defined as: 

f TE 2 
b =Ja ikCt)I dt, (2.23) 

2. Diffusion measurements with NMR 
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with 

k(t) = y s: G(t')dt', (2.24) 

where G(t) is the gradient strength as function of time. 
For the PFG's as shown in figure 2.12a; duration ö and amplitude G, with a time~ be
tween the onset of the pulses, the b-value is given by [NICOO]: 

b=y'G'S'( ~-~S} 

180 ORFpulse 

Figure 2.12a Rectangular pulsed field gradient 
waveform, G is the gradient strength, 8 the pulse 
duration and Ll the time between the onset of the 
puls es. 

G 

(2.25) 

180 ORFpulse 

Figure 2.12b Trapezoidal gradient waveform, G 
is the gradient strength, Ethe gradient rise time, 
8 the pulse duration and Ll the time between the 
ons et of the puls es. 

For trapezoidal shape gradients (see figure 2.12.b), the b-value becomes [NICOO]: 

(2.26) 

where E is the gradient rise time for the trapezoidal waveform. These equations (2.22-
2.26) are valid only for diffusion in an infinite and homogeneous medium. lf diffusion is 
restricted, e.g. by (im)permeable harriers in the cell membrane in biologica! tissue, the 
signal attenuation must be calculated using a more extensive formalism, taking into ac
count each particular situation. 
A variation on this technique is the gradient echo technique. In this sequence no 180 
pulse is needed to switch the polarity of the gradients. A negative lob immediately follows 
the positive lob (figure 2.13). In this way much shorter diffusion times can be used. Equa
tions 2.23-2.26 are still valid for the attenuation in the spin echo signal. More information 
can be found in [LEB89]. 

2. Diffusion measurements with NMR 
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' 

G 

'• •' :8 G ______ ,, ___ _ 

:• 8 ", 
Figure 2.13 Rectangular pulsedfield gradient waveform without a 180° RF pulse. 

Using the gradient echo technique method extra echo attenuation, due to incomplete spin 
refocusing, can occur due to mismatch between the two gradients. This mismatch easily 
occurs in the presence of background gradients or Eddy currents. 
Tissues with short T 2 require short TE, which may not allow diffusion times long enough 
to see signal attenuation. Therefore another technique is used: stimulated echo technique. 
See [HAH50] for more detail. 
Other sequences, like constant field gradient spin echo and stimulated spin echo, are dis
cussed in [CAR54] and [HAH50]. Diffusion weighted imaging is described in [VLA99]. 

2.2.3 Experimental considerations in diffusion MR 

The requirements discussed in this section are problems conceming diffusion measure
ments. Additional requirements that arise with in vivo diffusion weighted imaging are not 
discussed in this graduation report. 

a. Technical requirements 
As shown in the previous sections, the b-value is an important factor in diffusion MRI. 
This value is proportional to the square of the gradient strength (eq. 2.25 and 2.26). There
fore the gradient strength has to be well-defined and accurate for good diffusion meas
urements. Rapidly switching of the gradients can induce Eddy currents in the surrounding 
metals, e.g. the bore of the main magnet system. These Eddy currents produce field gradi
ents that add to the diffusion gradient. To solve this problem is to remove as good as pos
sible all Eddy currents by using actively shielded gradient coils. Also the influence of the 
Eddy currents can be limited by using gradients with small dimensions (the coil is in this 
situation not in the neighborhood of any material where Eddy currents can be induced). 
Conturo et al.[CON95] describes systematically which errors can occur in ADC meas
urements. One of the important error sources is the shape and the timing of the diffusion 
gradients. Errors in gradient amplitude, direction and linearity could combine to contrib
ute up to -10% inaccuracy in the diffusion measurements. Good calibration of the gradi
ent strength therefore is necessary for accurate diffusion measurements. 

b. Diffusion in biological systems 
Biologica! systems are heterogeneous and made of multiple subcompartments. The trans
port between the compartments (microdynamics) should be considered when the MR sig
nals are interpreted. A classica! interpretation of the NMR signal may not properly reflect 
tissue structure or properties. The main difficulty is that the detailed structure of the me
dium is generally unknown and modeling is required. It would lead too far to go into de-

2. Diffusion measurements with NMR 
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tail in this report, but for interpreting the measurements one should be aware that re
stricted diffusion can be present. 
On the other hand, a bulk ADC can still be measured. 

2.3 Diffusion measurements with existing coils 

a. Set-ups used for diffusion measurements 
Diffusion measurements were done at two different set-ups: the 6.3T system at the TU/e 
and the LOT system at the SJZ. The 6.3T system is made to perform NMR on small sam
ples in a scientific environment. The l.OT system is standing in a hospita! and is intended 
to do NMR on humans. The sample used for diffusion measurements with the 6.3T sys
tem was water with O.OlM CuS04 and diffusion was measured using the PFG technique. 
Por the system at the SJZ the sample was a proportion of the following: 1000 ml demi
water, 770 mg CuS04.5H20, 2000 mg NaCl, 1 ml arquad (1 % solution), 0.05 ml H2S04 
- 0.1 N solution. Arqaud is a substance that makes sure that no algae will grow in the so
lution. This reference fluid has the same ADC as water but a shorter T1 and T2 time. The 
method used to measure diffusion was an adapted form of the PFG technique imple
mented by the manufacturers of the system. Table 2.1 gives an overview of the measure
ments that are done. 

System TR ö ~ Gradient b-value ADC 
(ms) (ms) (ms) (mT/m) (106s/m2

) (10-9 mz/s) 

SJZ LOT 1000 5-20* 75-150* 0-21 * 100-6400 L12-2.96 
TU/e 1000 0.5-3 7.5-140 0-250 0-171 L79 +/-
6.3T 0.03 
Table 2.1 Overview of the performed experiments at existing set-ups, TE is the echo time, TR the repetition 
time and ADC the Apparent Diffusion Coefficient. * The variation of 8, L1 and G at the SJZ was done indi

rectly by varying the b-value. 

The ADC was calculated as explained in section 2.2.2. Figure 2.14 shows a measurement 
at the SJZ with a maximum b-value of 1600 106 s/m2

. On the horizontal axis, the b-values 
are and on the vertical axis the logaritme of the signal strength devide by the zero meas
urement as a function of the b-values are set. The slope of the interpolated line is the ADC 
of the sample and is 2.05 10·9 m2/s. 

o--~~~~~~~~~~~~~~~--rl 

ln(Sb/So) _ 1 1000 1500 200 

-2 

-3 ADC=slope=2.05 10-9 m2/s 

-4 --

b-value (s/mm11.2) 

Figure2.14 Measurement at the SJZ with a maximum b-value of 1600 106 slm2
. The slope of the trendline is 

the ADC of the measured sample and is 2.05 10-9 m2/s. The R2 value of the interpolation is 0.9994. 
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b. Conclusions 
As shown, diffusion measurements can be performed with the existing coils, however it is 
not possible to measure with high b-values and high gradient fields on a larger sample. 
At the SJZ, the following restraints turn up. First, new pulse sequences to measure diffu
sion can not easily be implemented. Second, above b-values of 3000 106 s/m2

, the signal 
could not be distinguished from the noise. Third, the gradients can only reach up to 
21mT/m. 
With the 6.3 T system the parameters can be implemented separately, the gradient can 
reach up to 380 mT/m. The only disadvantage was the small sperical volume that can be 
used to insert samples. 
In conclusion, we want a gradient coil with a large volume, which can reach high gradi
ents. Also we want to be able to operate the whole system, implementing our own se
quences. Considering all possibilities the conclusion was to make a new gradient coil 
which could fit in the l .5T set-up, available at the TU/e. The main magnetic field of the 
1.5 T will be used, the software of other set-ups at the TU/e could be adapted and used 
and a new gradient coil and an RF coil should be developed, build and tested. 
In the next chapter the development of the new gradient coils will be discussed. 

2. Diffusion measurements with NMR 
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Chapter 3 

Development of the gradient coils and the 
experimental set-up 
In this chapter, first the required specifications for the gradient coils will be discussed, 
including the calculations and the expected performance of these coils. In the last sec
tion the total experimental set-up for diffusion measurements will be discussed. 

3.1 Specifications 

a. Purpose 
The new gradient coil will be used to investigate the influence of the PFG parameters 
on the diffusion measurements fora large range of b-values. Diffusion measurements 
will be performed with the discussed pulsed field gradients technique (see section 
2.11.a). This will be done for small b-values ( <2000s/mm2

) and for larger b-values. 
An overview of existing coils is given in Table 3.1. These coils are present at the 
TU/e at the MRL group and at the Sint Jozeph Hospita! (SJZ) in Veldhoven. 

TU/e l.5T 
TU/e 6.3T 
SJZ LOT 

G /). E 8 direc- Bore di- ROI 
(mT/m) (ms) (ms) (ms) tions ameter (di-

(cm) ameter 
in cm) 

0-21 -* -* -* any 70 30 
0-380 any 0,09 any any 9.5 8 
0-21 9.8-140 0.4 0-65 any 70 30 

Table 3. 1 Overview of parameters of existing coils at the TUie and at SJZ. 
*:No PFG available at this machine. 

b. A vailable components 

Bo de-
viation 
in the 
ROI 
(ppm) 

5 
<0.5 
5 

For the design of the set-up, several boundary conditions have to be taken into ac
count. 
First, the Bo field of the ACS scanner available at the TU/e will be used, which is 
1.5T. The diameter of the opening is 70 cm. The total set-up of the coils, with water
cooling if necessary should fit within the physical space that is available. 
The most powerful amplifier available is COPLEY 265MS which can deliver a peak 
current of 300A. A Techron 7700 series was used to do the first measurements. This 
amplifier can deliver a peak current of 180A and if placed in series with two other 
7700 series amplifiers 500A. 

c. Parameters G, 8, E and 11 
To be able to investigate the influence of system parameters on diffusion measure
ments, a large range of parameters 8, 11 and G has to be used. 
• To be able to investigate diffusion dependency on cell membrane permeability, 11 

should range from <1.5ms to 200ms fora larger range of b-values. 

3. Development of the gradient coils and the experimental set-up 
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• The minimal rise time E is dependent on the load (resistance, inductance, total en
ergy stored in the coils) of the amplifier and will be dependent on the design of the 
coils. For small pulses, E needs to be small. To be able to generate pulses with a 
pulse width of lms, E should at least be as small as 0.4 ms, which is the rise time 
for the 1.5 T magnet at the SJZ. The rise time E can be approximated by: 

1 E 
é=----

2 lmax Vmax , 
(3.1) 

where E the total energy stored in the coils, Imax the current running through the 
coils and V max the voltage through the coils. 

• The gradient strength depends on the total amount of current through the coils 
(section 3.2). The maximum current from the available amplifier is 300 A. To be 
able to use pulses with a gradient strength as high as possible, the maximum cur
rent will be used. 

d. Dimensions 
The dimensions of the sample should be larger than existing high gradient coils and 
should fit into the ACS scanner, available at the TU/e. This scanner has a stable mag
netic field within 5 ppm Diameter Sperical Volume of 30cm. The total set-up has to 
fit into the bore of the magnet, which has a diameter of 70cm. 

e. Linearity/homogeneity 
The linearity of the gradients in the clinical scanner is 99%. The linearity of the new 
gradients is chosen to be at least 97%. With this linearity, a well-defined slice selec
tion can still l:>e done. The better this linearity, also the better the ADC can be defined. 
A deviation of 3% in the gradient results in a deviation of about 10% in the ADC
value (see eq.2.25). 

f. Used sequences 
The gradients will be used to measure diffusion with PFG implemented in a Spin 
Echo (Hahn) sequence. 

g. Overview 
Table 3.2 gives an overview of the specifications. 

G 
(mT/m) 

0".300 

~ f 8 ROI Linearity 
(ms) (ms) (ms) (diameter in (%) 

cm) 

8+2E<l.5 <0.4 1 >5 97% 
Table 3.2 Overview of the specifications 
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3.2 Development of the z-gradients 

3.2.1 Gradient field: optimization problem 

A gradient field is a magnetic field which magnitude depends linearly on the position 
along the z-axis. The magnetic field can be calculated with the Biot-Savart law: 

(3.2) 

where B is the magnetic field, 1 the current running through the conductor, r the dis
tance from the current through the conductor to the point where the magnetic field is 
calculated and µo is the magnetic permittivity of vacuum, 4 n 10-7 N/A2

. The gradient 
field along the z-axis is described by: 

G = ÖB 
z '()z' 

(3.3) 

For the design of the gradient, one has a large number of parameters that can be var
ied, such as the number of the coils, distance between the coils and radius of the coils. 
To get insight the influence of each parameter, several simple designs will be dis
cussed first. 
Calculations in sections 3.2.la and 3.2.lb are carried out fora radius R of 10 cm and a 
current 1 of 300 A. 

a. One coil 
Figure 3.la shows schematically a coil of one loop. The magnetic field on the z-axis is 
described by: 

(3.4) 

with R the radius of the loop and z the distance from the center of the loop to the point 
were the magnetic field is calculated. The gradient field on the z-axis is: 

(3.5) 

The magnetic field and the gradient field along the z-axis are shown in figure 3 .1 b and 
figure3.lc. A constant gradient can not be reached with one coil. 
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z 

Figure 3. 1 a Configuration of one coil with radius R, and current I 

0.005 

-04 -0.2 0 z 0.4 z(m) 

-0.005 

0.0002 -0.01 

-04 -0.2 0.2 z 0.4 z(m) -0.015 

Figure 3.Jb Calculated magnetic field along 
the z-axis for I =300A and R=O. 1 m 

Figure 3.lc Calculated gradient along the z
axisfor l=300A and R=O.Jm 

b. Two coils 
A second example is a design with two coils placed symmetrically with respect to the 
origin. The current through the coils is running in opposite directions with the same 
magnitude. The magnetic field is: 

(3.6) 

where R is the radius of each coils and d the distance from the origin to the coils. And 
the gradient field along the z-axis is: 

(3.7) 
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The configuration is shown in figure 3.2a. The magnetic field and gradient field are 
shown in figure 3.2b. The distance from the coils to the origin is the same as the ra
dius, 10 cm. R.Blok [BL099] shows that if R=d, a gradient field as high and as linear 
as possible can be obtained for this configuration. The obtained gradient field does not 
meet the requirements. The gradient strength is only 20 mT/m and is only 95% linear 
in a region of 6 cm. 

1 

1 

1 

0 

l - - - - -
r - -- - -1 d 
1 d 1 

A 

·R 

z 

Figure 3.2a Configuration of two coils with radius Rand at a distance of dfrom the origin 

0 Gz(T/m) 
O.CIJ15 0.015 

0.001 0.01 

0.005 

-0.2 -0.1 0.1 z o2cm) -02 - .1 0.2 (m) 

.001 

-0.0015 

Figure 3.2b Calculated magnetic field along 
the z-axisfor two coils with d=O.JOm, 
R=O. JOm and 1=300A 

c. Generalization 

-0.005 

-0.01 

-0.015 

Figure 3.2c Calculated gradient along the z
axis for two coils with d=O.JOm, R=O.lOm, 
and 1=300A 

For 2N coils, the design for an example for N=7 is shown in figure 3.3. To obtain a 
symmetrie gradient field, the design is such that the left-hand side is the mirror view 
of the right-hand side. All coils have the same radius and current running through it. 
The direction of the current is opposite for the left-hand and right-hand sides. The 
magnetic field can be expressed by: 

(3.8) 

and the gradient field along the z-axis is: 
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Figure 3.3 Example of a gene ral design for 2N coils with N= 7, with radius R and distance to the origin 
ddor the k1

h coil, current I through each coil, the direction of running is opposite for left-hand side and 
right-hand side. 

The parameters used to obtain a gradient field along the z-axis in this configuration 
are: 

1. 1: the current through the coils 
2. R: the radius of the coils 
3. N: the total number of coils on one side 
4. dk: the distance of each coil k to the origin 

This configuration with all coils with the same current and radius was chosen for sev
eral reasons. This relative simple configuration generates the most ideal gradients. 
Also technically it is convenient to make the coils all of the same size and let the same 
current run through it. 
Using a Maple program, these listed parameters were varied to investigate the influ
ence on the gradient field. The gradient strength at point z=O is taken as the reference 
gradient strength. To characterize the linearity of the gradient, the deviation of the 
gradient strength is introduced. The deviation is the largest relative difference of the 
gradient strength in the region from z=-d1 until z=d1. 

Some rules of thumbs are found by varying these parameters in our model: (Some of 
these conclusions can also be deducted directly from equation 3.9.) 
1. the gradient strength is: a. proportional to the current 1, 

b. proportional to the radius R, 
c. proportional to the total number of coils 2N, 
d. inverse proportional to the distance of each 

coil to the origin 
2. the linearity is:a. inverse proportional to the radius R, 

b. proportional to the distance of each coils to the origin. 
In this simplified model, for a first approximation, important parameters were omitted 
such as: 
• the thickness of the coil wires, 
• the total energy stored in the coils, 
• the resistance of the total set-up, 
• the inductance of the total set-up, 
• the eddy currents that can be induced in the surrounding material. 
All these parameters should be included in the optimization. The purpose of the 
graduation assignment was not to make a realistic model and therefore literature was 
searched and Philips Medica! System was contacted to help with this optimalization. 
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3.2.2 Solutions trom literature 

Few articles deal with our requirements: a high gradient field together with a large 
ROi is an unusual combination. Suits [SUl89] describes a configuration of 16 coils to 
obtain a homogeneous field with a linearity of 97% in a ROi of 14cm. Fig.3.4 shows 
the magnetic field and the gradient field calculated by Maple with the parameters 
from [SUl89]. The current used is 300 A, the radii of the coils 10 cm. 1 coil is placed 
at 0.44 times the radius of the coil (4.4 cm) from the origin and 7 other coils at 1.19 
times the radius of the coils (11.9 cm) from the origin. The original parameter settings 
are given in table 3.3. A gradient field of 114 mT/m with a linearity of 97% in the 
ROi from -0.07 m till +0.07m is obtained. 
No literature could be found describing a system with gradient strength of 300mT/m 
with a linearity of 97% in a ROi of lücm. 

Amp-turns -- n1/n2 
Radius 
distance b1 
distance b2 
Current 

0.005 

-0.2 -0.1 

.005 

-0.01 

solution from [SUI89] 
117.49 
R 
0.44R 
1.19 R 
11=12 

Table 3.3 Solution by [SU/89] 

0.1 
z c~)-0.2 

values used in Maple 
1/7 
0.1 
0.044 
0.119 
300 

0.1 

0.05 

-0.05 

-0.1 

m 
m 
m 
A 

0.1 
z cili) 

Figure 3.4a Calculated magnetic field with the 
parameters obtained by {SU/89] 

Figure 3.4b Calculated gradient with the pa
rameters obtained by [SU/89] 

3.2.3 Solution trom STREAM: werking with constraints 

Together with Philips Medical Systems we designed a set of gradients, capable of 
achieving the requirements. A fast iterative computer program, called STREAM, de
veloped by Geran Peeren from Philips Medical Systems in Best, was used to obtain 
this result. This program can give the current distribution as a function of position 
when the desired gradient field in the z-direction is given. The number of coils can be 
obtained by dividing the total current by the 300 A that is available from the ampli
fier. 
The program uses a stream function. A brief introduction in the program follows, for 
extended information, 1 like to refer to Philips Medical Systems. The program opti-
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mizes a stream function that will lead to the current distribution. Four main con
straints are used in the optimization: 
1. the gradient field in the central volume, 
2. the stored magnetic energy, 
3. the resistance and dissipation, 
4. the field of currents induced in the surrounding materials. 
The optirnization is a fast iterative process. The stream function gives a gradient field 
close to the desired gradient field. As long as the diff erence of the desired field and 
that of the stream function is larger than the four constraints, the iteration goes on. 
The optimization parameters will be varied in such a way that the program is much 
faster than most other iterative programs. 
In our situation, the most important constraint is the gradient field in the central vol
ume. The stored magnetic energy and the resistance and dissipation should be low 
enough that the coils can still be cooled. The field of induced currents in the sur
rounding materials was not a big concern because the closed surrounding in the final 
set-up will be far away from the surrounding magnet and its influence will be negligi
ble. 
For the desired gradient field, the program calculated a current distribution of 
11300A. This means that there need to be 38 coils of about 290 A because the avail
able amplifier can only deliver 300A. The program calculated the position of all these 
coils and this is listed in appendix A. Table 3.4 gives a short overview of the output of 
the program. 

Radius of imaging sphere 0.0500m 
Total gradient length 0.387 m 
Number of coils 38 
Radius of coil 0.0995 m 
Amperes running through each coil 290 A 
Thickness wire 0.001 m 
Self-inductance 118 µH 
Resistance 13 mQ 

Stored enern:v 5 J 
Dissipation 1100 w 

Table 3.4 Solution from STREAM 

The thickness of the wires taken was assumed 1 mm, which is not sufficiently thick 
enough to carry 290 A (this will be dealt with in section 3.2.4). The linearity of the 
solution (97% within the ROi) is shown in figure 3.5 and figure 3.6 shows the ROi in 
which the gradient is 300mT/m. 
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Figure 3.5 Linearity of the solution by STREAM. The horizontal axis is the z-axis, the vertical the x
axis. The figure is cylindrical symmetrie around this axis. The vertical line through z=O represent the 0 
mT line, the following line to the right is the line where the magnetic field is 10 mT, The line at z=O. 02 
m is the line where the magnetic field is 60 mT and at z=O. 05 m the magnetic field is 150 mT. 
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Figure 3. 6 Gradients contours as a function of z and x. In the inner reg ion the gradient is between 300 
mT!m +/- 3% and 290 mT/m +/- 3%. 
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In figure 3.7 the solution calculated with Maple is shown, it shows the magnetic and 
gradient field along the z-axis. The gradient field in the point (0,0,0) as calculated by 
the Maple program is 303 mT/m. 
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Figure 3-7a Calculated magnetic field, with 
the parameters obtained by STREAM and 
listed in table 3.4 and appendix A 

3.2.4 The final design 
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Figure 3. 7b Calculated gradient with the pa
rameters obtained by STREAM and listed in 
table3.4 and appendix A. 

In this section the final design will be described, together with some expected values 
for the heat capacity, forces, stored energy and rise times. These values are estima
tions and they will have to be measured in the final design. 

a. Changes on the STREAM design 
The current distribution of the STREAM program was used to design the gradient 
coils. The thickness of the wires has been changed because heat dissipation in the 
wires can be a problem. Copper wire can be air cooled if the current is less than 3 
Nmm2 and water-cooled if the current is less than 10 Nmm2

. A current of 290 A 
which is air-cooled needs a wire diameter of 3.57 mm if we assume a duty-cycle of 10 
%. We have chosen fora wire thickness of 3.12mm because this is the thickest wire 
that can be used in the design, otherwise the wires will overlap (see appendix A). This 
will be no problem because the duty cycle of 10% can easily be lowered and water 
cooling can be used if necessary. 
The resistance of the coils is described by: 

with 

(3.10) 

(3.11) 
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the resistivity of copper, 1 the length of the wire and A the surface area of the wire. 
The dissipated power can be calculated as follows: 

P = I 2 R = 290 2 A 2 x 0.055.Q = 4626W . (3.12) 

Fora duty cycle of 10 %, this means that a constant heat dissipation of 463 W should 
be cooled. Air cooling is possible in this situation (See Appendix B). 

b. Expected gradient in the ROi and homogeneity 
From the simulation with STREAM can be derived that a gradient of 300 mT/m with 
a linearity of 97% in the ROi will be achieved. The ROi is a cylinder with length 8 cm 
and diameter Sem. 

c. Forces 
The forces on the coils are caused by the interaction of the B0 field and the current 
through the coils. The Bo field is 1.5 T in the z-direction with a deviation of 20ppm in 
a sperical volume of diameter 50cm. In order to determine the forces on the gradient 
set, an approximation can be used: 

1. One coil and B0 

Figure 3.8 shows the forces F on the coil caused by one coil and the Bo field. The 
force can be calculated by: 

- - -F = l · I xB0 , (3.13) 

with 1 the current running through the wire, 1 the length of the wire and B0 the 
main magnetic field. The force acts in- or outwards in radial direction depending 
on the direction of the current. On 1 cm wire the force is: 

F =4.35N. (3.14) 

2. One coil and the other 37 coils 
The 38 coils are designed to produce a gradient field of 0.3T/m. So the magnetic 
field is maximum 0.12T fora length of 0.387m. Figure 3.8b shows the total force 
caused by one coil and the maximum possible B field caused by the other 37 coils 
and can be calculated by eq.3.13, now with F the force acting on the wire, 1 the 
current running through the wire, 1 the length of the wire and B the maximum 
possible magnetic field caused by the other 37 coils. The force acts in- or out
wards in radial direction depending on the direction of the current. On 1 cm wire 
the force is: 

F = 0.348N. (3.15) 
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x 

y 

Figure 3.8a Force F acting on a coil, caused 
by the current I running through the coil and 
the main magnetic field B0. 

3. Connection wires 

other coils 

Figure 3.8b Force F acting on a coil, caused 
by the current I running through the coil and 
the maximum possible magnetic field B caused 
by the 37 other coils. 

The connection wires are parallel to the main magnetic field and there will be no 
net force on them (equation 3.13). The connection wires are also parallel to the 
magnetic gradient field and no net force will occur (equation 3.15). 
The maximum force on 1 cm wire that will act on one coil will be the sum of the 
two forces mentioned above: 

Fmax,lcoil = 4.698N · (3.16) 

This force works on 19 coils inwards and on the other 19 coils outwards. (The 
current 1 is running through 19 coils in one direction and through the other 19 
coils in opposite direction.) The holder for the coils has to be designed strong 
enough to resist the force of 19 coils: 

F max,19coils = 89 .262N · (3.17) 

4. Inhomogeneous B0, position problems 
lf the holder with all the coils is not placed exactly parallel to Bo but slightly 
tilted as shown in figure 3.9b, the forces change. The forces on each coil due to 
the interaction of the current 1 and the B0 field will be smaller because the angle 
between Bo and 1 is not exactly 90°. The connecting wires are not parallel to the 
Bo field anymore but the forces on the incoming and outgoing wires eliminate 
each other. 
Bo is homogeneous within 20 ppm in 50 cm diameter sperical volume. Difference 
in Bo will be at most 30 mT on 50 cm. The changes in forces only have an influ
ence on radial components (if the holder is placed parallel to the Bo field) and are 
neglectable. 
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1 1 

Figure 3.9a The holder (with 4 coils shown on 
it) is placed parallel to the B0 field. The cur
rent in the coils are perpendicular to the B0 

field, the current in the connecting wires are 
parallel to the B0 field. 

Figure 3.9b The holder is not placed parallel 
to the B0 field. 

d. Stored energy/rise time 
The rise time can be calculated using equation 3.1. The stored energy is: 

E=]_L·l 2 

2 ' 
(3.18) 

and it can be calculated if the inductance L and the current 1 are known. The current is 
290 A and the inductance calculated by STREAM is 118 µH. The stored energy is: 

1 ~ ( )2 E = l · 118 · 10 H · 290A = 51 , (3.19) 

as calculated by STREAM (see Table3.4) and hence the rise time E: 

c _ 1 E = 1 51 = 55µs 
c --· 2 300A·300V ' 2 /max ·Vmax 

(3.20) 

with Imax and V max the maximal current and voltage the amplifier can deliver. 
The specifications of the Copley amplifier indicate a ramp from 0 to 250A within 
150µs (accuracy 1% or 2.5A) and within 260µs (accuracy 0.2% or 0.5A). The ramp 
slope is specified by 250A/lms. The self-inductance of the coil L can be calculated: 

L = I · R = 290A · 0.055Q = 63 .8µH 
dYcit 250,000A/ s 

(3.21) 

The calculated self-inductance differs from the self-inductance from the STREAM 
program. The stored energy will now be calculated by using the calculated self
inductance: 

E = ]_ · 63.8·10-6 H · (290A)
2 = 2.71 

2 

e. Overview of the expected parameters 

(3.23) 

Table 3.5 gives an overview of the expected parameter of the design. Parameters con
ceming the software are omitted here. All parameters are calculated for a duty cycle 
of 100%. The force is the force on lcm wire. 
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G(mT/m) R(mQ) L(µH) Heat (W) Force* Stored E (µs) 
(N) Enerf!v (J) 

0-300 54 118 4541 4.7 5 +/- 260 
Table 3.5 Overview of the expected parameters. 

*The force is the maximum force per cm wire acting on one coil. 

3.3 Total set-up 

For the diffusion measurements not only gradient coils are needed, but a complete 
MRI console has to be built. In this section the complete set-up will be explained 
briefly. For further reading on working with NMR systems in the MRL group, I 
would like to refer to other reports such as Rijniers [RIJOO]. 

3.3.1 The main magnetic field Bo 

The main magnetic field of a Philips ACS whole body MRI scanner is used as Bo in 
our set-up. This magnetic field of 1.5 T is homogeneous within 5 ppm in a Diameter 
Spherical Volume (DSV) of 30 cm and within 20 ppm in a DSV of 50 cm. In this re
gion the RF coil and the z-gradients coils of our diffusion set-up will be positioned. 
Figure 3.10 shows a picture of the gradient coils positioned in the ACS scanner. 

RF coil 
Gradient coil 

Figure 3.10 Picture of the RF coil and the gradient coil in the ASC scanner 
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3.3.2 The gradient field 

The z-gradient is discussed in section 3.2. No gradients will be applied in other direc
tions. Figure 3.11 shows the gradient coil. 

Figure 3.11 Picture of the gradient coil. This picture was made after the wire was fixed. An extra iso
lation was applied. The isolation can also deal with radial outwards farces. 

3.3.3 The RF receiver 

The RF-coil is needed for generating the extra B1 field in the set-up and for receiving 
the signals from the spin-echos or FID's. This coil is used in the receiving mode and 
in the transmitting mode. Figure 3.12 shows an illustration of the RF coil in the gradi
ent coil. The power that goes into the coil in the transmitting mode is much larger than 
the power that the coil will receive from the signals from the sample. A duplexer is 
used to separate those signals. The coil can be tuned to 64 MHz with an adjustable 
capacitor. The electronic layout for the duplexer is shown in appendix C. 

Gradient 
co il 

RFcoil 

Il cm 

Figure 3.12 lllustration of the RF coil positioned in the gradient coil. The RF coil exists of three wind
ings and the electronic layout of the RF coil is shown infigure 3.13. 
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RF coil 

signal in/out 

Figure 3. 13 Electronic layout of the RF coil. The line signa! in/out is directed to the duplexer. The 
working of the duplexer is explained in appendix C. Cmatch makes sure that the impedance of the total 
system is 50Q and with Crune the resonance frequency of the coil can be adapted in a short range 
around 64MHz. 

3.3.4 The data-acquisition system 

The total set-up is operated and controlled by a PHYDAS system with interface and 
operating system. Two computers are working, a client and a server. The server is 
doing the real time tasks and the experimentator can comrnunicate with the PHYDAS 
system through the client. 
The data-acquisition system makes sure that the timing of the programmed experi
ments is correct. lt also saves the data of the experiment. 
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Chapter 4 

Testing of the z-coils 

4.1 Measuring the gradient field using a Hall-probe 

a. Measurement set-up 
The magnetic field was measured with a Hall-probe and a step motor. A Hall-probe 
works following the Hall effect. lf an electric current flows through a conductor in a 
magnetic field, the magnetic field exerts a transverse force on the moving charge 
carriers which tends to push them to one side of the conductor. This is most evident in 
a thin flat conductor as illustrated in figure 4.1. A buildup of charge at the sides of the 
conductors will balance this magnetic influence, producing a measurable voltage 
between the two sides of the conductor. The presence of this measurable transverse 
voltage is called the Hall effect. Figure 4.2 shows the set-up of the measurement. 

Fm = magnetic 
-force on 

negati ve charge 
carriers. 

from charge 
buildup. 

Figure 4.1 Working of a Hall-probe. 

Step motor 

Hall-probe 

Figure 4.2 Set-up of the Hall-measurement; the magnetic field was measured with a Hall-probe. A step 
motor moved the Hall-probe over a total range of 100 by 100 by 100 mm3 in the middle of the coil. The 
magnetic field in the z-direction was measured every 5 mm in the three directions, white a continuous 
current of 20 Amperes was running through the co il. 
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The used Hall-probe has a range of+/- 500 mT and has on output of 50 mV per mT. 
This output was amplified 10 times. The step motor has a range of 50 by 50 by 100 
mm in the x-,y- and z-direction. A continuous current of 20 Amperes is running 
through the coil. This means that a magnetic field difference of (2.07+/-0.06)mT over 
1 Ocm will be expected. Measurements of the magnetic field were perf ormed in the 
middle of the coil, in an area of 100 by 100 by 100 mm3

. Every 5mm in all three 
directions the magnetic field was measured. 
Figure 4.3 shows the interpolation of the magnetic field of 121 measuring points at the 
position y=50mm. The x and z coordinates go from 0 to 50 mm, where (x,z)=(O,O) is 
the center of the coil, and (x,z)=(50,0) is near the left side of the coil. The figure can 
be compared with figure 3.5 with the expected values from STREAM. The 
interpolated lines are slightly tilted, which is caused by the incorrect positioning of the 
step motor referred to the coil. 

50 

40 -0.14 0.12 0.38 0.64 

30 

......... 
E 
E 20 ->< 

10 -0.010 0.25 0.51 
-0.27 

0 
0 10 20 30 40 50 

z (mm) 

Figure 4.3 Magnetic field in the y=50mm plane in the middle of the coil. The point (x,z)=(0,0) is the 
middle point of the coil and the point (x,z)=(50,0) is near the left side of the coil. This graph is an 
interpolation of 121 measurement points ( every 5mm in each direction). The reason why the lines are 
not really vertical is because of the incorrect positioning of the coil with respect to the positioning 
system. 

b. Calculating the gradient field from the Hall-probe measurement 
The gradient field was calculated from the obtained magnetic field. For every 5mm in 
the x- and y- direction, the gradient was calculated over the total z-range. Figure 4.4 
shows the interpolation of the magnetic field in the middle of the coil. The 21 
measurement points are interpolated in the z-range. The gradient is calculated as the 
slope of the interpolated line and is (20.73 +/- 0.03)mT/m. This is repeated for 441 
points in the (x,y)plane. The gradient fields at the other points looked the same and 
are not shown. At most points the gradient field was in the range of (20.6+/-0.6) 
mT/m. 
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x=50mm, y=50mm 

0.5 

- 0 1-
E -m -0.5 

-1 

-1.5 
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Figure 4.4 The z-gradientfield at the middle of the coil. The linear regression is an interpolated line 
over 21 measuring points with an R2 value of0.999. The gradient is (20.73+!-0.03) mT!m. 

c. Conclusions 
The first measurements of the magnetic field of the coil show a very linear gradient 
field over the measured z-range (lOOmm) in the middle of the coil. For low current 
(20Ampere) the magnitude and the linearity of the gradient field is as expected from 
the design. The reason why at some points the gradient field is lower than expected is 
because of the unstable set-up of the step motor in the coil and the unstable fixing of 
the Hall probe to the step motor. NMR measurements will be done to check the 
gradient field at higher currents. 

4.2 Measuring the gradient field using NMR 

a. Remark 
The gradient coil is designed to reach a gradient of 300 mT/m. The gradient will be 
tested up to 50mT/m. The part of the NMR measuring system that will operate the 
input of the gradient amplifier can reach +/-2.5V and the transductance of the 
amplifier is 20 NV. In the future the set-up will be adapted so that it will become 
possible to reach higher gradient fields. 

b. Calibration software-hardware 
Before measuring the gradient field, the output current of the gradient was calibrated 
with the software. The input gradient (mT/m) was varied, while the output of the 
gradient amplifier was measured. Figure 4.5 shows the result. The measured current 
was 0.9814 times the input (mT/m) from the software. This attenuation of the current 
was taken into account in the transductance for the software to the gradient amplifier. 
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Figure 4.5 lnput of the software versus the output of the gradient amplifier. The trendline is a linear 
regression with a R2 value of 0.9999. The transmission was 0.9814. 

c. Measurement set-up 
To check the homogeneity of the gradient, NMR is used. A one-dimensional image of 
a sample phantom (figure 4.6a) has been made with the z-gradient coil. A Hahn spin
echo sequence (see figure 2.9) without the slice selection encoding gradient is used. 
The phantom sample is made of Perspex and contains seven tubes (diameter of 5mm) 
with an intermediate distance of 2.5mm. The tubes are 1 cm deep. These tubes are 
filled with the water and a O.OlM CuS04 solution. A second sample is shown in figure 
4.6b. The phantom has the same shape as the first one but now without any tubes. 
There is reference fluid all over the measurement area, 50mm long, 5mm width and 
lümm deep. Measurements at this sample were done to see the characteristics of the 
RF coil. 
Figure 4.7 shows the set-up of the measurements. The RF coil is positioned on a table 
that can be fixed in the gradient coil. The base of the RF coil is 60mm under the 
middle of the gradient coil. The RF coil is described in chapter 3. The gradient was 
varied from 5 mT/m to 50 mT/m. The sample was imaged by the z-gradient and the 
frequency where the reference fluid in the 7 tubes gave an echo was measured. The 
gradient can be calculated, following: 

G = 2n 11.f 
z y & 

(4.1) 

The sample is positioned at different heights in the RF coil, from 3.5 cm above the 
base up to 9.5cm above the base of the RF coil. This means that the gradient coil was 
measured in its center. 
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0000000 

Figure 4.6a Phantom with 7 tubes (diameter 
5mm) with an intermediate distance of 2.5mm. 
The tubes are 1 cm deep and filled with a 
CuSo4 solution. 

1 r 

Sample 

Figure 4.6b Reference sample to measure the 
characteristics of the RF co il 

11cm 

RFcoil 

Figure 4. 7 Set-up for the calibration measurements. The sample was moved upwards the RF coil. The 
first measurement was done when the reference fluid was at 3.5cm above the base of the RF coil and 
the last when the tubes with the reference fluid was 9.5 cm above the base of the RF co il. 

d. Results 
Figure 4.8 shows the calibration measurements at 3.5 cm in the RF coil when a lower 
and a higher gradient was applied. 
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Figure 4.8 Calibration measurements of the sample when a low and a high gradient was applied. The 
sample was positioned at 3.5 cmfrom the base of the RF coil. 

The frequency shift between the maxima of the curves corresponds with the positions 
of the reference fluid in the tubes. For 15mT/m the frequencies were the maxima of 
the signals occurs could easily be obtained. For 50mT/m the frequencies were taken at 
half of the width of the peak. Figure 4.9 shows the frequency shift as function of the 
spatial coordinates of the tubes. The gradient has been calculated from the slope of the 
interpolated line. The results are listed in table 4.1. Figure 4.10 and 4.11 shows the 
results where the sample was positioned at 6.5 cm from the base of the RF coil and 
figure 4.12 and 4.13 where the sample was positioned at 9.5 cm. 
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Figure 4. 9 Plots of the frequency shift as function of the spatial coordinate, when the sample is 3.5 cm 
above the base of the RF coil. The gradient, calculated from the slope of the interpolated line is listed 
in table 4.1. 
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Figure 4.10 Calibration measurements of the sample with a low and a high gradient applied. The 
sample was positioned in the middle of the RF co il, at 6.5 cm of the base. 

6.Scm, grad 15mT/m 
mT/m 

30r········································································································· ' 

20 

~10 
Q)~ 
=>_ 

~ o~~'-,-~-,c--~-.--~--.~---i 
LL-

·10 ~-1""-0-~2~0 _lQ.___4_0 ~5b 

Relalive position (mm) 

~ 
c: :c 
a.> ~ 
:::s-
c-:E 
a.> ..c: 
Û: en 

100 

50 

0 

·50 

6.Scm, grad 50mT/m 
mT/m 

Relative position (mm) 

Figure 4.11 Plots ofthefrequency shift asfunction of the spatial coordinates, when the sample is 6.5 
cm above the base of the RF coil. The gradient, calculatedfrom the slope of the interpolated line is 
listed in table 4.1. 
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Figure 4.12 Calibration measurements of the sample with a low and a high gradient applied. The 
sample was positioned at 9.5 cm above the base of the RF co il. 
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Figure 4.13 Plots of the frequency shift as function of the spatial coordinates, when the sample is 9. 5 
cm above the base of the RF coil. The gradient, calculatedfrom the slope of the interpolated line is 
listed in table 4.1 

Height Software Software Calculated Calculated R4 value of 
above the input input gradient gradient calculation 
base of the gradient gradient from from 
RF co il (mT/m) (Hz/mm) frequency frequency 
(cm) shift shift 

(Hz/mm) (mT/m) 

3.5 15 638.7 627.8 14.7 0.9992 
50 2129 1999.6 47.0 0.9999 

6.5 15 638.7 599 14.1 0.9981 
50 2129 1981 46.5 0.9999 

9.5 15 638.7 618 14.5 0.997 
50 2129 1953.1 45.9 1 

Table 4.1 Calculated gradient fields 

Some of the interpolations in figures 4.9, 4.11 and 4.13 are made with less than 7 
points because the software that was used to calculate the positions of the peaks could 
not detect every peak. Also some peaks were not present at all, for example peak 4, 5 
and 6 at 9.5 cm above the base of the RF coil with a gradient of 50 mT/m. The 
absence of those peaks is due to the characteristics of the RF coils. To illustrate this an 
image of the second reference sample (figure 4.6b) was taken under the same 
circumstances. The measurements from this sample are shown in figure 4.14 and 4.15. 
At 3.5 cm and 9.5 cm above the base of the RF coil one can see that the RF coil is not 
uniformly picking up the signal. At 6.5 cm above the base of the reference coil, the 
RF field is most uniform. (The dip, which can be seen is due to the fact that there was 
a little air bubble in the sample.) 
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Figure 4.14 Reference measurement at 3.5 cm above the base of the RF coil with a gradient of 30mT/m 
and at 9.5 cm above the base of the RF coil with a gradient of 50mT!m 
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Figure 4. 15 Reference measurement at 6.5 cm above the base of the RF coil with a gradient of 50 
mT/m The dip in the curve is a little air bubble in the sample. 

Figure 4.16 shows the calculated gradient from the frequency shifts versus the input 
gradients from the software, for the sample positioned at 6.5 cm above the base of the 
RF coil. This was done for all heights and the results are shown in table 4.2. 

0 500 1000 1500 2000 2500 

Input gradient software (Hz/mm) 

Figure 4.16 Calculated gradient from the frequency shift versus input gradient from the software. The 
interpolated line is calculated with a R2 value of 0.9997. The measured gradient is 0.9335 times the 
input gradientfrom the software. The sample was positioned at 6.5 cm above the base of the RF coil. 
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Height above the base of Ratio between calculated Rz 

the RF coil (cm) gradient and input gradient 

3.5 1.0194 0.9474 
4.5 0.946 0.9988 
5.5 0.9284 0.9997 
6.5 0.9335 0.9997 
7.5 0.9664 0.9992 
8.5 0.9307 0.9426 
9.5 0.956 0.9917 
Table 4.2Ratio between the calculated gradient strength from the measured frequency shifts and the 
gradient strength imposed by the software. 

e. Conclusions 
• The best position of the sample to measure was between 5.5cm and 7.5 cm above 

the base of the RF coil, which is the center of the gradient coil. 
• The calculated gradient is lower than expected. 
• The calculated gradient is very linear. 

4.3 rise times/ stored energy/ farces/ heat dissipation 

a. Heat dissipation 
During the measurement with the Hall-probe every 20 seconds the temperature was 
monitored. The current running through the coil was 20 Amperes continuously. After 
1.5 hours the temperature was raised 2°C. The conclusion is that no extra cooling will 
be needed with a gradient of 300 mT/m and a duty cycle of 10%. 

b. Forces 
Outside the main magnet field, no forces were present. When the gradient coil was 
placed inside the holder in the main magnet and current was applied, no detectable 
forces were seen. The expected radial forces on the loop were well captured by the 
synthetic tube and the holder. No movement of the total gradient could be detected. 
Therefore we did not measure the forces on the coil, because we concluded that they 
were not large enough to have considerable influence. 

c. Stored energy/rise times 
The rise time of the amplifier was measured. For up to 52 mT/m the rise time was 
34µs. Also with lower gradients the rise time is 34µs. Figure 4.17 shows the rise time 
for a gradient of 52mT/m. 
Outside the main magnet the resistance of the gradient was 75 mQ. This was 
measured with 20 Amperes running through it and with very short connection wires 
from the amplifier to the gradient coil. With the resistance known and the rise time 
from previous section, the inductance of the coil can be calculated following Eq. 3.23: 

IR 
L =dl/ = 2.6µ H, 

/dt 

(4.2) 
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time rise up 1 bij G=52mî/m 
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Figure 4. 17 Rise time of the gradient amplifier when 52 mT/m was applied. 

the stored energy with 1=300A is (Eq. 3.20): 

E = }:_L · 12 = 0.2341. 
2 

d. Pulsed field gradients 

(4.3) 

The area under the two pulsed field gradients was measured with an oscilloscope 
(figure 4.18). The difference between both areas is about 0.3%. 
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Figure 4. 18 P FG pulse shape measurements. The current is been plot as a function of time. The area 
under the pulses is calculated and the difference between the two plots is about 0.3%. 
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4.4 Diffusion measurements with the new coil 

a. Set-up of the measurements 
Diffusion measurements were done with the same reference fluid as has been used to 
measure diffusion at the SJZ (see section 2.3). The fluid was placed in a region where 
the RF field is most homogeneous, being between 5.5 and 8.5 cm above the base of 
the RF coil. 
Diffusion was measured, using the PFG sequence (see section 2.2.2). The b-value was 
varied in three different ways. First the gradient G was varied from 0 to 50 mT/m, 
with constant ~ and 8 times. Second the b-value was varied by 8 variation with a 
constant gradient G and a constant ~ time. The echo time was chosen to be 24 ms to 
obtain the best Signal to Noise Ratio. Table 4.4 gives an overview of the performed 
experiments. 

TE TR 8 ~ Gradient b-value 
(ms) (ms) (ms) (ms) (mT/m) (106 s/m2

) 

24 900 0-9 12.5 20 0-22 
24 900 3.498 12.5 0-50 0-6 

Table 4.4 Overview of performed experiments with the new gradient coils. TE is the echo time and TR 
the repetition time. 

b. Results 
Figure 4.19 shows the result where the 8 time has been varied. The calculated ADC is 
6.59 10-8 m2/s. Figure 4.20 shows the result when the gradient G has been varied. The 
calculated ADC is 4 10-8 m2/s. 

0.5 

0.0 
Ln(Sb/So) 

-0.5 

-1.0 

-1.5 

1.50E+07 2.00E+07 2.50 +O 

b value (s/mA2) 

Figure 4.19 Dijfusion measurement where b-values were varied by varying the 8 time. The slope of the 
interpolated line is the ADC value and is 65. 9 10-9 m2 Is. 
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Figure 4.20 Diffusion measurements where b-values were varied by varying the gradient strength G. 
The slope of the interpolated line is the ADC value and is 4 10·8 m2/s. 

c. Conclusions 
This result seems to be very poor (the expected ADC value is 2 10-9 m2/s for water at 
room temperature [LEB93]). The reason why in the first measurement the signal 
attenuate more then expected when gradients were applied is still under investigation. 
Possible reasons why the measured ADC values are higher then expected are: 
• difference in area of the two pulsed field gradients, 
• eddy currents that are present nevertheless, 
• 90° and 180° condition could not be perfect, 
• distortion of the RF field on the gradient during RF sending. 
The reason for the high ADC values is still under investigation. 
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Chapter 5 

Conclusions and recommendations 
The possibility to do advanced diffusion measurements on existing coils was 
investigated. These systems however have a number of limitations, such as: a small 
volume, small gradient, a closed operation system, a low signal to noise (SNR) level 
at different b-values. None of the tested systems was equipped in such a way that 
diffusion measurements could be performed with high gradients on large samples. 
The conclusion was to build a new set-up with new specifications: a gradient which 
can reach to 300mT/m, short pulses should be possible (short rise times will be 
needed), relative large volume and with an 'open' operating system. 

A new gradient was designed and developed. A computer model is used to find the 
parameters for the gradient coils in such a way that it matches the aims for the 
gradient: linear in a sperical volume of 8cm and which can reach up to 300mT/m in 
the region of interest. Afterwards this coil was built. Together with a new RF coil, the 
main magnetic field of the ASC scanner and an existing operating system a new set
up to measure diffusion with NMR is developed. The total set-up is calibrated and 
tested and the following conclusions are made: 
• the gradient field is linear in the expected area, 
• maximum of the gradient that can be reached is 52mT/m, but will reach in the 

future 300mT/m, 
• and the operating system allows free pulse programming. 
One main problem that is still under investigation is the high values for the measured 
ADC values. 

At the end, some recommendations can be made: 
• a new RF coil which can produce a larger homogeneous RF field should be 

developed and implemented, 
• and the SNR of the measurements will be better with a new RF coil. 

Finally, I hope lots of measurements with these new coils will be performed to test 
theoretical models on diffusion in biological tissues. 
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Appendix A 

Positions of the coils 

The output of the STREAM program is given here. In the list the width, z-center, 
radius and thickness are in meters. The z-center is the position of the center of the coil 
referred to the origin, the radius is that of the coil, the thickness is the thickness of the 
wire and the Amp-tums the amount of Amperes running through the coil. 

Number of co il section pairs 38 
Radius of imaging sphere 0.0500 m 
Operating current 289.568 Amp 
Total magnet length 0.387 m 
Self-inductance 0.00012 H 

No. of turns 
# z-center Radius Thickness Arnp-Turns 
1 -0.190959 0.099500 0.001000 -290 
2 -0.175876 0.099500 0.001000 -290. 
3 -0.164141 0.099500 0.001000 -290. 
4 -0.154331 0.099500 0.001000 -290. 
5 -0.145961 0.099500 0.001000 -290. 
6 -0.138629 0.099500 0.001000 -290. 
7 -0 .132024 0.099500 0.001000 -290. 
8 -0.125920 0.099500 0.001000 -290. 
9 -0.120193 0.099500 0.001000 -290. 

10 -0.114858 0.099500 0.001000 -290. 
11 -0.109635 0.099500 0.001000 -290. 
12 -0.104525 0.099500 0.001000 -290. 
13 -0.099400 0.099500 0.001000 -290. 
14 -0.094162 0.099500 0.001000 -290. 
15 -0.088704 0.099500 0.001000 -290. 
16 -0.082519 0.099500 0.001000 -290. 
17 -0.075156 0.099500 0.001000 -290. 
18 -0.064696 0.099500 0.001000 -290. 
19 -0.027508 0.099500 0.001000 -290. 
20 0.027508 0.099500 0.001000 290. 
21 0.064696 0.099500 0.001000 290. 
22 0.075156 0.099500 0.001000 290. 
23 0.082519 0.099500 0.001000 290. 
24 0.088704 0.099500 0.001000 290. 
25 0.094162 0.099500 0.001000 290. 
26 0.099400 0.099500 0.001000 290. 
27 0.104525 0.099500 0.001000 290. 
28 0.109635 0.099500 0.001000 290. 
29 0 .114858 0.099500 0.001000 290. 
30 0.120193 0.099500 0.001000 290. 
31 0.125920 0.099500 0.001000 290. 
32 0.132024 0.099500 0.001000 290. 
33 0.138629 0.099500 0.001000 290. 
34 0.145961 0.099500 0.001000 290. 
35 0.154331 0.099500 0.001000 290. 
36 0.164141 0.099500 0.001000 290. 
37 0.175876 0.099500 0.001000 290. 
38 0.190959 0.099500 0.001000 290. 
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Appendix B 

Air cooling 

Characteristic heat of copper: 8960 kg/m3 

Total amount of copper used in the gradient: 

mcu = Pcu · V 

V = l · A = [(38 · 2 ·n) + 2· L]·n · R 2 =1.88·10-4 m3 

mcu = 8960 k~ · 1.88 -10-4 m 3 = 1.68kg 
m 

The total amount of air needed to cool the amount of copper can be found be sol ving 
the next equation: 

with Ccu and Cair the specific heat capacity of respectively copper and air, and mcu and 
IDair the mass of respectively copper and air. The total amount of air needed per 
second is: 

which takes a volume of: 

J 
1.68kg . 387--

mair =----k_g_·K-=0.720kg 

1000-
1

-
kg·K 

v . = mair = 0.720kg = 0 557 3 
mr k . m 

Pair 1.293 ~ 
m 

This amount of air need to be refreshed every second to be able to cool down the 
gradient, which can easily be done with air cooling. 
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Appendix C 

The duplexer 

The duplexer is a device which routes the incoming pulses and the outgoing NMR 
signal. The incoming pulses are supplied by the NMR measurement system via a 
power amplifier and have to go into the RF coil. The NMR signal will leave the RF 
coil and has to be directed towards the receiver in the NMR measurement system. 
The duplexer for the hydrogen signal is made by a double pi network. Figure 
D.lshows the scheme of the duplexer. The sample has impedance of 50Q and the 
output is directed to a pre-amplifier with impedance of 450Q. The working of the 
duplexer in the transmitting and receiving mode is represented in figure D.2 and D.3. 
In the transmitting mode the second pair of diodes are in block mode, in the receiving 
mode the first two pairs of diodes or in block mode. 

Sample 

_ri<hhu Lz Output 
Input Lt>t-J ei f'VYV"'l'"V'\--r---rYYY"VY\-~-c3l 

I 1-

Figure D.l Schemefor the duplexer, Ll is 135nH, L2 is 190nH, Cl is 47pF and C3 is 22pF. 

Sample 

Rl Ll 

RF input 
Cl J_ rYYY'fY\ 

-
Figure D.2 Working of the duplexer in the transmitting mode. Rlis 50Q and represents the impedance 
of the RF amplifier. Ll is 135nH and Cl is 47pF. 

A computer program is used to simulate the behavior of the duplexer. Figure D.4 is a 
plot of the voltage transfer as a function of time for the duplexer in the transmitting 
mode. The input was set as 1 V. At 63.9MHz the input signal is not attenuate. Figure 
D.5 shows a plot of the voltage transfer of the input (which comes now from the 
sample) and output signal of the duplexer as a function of time in the receiving mode. 
At 63.9 MHz the input signal (0.5V) is amplified 3 times (1.5V). 
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Sample 

Rl 

Cl R2 

Figure D.3 Working of the duplexer in the receiving mode. Ll is 135nH, L2 is 190nH, Cl is 47pF, C2 
is JOpF and C3 is 22pF. Rl is 50Q and represents the impedance of the RF coil and R2 is 450Q and 
represents the impedance of the pre-amplifier. 
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Figure D.4 Transfer of the voltage of the input signa[ as a function of frequency in the sending mode of 
the duplexer. At 63. 9MHz, the input signa[ of 1 Vis not attenuate. 
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Figure D.5 Plot of the voltage transfer in the receiving mode. At 63.9MHz the signa[ of the output 
( 1. 5V) is three times the signa[ coming from the sample ( 0. 5V). 
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