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Abstract 

A Magnetic Resonance Imaging (MRI) apparatus has been built to image the density distribu
tion in a reactor that separates glycerol from a water-glycerol mixture. The building of the MRI 
machine involved the homogenization of the main magnetic field, the design and construction 
of a three dimensional gradient coil set and the radio frequency front-end, writing and testing 
the control software for the experiments, implementation of the pulse sequences that define the 
measurements, instaHing all other peripheral equipment that was needed for the MRI apparatus, 
optimizing the system with respect to interference effects and performing calibration and test 
measurements using Hahn spin-echo pulse sequences with switched gradients. 

The duration of the 90° and 180° pulses that are used in the Hahn spin-echo experiment has 
been optimized. The gradient calibration measurements have shown that imaging is possible 
within a three dimensional region of 37 x 37 x 45 mm. lt has been found that the pole tips 
increase the gradient field strength created with the gradient coils. lt has been found that the 
copper shielding of the RF front-end has a negative effect on the gradient rise times, due to eddy 
currents. The eddy currents have been suppressed by making narrow slots in the copper of the 
RF front-end housing. Two dimensional (2d) images have been created using the projection
reconstruction method. The influence of the gradient strength and the number of projections 
on the 2d image quality has been determined. These measurements showed that more than 
64 projections are not necessary, and the maximal gradient strength results in the best image 
quality. A pronounced distartion in the images has been found, which is probably caused by a 
tilting of the pole tips of the electramagnet that generates the main magnetic field. 

A method to image a mixture of water and glycerol is proposed, which is basedon T1 weighted 
imaging. 
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Chapter 1 

Introduetion 

The transport of moisture in porous materials has a large influence on the lifespan of construc
tions made of these materials, such as buildings. As an example one may consider the brick 
laying during the building of a house, in which the hydration of the mortar has a direct in
fluence on the quality of the walls. After the house has been built, the masonry of the house 
can suffer from frost damage. These processes, and many other effects, are govemed by mois
ture transport. Therefore, it is important to gain more insight in the mechanisms of moisture 
transport. 

In the group Measurement and Computer Science (Ffi) a method of research on moisture trans
port has been chosen, which is based on Magnetic Resonance Imaging (MRI). MRI is a non
destructive technique, with which it is possible to measure moisture distributions. In hospitals 
MRI has become a standard method for imaging the human body. However, medica! MRI sys
tems cannot provide images of the moisture distribution in many building materials, because 
paramagnetic impurities, such as iron in brick (hence the red color), disturb these measure
ments. These impurities cause large, localized magnetic field gradients, which increase the 
so-called T2 relaxation of the magnetization. Furthermore, these gradients increase the decay 
of the MRI signal caused by diffusion effects. Due to these two effects, the time-scale of the 
experiments is extremely short (within 200 J..LS). Therefore, faster data acquisition is needed 
than is possible in conventional hospita! MRI systems. To cope with these problems, special 
and fast MRI systems have been developed in the group FTI. Therefore, a lot of experience with 
the design and construction of such MRI systems has been gathered. 

Because of the successes with imaging of porous media and the available expertise, the chem
istry department informed whether it would be possible to image the mass fraction distri bution 
of mixtures in a chemica! reactor that they are investigating. A sketch of the reactor is given 
in tigure 1.1. This reactor selectively removes a material from a mixture using a membrane 
through which only one material of the mixture can traverse. The reactor consists of a hol
low glass tube, in which another tube is coaxially inserted. This second tube is made from the 
membrane materiaL 

For the imaging of this reactor a new MRI system has been developed. The design, construc
tion and tests of this system will be described in this graduation report. The organization of 
this report is as follows. In chapter 2 the basic theory of nuclear magnetic resonance and MRI 
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Figure 1.1: Sketch of the chemica] reactor that is used to selectively remove a product from a 
mixture. 

will be reviewed. In the next chapter, chapter 3, the experimental setup will be discussed. This 
discus si on concerns the homogenization of the main magnetic field, the design and construction 
of a three dimensional gradient coil set and the radio frequency front-end, and the implementa
tion of RF interterenee filters. Chapter 4 contains a description of the control software and the 
implementation of the measurement sequences. In chapter 5 the results of gradient calibrations 
will be presented, as well as 2d imaging measurements. Also, a metbod of T1 weighted imaging 
is presented. Chapter 6 contains the conclusions and recommendations. 



Chapter 2 

Theory 

2.1 Nuclear magnetic resonance 

The magnetic moment j1 of a nucleus is related to its angular momenturn b by 

(2.1) 

which defines the gyromagnetic ratio "/. The torque f this nucleus experiences from a static 
magnetic field B0 is 

..... 
f = j1 x Bo. (2.2) 

With the preservation of mechanica! momenturn 

..... db 
T = dt' (2.3) 

and equations (2.1) and (2.2) the following relation can be written: 

d..... (..... B ..... ) 
dt J-l = "/ J-l x 0 . (2.4) 

As shown in figure 2.1, the magnetic moment precesses about the direction of the magnetic field 
with an angular frequency 

wo= -"(Bo. (2.5) 

The corresponding frequency fo = jw0 j/27r is called the Larmor frequency. The Larmor fre
quency of a hydragen nucleus is 42.57 MHz/T [1]. 

2.2 Excitation of the nuclear magnetic moment 

In the previous section the precession of a hydrogen nucleus has been derived. From now on 
Ê0 is defined to be parallel to the z-axis. By applying a magnetic field Ê1 that rotates about the 
z-axis, the orientation of the magnetic moment j1 with respect to the z-axis can be manipulated. 
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Figure 2.1: Larmor precession. 

To describe this excitation of the nuclear magnetic moment, further description of the system 
will be done in a reference frame (x', y', z'), that is rotating with angular frequency w0 about the 
z-axis.1 With 

d .... d .... , 
J.l J.l .... ...., -=-+wo x J.l 

dt dt ' 
(2.6) 

where ïl' is the magnetic moment in the rotating reference frame, and using equation (2.4), the 
equation of motion of the moment in the reference frame can be written as: 

_,..,_ = "~ i1' x B' + B' + - . d,-l' (.... .... wo) 
dt Ir' 0 1 "( 

(2.7) 

Because the reference frame is rotating with the angular Larmor frequency (equation (2.5)), 
equation (2. 7) simplifies to 

d .... , 
J.l ( .... ' B .... ') dt = 'Y J.l x 1 . (2.8) 

This shows that ïl' makes a precession movement about B~. lf B1 is oriented perpendicular 
to the z-axis, the varlation of the component J.lz with respect to its equilibrium value has a 
maximum. Generally, IB11 << lBo I, and hence the precession frequency given by equation (2.8) 
is much lower than the Larmor (resonance) frequency. The manipulation of ï1 by B1 is only 
effective if lBo+ w/'YI < IB1I· 

2.3 The Bloch equations 

The discussion so far has only dealt with the excitation of one hydrogen nucleus. In a popula
tion of excited nuclei there are several interaction processes that lead to restoration of thermal 

1 From now on, terms denoted with an accent refer to the rotating reference frame. 
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equilibrium. This nuclear magnetic relaxation can be viewed as a re-approach of the spin tem
perature Ts to the temperature of the lattice T. The relaxation time is a measure of the speed 
at which T8 approaches T. Under many circumstances there are two different relaxation times. 
The fi.rst is T1, the longitudinal or spin-lattice relaxation time, which reftects the rate at which 
the component of the magnetization parallel to the extemal magnetic field B0 approaches its 
thermal equilibrium value M 0 . Thesecondis T2 , the transverse, or spin-spin relaxation time, 
which reftects the rate at which the magnetization in the plane normal to B0 approaches its 
equilibrium value of zero. These relaxation mechanisms are described by using the phenomen
ological equations of Bloch [2], which include all microscopie interaction effects: 

dM~, M~, 
(2.9) 

dt T2 ' 
dM~, - M~, (2.10) 

dt T2 ' 
dM;, M;,- Mo 

(2.11) 
dt T1 

The macroscopie magnetization, which is defined as the total magnetic moment per unit volume, 
can be taken as the sum of all nuclear magnetic moments per unit volume: 

(2.12) 

Combining equation (2.8) to (2.12) leads to the equations of Bloch [2] in the rotating frame of 
reference: 

dM~, M', ..... , ..... , 
(2.13) __ x + ')'(M X Bl)x'' 

dt T2 
dM~, M~, ..... , ..... ,) 

(2.14) 
dt - T2 + 'Y(M x Bl y', 

dM;, M;,- Mo (M' B') (2.15) 
dt 

- + ')' X 1 z'· 
T1 

With these three equations it is possible to describe the magnetization in MRI experiments. 

As an example the excitation effect of B~ on a population of nuclei in equilibrium will be calcu
lated. B~ is oriented perpendicular to the z-axis. At the start of the experiment the magnetization 
is in equilibrium, M = Moêz. The equilibrium will be disturbed by applying B~, duringa time 
which is short with respect to T1 and T2 , so the relaxation effects during this so-called RF pulse 
can be neglected. During this RF pulse M' will rotate about B~ with angular velocity 

(2.16) 

Let tp be the duration of the pulse, then the magnetization will have precessed by an angle 

(2.17) 

Two special types of pulses are the so-called 90° and the 180° pulse, for which ()is, respectively, 
1r /2 and 1r. Let B~ be parallel to the x'-axis. Now the magnetization aftera 90° pulse can be 
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Figure 2.2: Longitudinal relaxation. Figure 2.3: Transverse relaxation. 

obtained from the Bloch equations: 

M~,(t) 

M~,(t) 

M;, (t) 

0, 

Mo exp ( -tjT2), 
M 0 [1- exp ( -t/TI)]. 

(2.18) 

(2.19) 

(2.20) 

Mz is called the longitudinal magnetization and Mxy = J M';, + M'~, the transverse magnet
ization. These magnetizations are schematically displayed in figures 2.2 and 2.3. 

Equations (2.18) and (2.19) show that after the 90° pulse the transverse magnetization is rotat
ing at the Larmor frequency about the z-axis in the non-rotating frame of reference. Therefore 
it will emit a RF signal at that frequency. This is called the free induction decay (FID). The 
FID generally decays faster than T2 because of magnetic field inhomogeneities. These inhomo
geneities cause the individual nuclear spins to precess at slightly different Larmor frequencies, 
which gives rise to a so-called dephasing. The typical decay time of the FID is called T;. 

2.4 The Hahn spin-echo sequence 

The effect of the field inhomogeneities can be eliminated by using the Hahn spin-echo sequence 
[3]. A schematic diagram of this sequence is given in tigure 2.4. At time a the magnetization 
is at rest. At time b the magnetization is excited with a 90° RF pulse, so the magnetization is 
rotated to the xy-plane. The magnetization starts to depbase (time c) as aresult of the field 
inhomogeneities, resulting in the FID. By applying a 180° RF pulse at time d the magnetization 
will flip 180° about the magnetic field Ë1 and repbase again. This way the effect of the field 
inhomogeneities is canceled at moment e. The magnetization will be completely rephased. 
This results in a so-called spin-echo. After the spin-echo the magnetization will start to dephase 
again. Because the effect of the inhomogeneities is canceled at the moment of the spin echo, 
the magnitude of the spin-echo signal will be a factor e-(techo/T2) smaller than the magnitude of 
the FID just after the 90° pulse, as shown in the upper part of tigure 2.4. 
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Figure 2.4: Hahn spin-echo sequence. In the top tigure the signa] and the RF pulses are shown. 
In the six figures below the evaJution of the magnetization in the rotating frame during the 
time-periods a through f is illustrated. 

2.4.1 Slice selection 

7 

Because of the strong frequency dependenee of the excitation of the magnetic moment of a 
hydragen nucleus (see equation (2.7)), a slice of the magnetization of a sample, insteadof the 
complete sample, can be excited. This is done by applying a constant gradient Ga (a= x, y, z) 

in the magnetic field during the 90° pulse. lf the magnetic field in the a-direction is 

(2.21) 

the thickness of the slice in the a-direction will roughly be 6.a ~ 1/(tp ·Ga) [4]. As aresult 
of the gradient the magnetization in the slice will be out of phase just after the 90° pulse. It 
actually forms a helix in the direction of the gradient. To refocus the magnetization a negative 
gradient -Ga is often applied immediately after the slice selection gradient pulse [5, 6]. 
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2.4.2 Frequency encoding 

In the previous subsection the metbod of slice selection has been shown. Because the main 
magnetic field is homogeneous, the NMR signal generated by the slice contains no spatial in
formation perpendicular to the slice selection direction. This information can be added by 
generating gradients in the magnetic field during the spin-echo sequence. In this subsection the 
effect of gradients on a Hahn spin-echo experiment, in which a slice in the x-direction has been 
selected with the metbod discussed in the previous subsection, will be outlined. 

After the slice selection, a gradient G(t) = (0, Gy(t), Gz(t)), constant within the relevant 
sample volume and perpendicular to the slice selection direction, is applied in the main mag
netic field. The magnetic field in the z-direction becomes: 

Bz = Bo + y · Gy(t) + z · Gz(t). (2.22) 

This way the angular precession-frequency is spatially dependent 

w(x, y, z, t) =Wo+ "f(Y · Gy(t) + z · Gz(t)). (2.23) 

The slice of the sample has a hydrogen spin density p(x, y, z) that doesnotchange in time. 
Neglecting the relaxation effects, the transverse magnetization can be written as: 

Mxy(t) = JJJ p(x, y, z) exp [-iw(x, y, z, t)t] 8x8y8z. (2.24) 

The magnetization Mxy generates a RF signal, which is detected. This detected signalis de
modulated with angular frequency w0 , yielding: 

S(t) = J J J p(x, y, z) exp [-i"j(ytGy(t) + ztGz(t))] 8x8y8z. (2.25) 

Transforming to k-space with 

(2.26) 

leaves the demodulated signal in k-coordinates: 

S(ky, kz) = jjj p(x, y, z) exp [-i(yky + zkz)] 8x8y8z. (2.27) 

The projection of the hydrogen spin density on the yz-plane can be calculated using a Fourier 
transformation of the signal: 

(2.28) 

This means that, if the signal in the k-space is known, the hydrogen spin density can be calcu
lated. Because k is proportional to the magnetic field gradient (equation (2.26)), the k-space 
can be tilled by performing measurements at different gradients. 
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Figure 2.5: Sketch of a spin-echo sequence with encoding andread-out gradient. 

2.4.3 Projection-reconstruction 

9 

One possible metbod of spatialencoding in the slice is projection-reconstruction [7]. The ad
vantage of this metbod is that the image-reconstruction software for the measurements is avail
able in our group. The disadvantage is the relatively long measuring and reconstruction time 
that is needed. 

The metbod is based on a Hahn spin-echo experiment, with a gradient applied between the two 
RF pulses in the Hahn sequence, called the encoding gradient, and the same gradient applied 
during the spin-echo, the read-out gradient (see figure 2.5). The total magnetic field gradient 
is a superposition of the y and z gradient. When these gradients are turned on between the 
90° and the 180° pulse, the k-space will be traversed along a straight line startingin the origin, 
with direction depending on the strengtbs of the gradients Gy and Gz, until a point where the 
gradients are turned off. When the gradients have been on for a time 7, the point kmax = 
'1'(0, Gy, Gz)7 in the k-space bas been reached. The signal that the selected slice generates 
(neglecting the relaxation effects) at that point is: 

Sstice = jjj p(x, y, z) exp [-i')'(yGy + zGz)7] &x&y&z. (2.29) 

Now the 180° pulseis given, which can be interpreted as an inversion with respect to the origin 
of the k-space. The resulting signal is: 

Sstice =JIJ p(x, y, z) exp [-i(7f- '!'(YGy + zGz)7)] &x&y&z. (2.30) 

The gradients are turned on again at moment t'. This means that the k-space, starting from 
-kmax = -')'(0, Gy, Gz)7, is traversed along a straight line through the origin. The signal 
during this time interval is: 

Sslice(t) = jjj p(x, y, z) exp [-i(7f + '!'(YGy + zGz)(t- 7- t'))] &x&y&z. (2.31) 
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Figure 2.6: Sketch of the paths through k-space during projection-reconstruction measurements. 

This signa! on this line will be measured symmetrically about the origin of the k-space. By vary
ing the gradient strengths, a number of lines with different directions through the origin can be 
scanned, by which the signa! in the whole k-space can be measured. From these measurements 
the density distribution in real space can be calculated. 

2.4.4 T1 weighted imaging 

Until now the relaxation effects have been neglected. lf the Hahn spin-echo experiment is 
repeated with a repetition timeT R and TE is the spin-echo time, the magnitude of the signa! is 
[4]: 

Sex 50[1- exp( -TR/T1)] exp( -TE/T2 ), (2.32) 

where S0 is the signa! described in the previous section. Equation (2.32) holds if T2 ~ T1 . The 
images can be T1 weighted, by choosing T R to be smaller than T1. In that case the longitudinal 
magnetization does not completely relax back to the equilibrium situation. For a purely T1 

weighted image TE must be chosen as small as possible. 



Chapter 3 

Experimental setup 

The overall setup of the MRI system that has been built is the same as the MRI systems NMROO 
and NMR01 that are present in the group Measurement and Computer Science (Ffl) [8]. The 
MRI system that has been built can be subdivided into several essential subsystems. The sub
systems that are different from the systems NMROO and NMR01 are the main magnet, the 
gradient system, the RF front-end, and some modules of the PhyDAS system. These four sub
systems will be considered in the following sections. The software with the implemented pulse 
sequences is the fifth subsystem that differs; it will bedescribed in the next chapter. 

3.1 The main magnet 

The main magnetic field B0 is created with a water cooled electramagnet manufactured by 
Broker. The magnet should be able to produce a magnetic field of 1.5 tesla (using additional 
pole tips and a small pole gap), but is set to a field of 0.3 tesla. Expressed in the resonance 
frequency of a hydrogen nucleus, this is about 13 MHz. The reason for this field setting is that 
it corresponds to the magnetic field of another NMR system based on permanent magnets that 
is available in our group. This way several NMR tests can be compared for the two systems. A 
sketch of the main magnet can be seen in figure 3 .1. 

The electtic current for the main magnet is supplied by two Delta power supplies. They are 
connected in aserial Master/Siave configuration. Each power supply can produce a maximum 
of 10 amperes at 70 volts or 20 amperes at 35 volts. They are set to produce 35 volts each, 
and a total of 6.2 amperes. At this setting the field in the main magnet is 0.3 tesla. Although 
one power supply would be able to supply this current, it would not be possible to increase the 
magnetic field in the future. 

The direction of the main magnetic field produced by the magnet is defined as the z-direction. 
The other horizontal direction is the x-direction, and the y-direction points upwards. These 
definitions will used in the remainder of this report. 

11 
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Figure 3.1: Sketch of the front and side view of the main electramagnet with H-shaped yoke. 
The pole tips have been shaded. 

Figure 3.2: Sketch ofthe cross-section of a 
main magnet pole tip befare shimming. 

Figure 3.3: Sketch of the cross-section of a 
main magnet pole tip after shimming. 

3.1.1 Homogeneity of the main magnetic field 

For MRI a sufficiently large region is needed in which the main magnetic field B0 is homogen
eous. The homogeneity of the main magnetic field is determined by the size and shape of the 
pole tips, and the pole gap. The polegapis 100 mm, which is needed because the gradient coil 
sets and the RF front-end must be positioned between the pol es. A si de view of the cross-section 
of one of the two pole tips of the original situation is sketched in figure 3.2. The pole tips are 
circularly shaped. The diameter of the pole tips at the mounting point is 290 mm, the diameter 
of the top is 165 mm. To increase the homogeneity of the main magnetic field the pole tips have 
been shimmed circularly (see figure 3.3) [9]. The results of the measurements performed during 
the shimming process are presented in section 5 .1. The final depth of the shim is 2.20 mm, and 
the diameter of the shim is 125 mm. 

3.1.2 Temperature proteetion 

Because the main magnet is constructed from resistive coils, it dissipates energy. The power 
supply supplies 70 V and 6 A, so the dissipated energy is about 420 watt, which is released in 
the farm of heat. To remave this heat from the main magnet it bas a water cooling system. The 
pressure to feed the water through the magnet comes from the water tap. lf the water system 
should go down, the magnet could heat up, which could cause serious damage to the magnet 
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Figure 3.4: Sketch of the intemal structure of the RF front-end. 

To prevent this overheating a temperature sensor has been installed. lf the temperature of the 
main magnet is getting too high (> 60° C), it will turn off the power supply to the main magnet 

3.2 The RF front-end 

In the RF front-end the high frequency pulses of the MRI pulse sequences are transmitted and 
the MRI signalof the sample is detected. The RF front-end consistsof a RLC circuit and a 
Faraday shield. A sketch of the RF front-end is shown in tigure 3.4. The RF coil of the resonant 
RLC circuit is placed around the sample. A Faraday shield is placed between the sample and 
the RF coil. The RLC circuit is connected to the RF souree and the RF receiver via a duplexer. 
The front-end is placed in a grounded conducting box, that acts as a cage of Faraday, which 
shields against interference. The resonance frequency of the RLC circuit must be equal to the 
Larmor frequency of the hydragen nuclei in the sample at the main magnetic field. To be able 
to adjust the resonance frequency of the RLC circuit after the RF front-end is built, the variabie 
capacitor Cs has been implemented. 

The function of the Faraday shield is to reduce the influence of variations in the electric per
mittivity of the different samples that are used. These variations influence the stray capacitance 
of the RF coil, and therefore the tuning of the RLC circuit. The variations in the electric per
mittivity are a result of the changes in the water concentration of the samples. By shielding the 
electric field generated by the RF coil from the sample, the tuning of the resonant circuit is not 
influenced. The Faraday shield is constructed from 0.5 mm thick insulated copper wires, placed 
cylindrically in the RF coil. The shield is 85 mm long. These wires are connected tagether 
at one end, and grounded. Because the wires are placed between the RF coil and the sample, 
parallel to the altemating magnetic field, only the electric field is shielded. 

The actual sensitivity of the front-end is characterized by the quality factor Q of the resonant 
circuit, which is defined as 21r times the ratio between the time averaged energy stored in the 
circuit and the power loss per cycle: 

Q = 21!" Stared energy 
Power lossper cycle 

(3.1) 
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The energy stored in the resonant circuit is constant, if the power loss equals the power input. 
The quality factor is also a measure for the frequency bandwidth 2l::..f, which represents the 
frequency band of the RLC circuit at which the energy transfer to the coil is more than half of 
the maximum transfer: 

Q = fres 

2t::..j" 
(3.2) 

Here fres is the resonance frequency of the RLC circuit. For a sample with a diameter of 4 
centimeter, and a gradient of 3 kHz/mm, the frequency band must be more than 120kHz, to 
be able to receive the signal from the entire sample diameter. With a main magnetic field of 
0.3 Tesla the resonance frequency of the hydrogen nuclei in the sample is approximately 13 
MHz, and hence Q may not exceed 108. Such a high quality factor is often not preferred. The 
damping constant of the RLC circuit corresponds to 1/ Q. Therefore, the ringing of the RLC 
circuit is characterized by the quality factor. The ringing time limits the echo time of the Hahn 
spin-echo sequences. The quality factor of the system can be lowered be adding a resistor R to 
the circuit, which increases the power loss (equation (3.1)). 

The impedance of the front-end should be matched to the 50 D impedance of the conneetion 
cable, that couples the circuit totherest of the electronics. Under matched conditions the power 
transfer to the RLC circuit is maximal [10]. This leadstoa maximized amount of energy stored 
in the resonant circuit and hence a maximum strength of the RF field generated at the sample. 
The impedance matching is achieved by minimizing the reflected RF power at the resonant 
frequency of the RLC circuit by adjusting the value of CP. 

The RF-coil and the Faraday shield are mounted on a cylindrical coil former. The maximum 
diameter of samples is limited by the aperture of this former. The aperture has a diameter of 56 
mm, and the former has a thickness of 1.5 mm. On this former the Faraday shield is mounted. 
Over the shield a layer of 1.5 mm thick PTFE (Teflon) is wrapped. This is done, because the RF 
coil and the Faraday shield may not be to close together. On the Teflon the RF coil is wound. 
Teflon is used because it contains no hydrogen, which could disturb the measurements. The RF 
coil is constructed from 1 mm thick insulated copper wire. The number of tums of the RF coil 
is 10, and the diameter of the coil is 63 mm. The length of the coil is 25 mm. 

3.3 The gradient system 

The gradients in the magnetic field needed for MRI are produced using a set of resistive coils, 
the gradient coils. These gradient coils generatea well defined small magnetic field Ba. The 
only important field component of Ba is the component parallel to B0 , because the gradient 
field is much smaller than the main field. 

The gradient coils should be designed in such a way, that they do nat block the access to the 
sample space and are adapted to the geometry of the main magnet This leaves the space next 
to the pole tips, parallel to the pole tips as the preferred place to position the gradient coils. 
Because the y-gradient can be created by a coil similar to the x-gradient coil, rotated by 90° 
about the magnet (z) axis, only two different types of gradient coil sets are needed. 

The primary design consideration of the gradient coils has been to create a magnetic field gradi-
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Figure 3.5: Schematic tigure of the anti
Helmholtz gradient coil configuration. 

Figure 3.6: The magnetic field of one cur
rent ring. 

ent as constant as possible (within a few percent) within a region of interest (ROl) with a dia
meter of 4 cm. For designing the two types of gradient coils, the magnetic field of these coils 
has been calculated. Fortran computer programs have been written to calculate the magnetic 
field on a grid, so it can be visualized with a plotting program. The metbod of calculation and 
the gradient coils that have been built are described in the following subsections. 

3.3.1 Gradient parallel to the main magnetic field 

The magnetic field gradient parallel to the main magnetic field (the z-direction) has been created 
using coils in anti-Helmholtz configuration.1 This contiguration consists of two circular coils 
positioned parallel to the pole tips, but the current though them is in opposite direction. A 
schematic sketch of this contiguration is given in tigure 3.5. The magnetic field gradient will 
be considered in two ways. First the magnetic field on the central axis will be considered. Next 
the total magnetic field of a current loop will be calculated. 

The magnetic field Ë at the central axis of two coils as shown in tigure 3.5 is [11]: 

(3.3) 

Here is f1 the magnetic permittivity of the medium the coils are situated in, I the the current, 
R the radius of the ring, 2d the distance between the two coils, and êz the unit z-vector. The 
derivative with respect to z of equation (3.3) gives the gradient in the magnetic field along the 
z-axis: 

dB (z) = 3fl,l R z + d 
5 

_ Z- d 
5 

êz. ... 2 [ l 
dz 2 (R2 + (z + d)2)2 (R2 + (z _ d)2)2 

(3.4) 

The magnetic field gradient is shown in tigure 3.7 for different values of R/d. The gradient 

1 Also known as a Maxwell coil pair. 
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Figure 3.7: The magnetic field gradient produced by a gradient coil set in the anti
Helmholtz contiguration for different values of R/ d. 

strength increases as R/ d is decreased. The region in which the gradient is constant within 
about 1% is the largest for R/d = 1.1. 

For the calculation of the complete magnetic field a numerical approach will be used. Because 
of the rotation symmetry it suffices to calculate the field in the yz-plane. The magnetic field Ê 
of one ring (figure 3.6) can be calculated using the Biot-Savart law 

Ê(P) =..!!...IJ dl x f'. 
47r lf12 (3.5) 

Here P = (0, Py, Pz) is the point where the field is calculated, d[ = (dlx, dly, 0) is a line
segment on the current loop pointing in the direction of the current I, ris the unit vector pointing 
from the segment toP, and lf1 is the distance between the segment and the point P. The segment 
ispositionedinQ = (Qx,Qy,O) andfis 

(3.6) 

The product in equation (3.5) can be written as: 

x y z 
..... 

dl x r= dl x dly 0 

rx fy rz 

Equation (3.5) will be approximated by numerical integration via 

(3.8) 
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where the sumover 'ljJ from 0 to 21r is divided into small integration steps !J.'ljJ = 27r /nintegration• 

which determines the accuracy of the approximation. The x-component of Ë, and hence bx, is 
zero because of rotation symmetry of the system, and thus does not need to be calculated. With 
'ljJ the angle as shown in figure 3.6 the vectorcomponentsof dl are 

-sin 'ljJ ·Jdn, 
cos'lj; ·Jdn. 

lf the number of integration steps is high enough, Jdn itself can be approximated by 

The position of the line-segment is 

so rx and ry are 

Rcos'ljJ, 

Rsin'lj;, 

-Rcos'ljJ, 

Py- Rsin '1/J. 

Because the ring is located in the xy-plane, rz = Pz, and Jf1 2 is given by: 

The magnetic field in the z-direction is: 

This expression has been implemented in the computer program. 

3.3.2 Gradient perpendicular to the main magnetic field 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

A magnetic field gradient perpendicular to the main magnetic field is created using Anderson 
coils [12]. An example of this contiguration is given in figure 3.8. Insteadof calculating the 
magnetic field produced by this contiguration in detail, a simplification will be made. Because 
the main interest concerns the magnetic field in the center of the contiguration ( origin in figure 
3.8), the influence on the magnetic field of the short sides of the square current loops will be 
neglected. The remaining long sides will be approximated by infinitely long wires. 

The magnetic fieldBof a infinitely long wire with current I (see figure 3.9) is [11]: 

(3.16) 
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Figure 3.9: The magnetic field of a current. 

Here U is the shortest distance between the wire and the point at which the field is calculated. 
The x- and z-component of the magnetic field are: 

..... V ..... 
Bx -·IBI·ê (3.17) u x, 

Êz 
w ..... 

(3.18) -·IBI·ê U z' 

where V = z - Pz, W = Px - x and U = V 2 + W 2
• Coordinate P is the point where the wire 

is located and (x, y, z) is the point where the field is calculated. 

3.3.3 Gradient coil development 

In this subsection the development of the gradient coils will be explained. To keep the time 
involved with the construction of the gradient coils short, simple methods of construction have 
been chosen. 

To limit the inductance of the gradient coils, to enable high switching speeds, they should be as 
smallas possible. Furthermore, the gradient coils should be as close together as possible. The 
gradient coils have been designed for the first front-end housing that has been constructed (see 
subsection 3.4.1). In this type of housing the innermost gradient coil has been placed against 
the outside of the housing. The coils are located symmetrically about the center of the RF coil. 
This leaves an mutual distance of 70 mm for the innermost gradient coils. Because of the larger 
size of the Anderson coils, they were mounted ciosest to the copper plate (see tigure 3.12). 

The Anderson gradient coil sets are constructed from glass fiber plates that are cladded on 
both sides with a copper layer (printed circuit board). The gradient coils are etched on the pc 
board. To prevent short circuit, the pc board is covered with a thin layer of adhesive PVC foil 
('Boeklon') afterwards. Because the copper on the pc board is 70 J-lffi thick, the current lines 
are taken 6 mm wide. This way the resistance of the coils is limited. The spacing between the 
lines is 1 mm. On the pc board both sides are used to create current lines. The pc board is 
1.7 mm thick. Several calculations of the magnetic field in different configurations have been 
performed to see what would be the best placing of the current lines on the circuit board. In 
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Figure 3.11: Calculated z-component of the 
magnetic field produced by the Anti Helm
holtz coil set that has been built. The calcu
lation is on a grid of 80x80 mm, where the 
origin is the middle of the ROL 

these calculations the number of lines and their relative spacing have been adjusted. The best 
result with respect to homogeneity in the ROl has been obtained with a coil with 80 wires, 
which means that 40 current loops are used, that is 10 in each quadrant, that is 5 on each side 
of the pc board in each quadrant. In appendix A the layout of a coil that has been etched 
on one side of the pc board is given. The z-component of the magnetic field produced in 
this contiguration is shown in figure 3.10. From this figure the gradient is estimated to be 
constant within approximately 10 % in a circular region in the center, with a radius of 20 mm. 
The calculated gradient strength in this contiguration is 125 Hz/ Amm. The self-inductance 
and the resistance of these coils have been measured; they were found to be 50 ± 1 J.LH and 
1.02 ± 0.01 n, respectively. 

The anti-Helmholtz gradient coils are positioned against the Anderson coils. They are construc
ted by winding 1 mm thick copper wire 9 times around a Perspex coil former. To keep these 
wires in place they are glued to the coil former. Because the pc board used for the Anderson 
coils is 1. 7 mm thick, and these coils are coated, and due to the thickness of the edges of the coil 
formers (1.5 mm), the mutual distance between the anti-Helmholtz coils is 80 mm. Because a 
constant gradient field in a circular region with a radius of 20 mm is needed to image the reactor, 
the wires are placed in a region of d = 40, 41, 42 mm and R = 40, 41, 42 mm. The z-component 
of the field produced in this contiguration is shown in figure 3 .11. From this tigure the gradient 
is estimated to be constant within approximately 5 % in a circular region in the center, with a 
radius of 20 mm. The calculated gradient strength in this contiguration is 157 Hz/Amm. The 
self-inductance is 24 ± 1 J.LH and the resistance is 0.25 ± 0.01 D. 
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Figure 3.12: Schematic front view of gradi
ent and RF front-end housing number one. 

3.3.4 The gradient power supply 
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Figure 3.13: Schematic front view of gradi
ent and RF front-end housing number two. 

The gradient coils are powered by a home built current power supply, that has been developed 
in our group. 1t is designed not to supply current continuously, but pulsed. lt can supply a max
imum current of 15 Amperes and a maximum peak voltage of 30 V on three different channels. 
lf the resistance of the load (gradients coils) is kept low ( < 1 0), the current supply generates a 
voltage overshoot, as large as the maximum output voltage. Because of this overshoot, the rise 
time of the current in the coils is decreased. 

The gradient power supply has a current monitor. On this monitor the current that the power 
supply delivers can be measured with an oscilloscope. The power supply is both voltage and 
current controlled. When using an inductance free load, the rise time of the current is 15 J-LS. 

3.4 RF front-end and gradient system housing 

The RF front-end and the gradient system are builtinto one housing. lt has to fit between the 
pole tips, which have a gap of 10 cm. The construction materials of the housing are thin copper 
plate (0.5 mm) and pc board. These types of materials are used to shield RF interference signals 
from the RF coil, by functioning as a cage of Faraday around the RF coil. 

3.4.1 Realization 

Two RF housings with gradient coils have been built. The main difference between these two 
is the positioning of the gradient coils, and the used materials. For the first model, the main 
housing material is 0.5 mm thick copper plate. The advantage of this material is that it is 
thinner than pc board (1.7 mm thick), so less space of the gap between the pole tips is used. 
Within this housing the RF front-end is built, soit is shielded from outside RF interference. The 



3.4. RF FRONT-END AND GRADIENT SYSTEM HOUSING 21 

power supply RF front -end 

gradient z gradient z 

gradient y 
gradient y 

gradient x 

gradient x 

Figure 3.14: Sketch of the three different types of filters inserted in the gradient wiring. 

gradients are mounted on the outside of the housing. This way the gradient coils and the RF 
front -end are shielded from each other. While using this housing the gradient rise time appeared 
to be very large. This large rise time was due to eddy currents in the copper plating (see section 
5.4). Therefore a second housing has been developed. 

For the second housing only pc board is used as construction materiaL The idea was that because 
the copper layer on the pc board is only 70 JLm thick, the eddy currents would not have such a 
large effect on the rise time, as they did when using the copper plate. Furthermore, the gradient 
coils are located inside the housing, so no metal would be present between the gradient coils and 
the ROL Measurements showed that eddy currents still were a problem. To solve the problem 
slots have been made in the regions of the copper layer close to the gradient coils. These slots 
are 1 mm thick and 10 mm apart. 

3.4.2 RF filter 

Because the gradient coils and the RF front -end are not shielded from each other in the second 
type of housing, interference effects showed up in the form of spikes on the NMR signal that 
is measured. These interference signals are picked up by the gradient power supply and the 
wiring between the power supply and the gradient coils. Because the gradient coils and the RF 
coil are not shielded from each other, the gradient coils function as antennas that transmit the 
interference to the RF pickup coil. Also, RF power emitted by the RF coil is picked up by the 
gradient coils and transmitted to the gradient power supply. This RF power may not enter the 
gradient power supply, as it causes damage to this supply. 

These problems have been solved by inserting low-pass filters and filters that are tuned to the 
frequency of the transmitter (Larmor frequency) in the wiring between the RF front-end and 
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gradient power supply (see figure 3.14). The filters are put into a pc board housing and the 
wiring to the gradient coils is twisted and shielded. 

Three types of filters have been used. Two types are based on coils wound on ferrite cores. The 
self-inductance of coils wound on ferrite is so high, that high frequencies, including spikes and 
interterenee effects, are absorbed. The frequencies that are absorbed depend on the number of 
tums of the coil. The number of tums needed was deduced by monitoring the NMR signal on 
an oscilloscope. lf the disturbances were not visible anymore, the number of tums sufficed. 

The wiring from the filters to the gradient coils should be as short as possible, because these 
cables again function as antennas for interlering signals. Although it is the best to place the 
filters as close as possible to the gradient coils, preferably within the RF and gradient housing, 
this is not possible. The filters have been placed outside the magnetic field of the main magnet, 
because the ferrite saturates in the main magnetic field, and loses its functionality. 

The first type of filter uses a ferrite ring core. The gradient wires are twisted first. These twisted 
wires are wound around the ferrite ring core. The coil constructed this way does not filter the 
current of the gradient power supply, thereby affecting the rise time, because the gradient wires, 
which carry opposite currents, are twisted, and thus these currents do not generate a magnetic 
field in the core. Testing showed that 25 tums around the ring core are sufficient to filter the 
interterenee effects and spikes. 

The second type of filter uses a ferrite rod. For this filter each gradient wire is wound on a 
separate rod. This filter has been added to keep RF power picked up from the RF coil by the 
gradient coils from the gradient power supply. Perrite rods have been chosen, because ferrite 
ring cores are known to saturate very rapidly as aresult of DC current through the wires. Testing 
showed that 30 tums are needed to filter the RF power. 

A third type of filter is used, because the second type of filter was found to cause problems 
in case the gradients are tumed on and the RF signa! is given at the same time. This happens 
when slice selection is used. Because the gradient current does not cancel out in the ferrite rod 
based filter, the ferrite rod was found to saturate as the gradient is tumed on. Especially at high 
gradient strengtbs this effect was very pronounced. To solve this problem a filter tuned to the 
Larmor frequency has been implemented. This filter is a parallel RLC network. 

3.5 The PhyDAS system 

The data acquisition is done by using a PhyDAS system (Physics Data Acquisition System). 
This is a modular system, developed at the faculty of Physics of the EUT by the bedrijfsgroep 
laboratorium-automatisering natuurkunde (BLN). The PhyDAS system that has been used is 
similar to the other two NMR systems that are present in our group [8], but with a few differ
ences, which will be described below. 

A second pulse pattem generator (PPG) [13] has been implemented. The PPG is an interface 
used to generate eight synchronized pulse sequences in parallel. Because the eight PPG output 
channels of one PPG are not sufficient, the second one has been implemented. Table 3.1 shows 
which functions are associated with the PPG output channels. The second PPG is used to switch 
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Table 3.1: Overview ofthe PPG output channels 

channel no. 
0 
1 
2 
3 
4 
5 
6 

PPG 1 
trigger scope 
trigger ASR 
blanking 
RF pulse 
phase 0/180 
gateASR 
add/sub ASR 

PPG2 
gradient 1 
sign gradient 1 
gradient 2 
sign gradient 2 
gradient 3 
sign gradient 3 
not used 

7 trigger next pattem ppg2 not used 
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the gradients on and off. Because it is a problem to start the two PPG's in a synchronized way, 
channel seven of the first PPG is used to trigger each subsequent pattem of the second PPG. 

The strength of the gradients cannot be set by the PPG. This is done with a separate digital to 
analog converter (DAC) [14]. Because the software cannot set the DAC in real time, the indi
vidual pulse sequences use a fixed gradient strength setting for each of the three gradients. To 
be able to generate a positive and negative gradient in real time, a converter between the Phy
DAS system and the gradient power supply has been developed. Before every pulse sequence 
the three DAC channels that control the gradient strength are set. The converter is controlled by 
the six PPG channels of the second PPG. lt can switch the gradient on and off and change the 
sign of the current through the gradient coils. 

In the future the gradient control will be done by an Analog Signal Generator (ASG). The ASG 
makes it possible to control the gradient strength setting in real time. This way more actvaneed 
pulse sequences will be possible. 

The PhyDAS system is controlled by a MPS030 computer [15]. To control the experiments 
new software had to be written. This software is described in the next chapter. Because the 
measurements, especially the 2d measurements, produce large amounts of measurement data, 
the MPS030 computer is connected to the data server, on which all the measurements are stored. 
This conneetion is achieved using of a separate computer, which is connected to the MPS030 
via the Transputer link [15], and is also connected to the TUE network. This way, the data can 
be retrieved and stored very fast. 
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Chapter 4 

Software 

As mentioned at the end of the previous chapter, the PhyDAS system is controlled by a MPS030. 
On this computer, the interpreter language EPEP [ 16] is running. The control software of the 
experiments has been written in this language. The real time performance is guaranteed by the 
PPG and the ASR (Analog Signal Recorder). Because of the large number functions and signals 
that had to be controlled, 2 PPG's were needed. The created control software is basedon the 
existing NMR software libraries [17]. The difference with the existing software is the control 
of the second PPG and the metbod of creating PPG pattems. 

In the control software that has been used until now the PPG pattems have been implemented 
by hand. This metbod is prone to mistakes that can cause critica! damage to the system. Apart 
from this, because two PPG's are used, the pulse pattems tend to become very complicated. 
This was the reason for creating a pulse pattem generator software package. 

In the future, instead of a second PPG, an ASG will be used. The ASG will be used in a 
similar way as the implementation of the second PPG, except that the ASG has four analog 
output channels. The ASG is controlled in the same way as the second PPG. By using the ASG, 
it is possible to generate pattems with varying gradient strength, and thus the k-space can be 
traversed in more complicated and sophisticated ways. The software that has been written has 
been set up in such a way that it is easy to implement the ASG. 

The way the pattem generating software has been implemented is described in the following 
section. Next the implemented Hahn spin-echo sequences will be discussed. 

4.1 The pulse pattern generator software 

Each type of MRI experiment has its own characteristic PPG pattem, so for each type of exper
iment the PPG pattem has to be implemented only once. However, the timing of the pattems 
can change, because, for example, the user may want to change the width of the RF pulses. 
Therefore, the timing of the pattems has to be calculated from the relevant variables every time. 

The principle bebind the pulse pattem generator software is to generate the PPG pattems from 
a list of times, and a list with actions that have to occur at these times. These two lists are 
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load sequence list 

add automated times and actions 

convert sequence lists to pattems 

create phase 0 pattems 

check the created pattems 

set the DAC 

download the pattems to the PPG's 

start the measurement 

Figure 4.1: Block diagram of the pulse pattem generator software. 

called the sequence lists. The required actions are tuming a device or signa} on or off, trigger or 
enable an interface, and change the sign of the gradient. The relevant devices and interfaces are 
connected to the PPG output channels (table 3.1). Several signals whose timescan be deduced 
from the other signals are generated into the PPG pattems automatically. This way it is very 
easy to implement a PPG pattem, because the user only has to specify at which time which 
action has to take place. A block diagram of the pulse pattem generator software is given in 
figure 4.1. 

The only signals of which the times and actions have to be defined in the sequence lists are 
the trigger scope, RF pulse, gate ASR, the gradients, and the sign of the gradients. The signals 
that are partly automated are the add/sub ASR and the phase 0°/180° of the RF pulse. These 
functions are used for an averaging metbod that reverses the phase of the spin-echo, so it can 
be subtracted from the previous spin-echo measurement that has been done. This way, possible 
offsets due to ringing of the RF coil or originating from the NMR receiver are compensated. 
This averaging metbod has been implemented in the following way. The sequence lists that are 
provided by the user must correspond to the phase 180° version of the measurement sequence. 
After the PPG pattem series corresponding to this sequence has been generated, a second PPG 
pattem series is created that is identical to the first, with the exception that the add/sub ASR 
and phase 0°/180° signals are removed. Finally, the two PPG pattem series are combined to one 
complete measurement sequence. 

The signals that have been fully automated are the trigger ASR, blanking of the receiver, and the 
trigger next pattem on the second PPG. This has been done by parsing the sequence list for the 
times at which the RF pulses are given, the ASR is gated, and the gradients are switched. From 
this information the parser can generate the times for the automated signals that are mentioned 
above. 
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Because the PPG output channels are binary, they can only be used to turn the gradients on 
or off, and to change the sign of the gradient. As mentioned above, in the future the gradient 
strength can be set directly with the ASG, and thus be changed duringa measurement sequence. 
To be able to control the gradient strength without the ASG, a DAC has been used. The output 
channels of this DAC are set to values that are constant for a complete pulse sequence. The 
gradients have been calibrated against the DAC voltages (see section 5.3), and these calibrations 
have been implemented in the software. 

After generating the pattems for both PPG's, the pattems will be checked for inconsistencies. 
Furthermore, it is checked whether the maximum duty cycles of the devices are not exceeded. 
lf the pattems are found to be correct, they are downloaded to the PPG's. Next, the second 
PPG and the ASR are started, and finally, the first PPG and hence the measurement is started. 
The loading and starting of the PPG and ASR is achieved by using the standard NMR software 
libraties. 

An overview of the files and procedures of the pulse pattem generator software is included in 
appendix B. The pulse pattem generator software is controlled by a so-called wrapper pro
cedure, that allows easy control of all functions of the pattem generator software package that 
are shown in figure 4.1. These functions are controlled by 9 boolean arguments and 1 integer 
argument of the wrapper procedure, and are displayed in table B.3 and B.4. 

4.2 The implemented pulse sequences 

The control of the measurement sequences occurs via global variables, which can be set by the 
user. For the implementation of the pulse pattems, the global variables from the standard NMR 
software have been used. For new settings, such as gradient durations, new global variables 
have been introduced. The measurement sequences and their implementation will be explained 
in the following subsections. 

4.2.1 Hahn spin-echo sequence with encoding and read-out gradient 

A schematic representation of the Hahn spin-echo sequence is shown in figure 4.2. The settings 
of the spin-echo sequence are the same as in the standard software, except for the gradient 
settings, being the duration of the encoding, read-out, and slice selection gradient, as well as the 
strength of these gradients. The position of the encoding gradient is centered between the 90° 
and 180° pulse. The middle of the read-out gradient is positioned at the middle of the sampling 
window. 

It is possible to perform slice selection by applying a gradient during the 90° pulse. After slice 
selection a refocusing gradient is applied. The user can set the duration and strength of these 
gradient pulses. The middle of the slice selection gradient is positioned at the middle of the 90° 
pulse, and the refocusing gradient is applied directly after that. 
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Figure 4.2: Hahn spin-echo sequence with encoding and readout gradient. pl and p2 are re
spectively the 90° and the 180° RF pulse durations, dl is the delay between these two pulses, 
d2 is the delay between the second pulse and the sampling window. The slice selection gradient 
has duration gs90 , the refocusing gradient has duration gr, and the slice selection during the 
18(f pulse has duration gs1so· 

4.2.2 Projection-reconstruction 

The projection-reconstruction metbod (see subsection 2.4.3) is implemented by performing a 
number of Hahn spin-echo experiments similar to the one described in the previous subsec
tion, but with gradients applied in such a way that the signal is measured in the k-space along 
straight lines through the origin. Because the k-coordinates are proportional to the correspond
ing gradient strengths, the direction in which the k-space is traversed can be determined by the 
gradient strengths. The projection-reconstruction measurement is performed in the yz-plane 
with np projections, and the angles between the lines along which the k-space is traversed are 
constant. The gradient strengtbs of the y- and z- gradient during the n-th projection (n = 1 .. np) 
are calculated with: 

(
7r(n- 1)) G cos . 

np -1 ' 
(4.1) 

. (1r(n- 1)) G sm · . 
np -1 

(4.2) 

Here G is the gradient strength that has been set by the user. Because the reconstruction software 
that has been used needs the measurement ofboth the oo and the 180° projection, the step angle 
is 1r /(ns - 1). 

Because the PPG sequence is the same for every measurement during a projection reconstruc
tion measurement sequence, and only the settings of the gradient strengtbs are changed, the 
PPG's and the ASR have to be loaded only once. Aftereach measurement of a single projection 
the DAC settings, and thus the gradient settings, can be changed, and the measurement can be 
restarted. 
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4.2.3 T1 weighted imaging 

T1 weighted imaging is achieved by setting the repetition time T R to such a small value that 
the longitudinal magnetization cannot relax fully. This will lower the magnitude of the spin
echo, which after a number of repetitions of the spin-echo sequence will reach a constant value, 
because the longitudinal magnetization reaches an equilibrium [18]. Therefore, the sampling of 
the echo signal needs to be started after a certain number of spin-echo sequences have elapsed. 
This implies that the repetition counter [13] of the PPG's cannot be used. 

To perform the T1 weighted imaging, the PPG pattems for all the required repetitions are suc
cessively downloaded into the PPG. First, a Hahn spin-echo sequence without triggering and 
gating the ASR is downloaded the number of times that is neerled for reaching the equilib
rium magnetization. After these pattems the pattems with triggering and gating the ASR are 
downloaded. This is done for the number of times that is specified for averaging. 
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Chapter 5 

Experimental results 

In this chapter the results of several experiments will be presented and reviewed. The experi
ments have been performed on the MRI system that has been discussed in chapter 3. The used 
control software and pulse pattems are reviewed in chapter 4. 

5.1 Shimming of the main magnet pole tips 

The pole tips ofthe magnet have been shimmed (see subsection 3.1.1), because the initial main 
magnetic field was not sufficiently homogeneous. The main magnetic field has been measured 
using a small NMR probe [9]. The probe contains a small drop of water (± 5 mm3), of which 
the resonance frequency has been determined. Because the resonance frequency of water1 de
pends on the magnetic field (equation (2.5)), and the resonance frequency can be determined 
with a resolution of 50 Hz by sampling the FID, this method of measuring the main magnetic 
field has an absolute accuracy of approximately 10-6 T. The probe has been mounted on a 3d 
manipulator, so it can be moved through the magnetic field, and the position can be controlled 
by the software [9]. Because of the small dimensions of the drop of water, it can be used to map 
the magnetic field with a spatial resolution of 1 mm. 

Simulations performed with the Quick Field computer program [9] predicted an optimal homo
geneity at a shim depth of 2 mm. These simulations are not very accurate, but give an estimate 
of the shim depth that will be needed. Therefore, the procedure of homogenization is to shim 
the pole tips gradually, that is by taking small steps in the total shimming depth. Each time the 
pole tips have been shimmed, the magnetic field has been mapped. From these measurements 
it was decided to shim the pole further or not. 

The measurements that have been done during the shimming process are shown in tigure 5.1. 
The tigure shows the magnetic field on a line through the central plane parallel to the pole tips in 
the center of the magnet Several measurements show (the ones at 1.00 mm, 1.58 mm and 2.00 
mm shimming depth) points that are significant higher than the expected field strength curves. 
This is due to an error in the software: the procedure that determines the dominant frequency 
of the FID does not always converge correctly. When the pole tips were shimmed to a depth of 

1The resonance effect of the hydrogen nucleus bas been measured. 
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Figure 5.1: Magnetic field expressed in the resonance frequency of water measured on a line 
through the middle of the magnet, at different shimming depths. 
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Figure 5.2: Magnetic field expressed in the resonance frequency of water measured on a line 
through the middle of the magnetic field at the shim depth of 2.20 mm. 
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2.20 mm, the shimming has been stopped, because it was expected that a deeper shim would 
not increase the homogeneity further. 

The magnetic field of the shim with adepthof 2.20 mm is also shown in tigure 5.1, butfora 
smaller magnetic field range (vertical axis in the figure). The plot is not symmetrically about 
0, because of the initial positioning of the probe. The plot shows steps in the frequency at the 
positions -20 mm, -15 mm, 11 mm, 20 mm and 23 mm. These steps arealso caused by the 
error in the software mentioned above. Nevertheless, the results show that the magnetic field is 
constant within a range of 200 Hz over a region of about 30 mm. This means that in this region 
a homogeneity of about 1.5 · 10-5 has been reached. 

5.2 Determining the duration of the 90° and 180° pulse 

For the Hahn spin-echo the 90° and 180° pulses are important. The angle over which the 
magnetization rotates during an RF pulse depends on the duration and the power of this pulse. 
A spin-echo experiment with two pulses with angles (} and 20 will almost always result in an 
echo signal from the sample. lf the two pulses are set to the 90° and 180° condition, the spin
echo will be the strongest, and the largest signal will be received from the sample. Because the 
RF peak power cannot be varled duringa spin-echo sequence, the 180° pulse has been created 
by taking the double pulse width of the 90° pulse, while setting the RF peak power to a fixed 
value. 

To optimize the duration of the 90° pulse, Hahn spin-echo measurements on a small sample 
containing a 0.01 M salution of CuS04 in water have been done. The CuS04 salution has been 
used, because it shortens the T1 and T2 of water, so the delay between the spin-echo sequences 
can be lowered. Because the measurement needs to be repeated several times for averaging, the 
total experiment time can be shortened. 

The demodulated spin-echo signals from the sample have been Foutier transformed. From this 
Foutier transfarm the central component has been taken, which can be interpreted as a relative 
measure for the signal strength. This experiment has been repeated for several widths of the 
90° pulse, while taking the 180° pulse width twice the 90° pulse width. This experiment has 
been done with the RF power set to its maximum value. The result is shown in tigure 5.3. This 
reveals that the optimal 90° pulse has a width of 48 J-tS. At this setting the 180° pulse has a 
duration of 96 J-LS. 

The only setting that should not result in a spin-echo signalis a 180° - 360° pulse sequence, 
because then notransverse magnetization, which is the cause of the signal, occurs. lf the 180° 
pulse width is twice the 90° pulse width, tigure 5.3 should show a minimum at a pulse width of 
96 J-LS for the 90° pulse. This is obviously not the case. In fact the minimum occurs at a pulse 
width of 88 J-tS, and this minimum shows a non-zero signal intensity. Therefore, the 180° pulse 
width has also been varied. The results from this spin-echo experiment are shown in tigure 5.4. 
This tigure shows that the optimum 180° pulse width is 92 J-LS, which is not twice the 90° pulse 
width. This can be explained by the fact that the RF field within a tuned RLC circuit cannot be 
momentarily switched on or off. Obviously, the rise time of this circuit amounts to a few J-tS. 



34 

,......., 

CHAPTER 5. EXPERIMENTAL RESULTS 

400000 ITITT1rTTTT1ITITT1rTTTT1rTTTT1mTT1mTT1'rTTT1'rTTT1'rTTT1TnTITnTITnTITTTTTTTTTTTTTTTTTTTTTTTT1 

350000 

300000 

~ 250000 
....... 
,q 200000 

Cl} 

~ 150000 .... 
100000 

50000 

o~ww~~~ww~~~ww~~~ww~~~ww~ 

10 20 30 40 50 60 70 80 90 100 
90° pul se length [J.LS] 

Figure 5.3: Central component of the power spectrum of a spin-echosignalat different 9(!' 
pulse widths. The 18(!' pulse width has been taken twice the 9(!' pulse width. 
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Figure 5.4: Isolines through the central component of the power spectrum of a spin-echo signal 
at different 9(!' and 18(!' pulse widths. The spin-echo is the strongest when the 9(!' pulse is 48 
JLS and the 18(!' pulse is 92 JLS. 
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5.3 Gradient calibration 

The way the gradients have been implemented is explained insection 3.3.3. After the gradient 
coils have been constructed, they have been calibrated. 

The gradients have been calibrated using phantom samples. One-dimensional images of these 
samples have been made with one of the gradient coils. These images have been created using 
a Hahn spin-echo sequence with a encoding andread-out gradient, without slice selection. The 
phantom samples are made of Perspex. In these phantoms a CuS04 solution in water is put at 
well defined locations. This solution will be imaged. Every measurement has also been repeated 
with a reference sample. This sample contains a similar CuS04 solution over the complete field 
of view. The effect of the geometry and the fini te bandwidth of the RF front-end is elirninated 
by dividing the phantom image by the reference image. This way the proton density in the 
phantom sample will be normalized to the proton density in the reference sample. 

To be able to retrieve quantitative values for the gradient settings from the measurements, the 
output of the measurement and its units must be understood. The demodulated spin-echo signal 
has been sampled at a sampling frequency j 8 , so the sampling time of one sample is 1/ fs· 
If ns samples are taken, the total sampling time will be n8 / fs· In the MPS030 computer the 
Fourier transform of the sampled signal is calculated, which returns the image of the sample 
in the frequency domain. One unit in the frequency domain is !s / n8 • The frequency domain 
is related to the spatial domain, because the magnetic field gradient can be expressed in the 
Larmor frequency: 

(5.1) 

lf the positions of the solution in the phantom are separated by a distance ~a, the image separ
ation in the frequency domain will be ~~. Because the dimensions of the phantom are known, 
and the frequency differences are measured, the gradient strength can be calculated from the 
measurement: 

(5.2) 

The gradient strength will be expressed in Hz/rnrn. The experimental results of the calibration 
of the gradient coils implemented in the second housing will be presented below. Two phantom 
samples have been used to calibrate the gradients, because of the orientation and shape of the 
cavity in the RF coil former. As defined before, the x-gradient is in the direction of the axis of 
the RF coil, the z-gradient is in the direction of the main magnetic field, and the y-gradient is 
perpendicular to these two. 

5.3.1 The x-gradient 

The x-gradient is parallel to the axis of the RF coil, and thus parallel to the axis of the RF 
coil. lt is generated with one of the Anderson coils (subsection 3.3.2). The phantom sample 
must contain position information in the x-direction. The phantom and reference sample are 
sketched in figure 5.5. They are cylinders with a diameter of 56 rnrn, so they fit seamless into 
the RF coil former. The phantom sample has six cylindrical compartments with a diameter of 
15 rnrn, 5 rnrn long and 5 rnrn spacing in between, that can be filled with a ftuid. The reference 
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Figure 5.5: Sketches of the phantom and reierenee sample that have been used to calibrate the 
x-gradient. The left sketch is the front view of both the phantom and reierenee sample. The 
middle sketch is the si de view of the phantom sample and at the right the reierenee sample is 
sketched. Black represents the cavities that can be tilled with water. 

sample has one campartment with the same diameter. The phantom and reference sample have 
been imaged with several gradient strengths. Because the gradient strength is controlled with 
a DAC, the DAC output voltage is calibrated against the gradient strength. This way all the 
intermediate equipment, such as the gradient amplifier and its controller, do not have to be 
calibrated separately. 

Two examples of the calibration measurements are shown in figure 5.6. In these figures the 
normalized proton density is plotted against the frequency of the demodulated spin-echo signal. 
To determine the frequency from the measurements some calculations have been done. The 
sampling frequency was 200 kHz, and 1024 samples have been taken. Therefore, the spacing 
between adjacent Foutier components in the frequency domain is 195 Hz. In figure 5.7 the 
respective reference measurements used to normalize the proton density are given. The plots 
show that the field of view (FOV) is not limited by the frequency bandwidth of the RF coil or the 
NMR receiver. This can be concluded because the FOV stays the same, also when the gradient, 
thus the frequency of the visible exterior water, is larger. The cause for the limited FOV is most 
likely the fini te length (2.5 cm) of the the RF coil. 

The location of the water compartments in the phantom is known, so the spatial coordinates can 
be related to the Fourier components of the image, thus the frequency differences. As spatial 
coordinates in the calibration transitions from salution to no salution have been taken. The 
results of this procedure is shown for the two examples in figure 5.8. 

These measurement of the gradient strength have been done for several settings of the DAC. 
This way a relation of the gradient strength versus the DAC voltage can be found. This relation, 
that is plotted in figure 5.9, is the one that is wanted for implementation in the software. The 
experimental data has been fitted with a 5th order polynomial. 

5.3.2 The y-gradient 

The y- and z-gradient have been calibrated using the same methad as for the x-gradient. The 
only difference in the calibration is the phantom and reference sample that have been used. For 
the y- and z-gradient the same reference and phantom sample have been used (figure 5.10), 
because the sample can be rotated around the x-axis. It also has a diameter of 56 mm. The 
compartments for the CuS04 salution are 10 mm deep, and 5 mm in diameter. The spacing 
between the compartments is 2.5 mm. 
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Figure 5.6: One-dimensional measurements ofthe phantom sample using the x-gradient. In the 
left tigure a low gradient has been applied, in the right tigure the highest possible gradient has 
been applied. 
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Figure 5.7: Plots of the Fourier transformed signa] F(S) of the reEerenee measurement of the 
images above. 
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Figure 5.8: Plots of the frequency shift f).j against the spatial coordinate. The gradient has 
been calculated from the slope of the line through the data. The gradient calculated from the 
left image is 1196 ± 35 Hz/mm and from the right image 3254 ± 15 Hzlmm. 



38 

VnAc 
[V] 

CHAPTER 5. EXPERIMENTAL RESULTS 

3.5 .----.-----,-----.------.------r-------r---,-----, 
/ 

/ 

3 

2.5 

2 

1.5 

0: /./' 
0 500 1000 1500 2000 

Gx [Hz/mm] 
2500 

-}'/ 
/ 

-/ 

//l/ 

3000 3500 

Figure 5.9: Gradient strength of the x-gradient versus the DAC voltage. 

Figure 5.10: Sketches of the phantom and reierenee sample that have been used to calibrate the 
y- and z-gradient. The left sketch is the side view of both the phantom and reierenee sample. 
The middle sketch is the front view of the phantom sample and at the right the reierenee sample 
is sketched. Black represents the cavities that can be tilled with water. 

The results are presented in the same manner as in the previous subsection. In figure 5.11 
the images from two measurements with different gradients are presented. The measurements 
show that only 5 complete compartments can be measured for both gradient strengths. On 
both edges two half compartments can be seen. The reason for this is the same as for the x
gradient: the FOV is very likely limited by the geometry of the RF front-end. The reference 
measurements (figure 5.12) show an asymmetry. This is probably due to inhomogeneities in 
the main magnetic field. The measurements show that, despite the inhomogeneities, a region of 
37 mm in the y-direction can be imaged. Figure 5.13 shows the frequency shift tlf versus the 
spatial coordinates of the compartments, from which the gradient strengths are determined. 

This measurement has been repeated for several gradient strengths, and the computed gradients 
versus the DAC output voltage are shown in figure 5.14. 
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Figure 5.11: One-dimensional measurements of the phantom sample using the y-gradient. In 
the left tigure a low gradient has been applied, in the right tigure the highest possible gradient 
has been applied. 
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Figure 5.12: Plots of the Fourier transfonned signal of the reEerenee measurement of the images 
above. 
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Figure 5.13: Plots of the frequency shift D.f against the spatial coordinate. The gradient has 
been calculated from the slope of the line through the data. The gradient calculated from the 
left image is 1241 ± 10 Hzlmm and from the right image 3018 ± 17 Hzlmm. 
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Figure 5.14: Gradient strength ofthe y-gradient versus the DAC voltage. 

Table 5.1: Comparison of the measured gradient strength to the calculated gradient strength. 

gradient measured gradient strength calculated gradient strength difference 
[Hz/Amm] [Hz/Amm] factor 

x 184 ± 10 125 1.47 ± 0.08 
y 180 ± 10 125 1.45 ± 0.08 
z 203 ± 10 168 1.21 ± 0.06 

5.3.3 The z-gradient 

As already mentioned in the previous section, the z-gradient has been calibrated with the same 
phantom and reference sample as the y-gradient, but turned over 90° about the x-axis. The one
dimensional images and reference measurements can beseen tigure 5.15 and 5.16, respectively. 
The reference measurements show an asymmetry, which was also seen in the reference meas
urements of the y-gradient. This is probably caused by inhomogeneities in the main magnetic 
field. Despite these inhomogeneities, the samples can be imaged in a region of 37 mm in the 
z-direction. The relative location of the water is plotted against the frequency shift in tigure 
5.17 ~ The resulting gradient calibration is shown in tigure 5.18. 

5.3.4 Comparing the calculated with the measured gradients strengtbs 

To be able to campare the measured gradient strengths with the results from the calculations 
outlined in subsection 3.3.3, the gradient as a function of the current should be known. The 
current can be measured on the current monitor of the gradient amplifier. The results of these 
measurement are shown in table 5.1. Also the calculated gradient strengths are shown. 
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Figure 5.15: One-dimensional measurements of the phantom sample using the z-gradient. In 
the left tigure a low gradient has been applied, in the right tigure the highest possible gradient 
has been applied. 
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Figure 5.16: Plots of the Fourier transformed signalof the reierenee measurement of the images 
above. 

25 

20 

15 

10 

5 

0 ~! 
[kHz] ·5 

-10 

·25 L..--. ............ ~..........__ ..................... _ ............. _ ............ ~ .......... .......J 

0 5 10 15 20 25 30 35 40 

relative position [mm] 

~! 
[kHz] 

60 

40 

20 

0 

·20 

-60 t........... ............. ~..........._~ .......................... ~ ............ ~ ............ ~ .......... .......J 

0 5 10 15 20 25 30 35 40 

relative position [mm] 

Figure 5.17: Plots of the frequency shift~~ against the spatial coordinate. The gradient has 
been calculated from the slope of the line through the data. The gradient calculated from the 
left image is 1223 ± 11 Hzlmm and the right image 3234 ± 42 Hzlmm. 
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Figure 5.18: Gradient strength ofthe z-gradient versus the DAC voltage. 

Table 5.2: Comparison of the integrated voltage over the piek-up coil, when the RF front-end 
is mounted in the main magnet and when it is located outside. The measurements have been 
performed for the x- and the z-gradient. 

gradient voltage inside voltage outside difference 
number [mV] [mV] factor 

x 464 ±10 352 ± 10 1.3±0.1 
z 424 ±10 288 ± 10 1.4±0.1 

The results show that there is a systematic difference between the calculated and the measured 
gradient strengths. To investigate the origin of this difference factor the magnetic field gradient 
has been measured with a piek-up coil. The piek-up coil is a coil with approximately 50 tums 
and a diameter of half a centimeter. With an integrating oscilloscope the integrated voltage over 
the piek-up coil, that is generated when tuming on the gradients, has been determined. This has 
been done for the x- and z-gradient, while the RF front-end was mounted in the main magnet, 
but also with the RF front-end placed outside the magnet The results are presented in table 5.2. 
These results indicate that the main magnet increases the magnetic gradient field by a factor 
that explains the difference between the measured and calculated gradient strengths. This is 
probably due to the iron pole tips, in which a magnetization occurs. 

5.4 Gradient rise times 

For a fast switching gradient coil system, the gradient rise times are important. The gradient 
power supply has been tested on a load with an self-inductance that is very low compared to the 
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gradient coil system. In this contiguration the rise time of the current is 15 f.1S. 

However, the rise time of the gradient fields in the first type of housing appeared to be very 
large (subsection 3.3.3). With the piek-up coil described in the previous subsection and an 
integrating oscilloscope the change in magnetic field can be measured when the gradient is 
tumed on or off. These measurements showed that the gradient rise time was 0.5 ± 0.1 ms for 
the anti-Helmholtz coils and 1.0 ± 0.1 ms for the Anderson type coils. This is not acceptable for 
the MRI measurements that were planned, because this would mean that 40 % of the gradient 
encoding time and 20 % of the read-out time would be taken by the rise time. Measurements 
of the current using the current monitor showed that the current reached its final value in 15 f.1S. 

When the gradient coils were removed from the main magnet, but left being mounted on the 
housing, the gradient field rise time stayed the same. When the gradient coils were removed 
from the housing, the rise time of the gradient field was 15 ± 5 f.1S. Therefore, it was concluded 
that the gradient housing is the reason for the long gradient field rise time. 

The long rise time of the gradient field can be caused by eddy currents in the copper plate 
induced by the fast switching of the magnetic field. This copper plate is located between the ROl 
and the gradient coils, and may be dampening variations of the magnetic field very effectively. 
Therefore, a second type housing has been developed (subsection 3.3.3), in which nocopper is 
present between the coils and the ROl, and only pc board was used. The copper layers of the pc 
board are much thinner than the copper plate (70 11m instead of 0.5 mm). However, when the 
housing was finished, measurements showed that the rise times remained the same. 

To eliminate possible eddy currents further, the pc board of the housing next to the gradient 
coils should not sustain eddy currents, but must still shield the interior of the housing from 
interference effects. As a salution slots have been made in the copper layer of the pc board. 
These slots have an inter spacing of 10 mm and are 1 mm wide. As a result eddy currents can 
only flow in limited regions. With these modifications, the rise time has been measured once 
again. Now the rise times appeared to be 50 ± 10 f.1S. Further impravement has notbeen tried. 

5.5 Two-dimensional imaging 

After the gradients have been calibrated it is possible to do two-dimensional (2d) imaging via 
the backward projection metbod that bas been described in subsection 2.4.3. The imaging 
will be performed in the yz-plane, so it has been tested with a phantom sample that has a 
lot of structure in that plane. To be able to see distortions in the image, the sample should 
have a symmetrical shape. Again a reference sample has been used, to eliminate RF front-end 
geometry and bandwidth effects. The phantom and reference sample that have been used are 
shown in figure 5.19. They both have been made from Perspex. The depthof the cavity in the 
phantom sample is 0.5 mm, whereas the reference sample is 10 mm deep. The width of the 'grid 
lines' in the phantom sample is 2.4 mm. The reason for the difference in depth of both samples 
is that the reference sample has originally been constructed for the first tests of the 2d imaging 
sequence, in which the phantom sample ofthe gradient calibration (figure 5.10) was used. After 
these tests the phantom sample depicted in figure 5.19 was designed, but, because the grid of this 
phantom sample leadstoa complicated construction, the depth has been chosen to be 0.5 mm. 
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Figure 5.19: Sketch of the front view of the phantom and reierenee samples used to test 2d 
imaging. Black represents the cavity that can be tilled with water. The left sample is the 
phantom sample, the middle is the reierenee sample, and the right tigure illustrates the phantom 
sample that has been used to determine the orientation of the image. 

Because, at present, the reference sample is not used for quantitative measurements of the water 
content, no problems are expected from this difference in depth. 

Several tests of the projection reconstruction method have been performed. First the orientation 
of the image that is returned by the measurement software relative to the actual orientation of 
the sample has been examined. The influence of the number of projections and the gradient 
strength on the image quality and the measurement andreconstruction time has been examined. 
The test result are presented in the following subsections. 

For the reconstruction of the images from the measurements the projection reconstruction pro
gram has been used that has been developed in the group FTI [19]. 

5.5.1 Orientation of the image 

The orientation of the image that is returned from the reconstruction program is not known. 
Therefore, a test measurement has been done to determine the orientation of this image with 
respect to the object that has been measured. For this test a phantom sample that is not sym
metrical with respect to any of the three Cartesian axes has been imaged. This phantom sample 
is shown in figure 5.19. It is the same phantom sample that has been used for all the other 
test, but with the difference that several cavities have been filled with strips of PVC. This gives 
an asymmetrical phantom sample. The asymmetrical phantom sample has been inserted in the 
RF front-end in the way that is shown in figure 5.19. This means, that if the NMR machine is 
viewed from the front, the sample will show this geometry. 

The image that has been made of this phantom sample is shown in figure 5.20. This image 
has been made with 128 projections, 128 averages per projection and a gradient strength of 
1.4 kHz/mm. TE was 10 ms and TR was 0.2 s. In order to correspond to the front view of 
the sample, the image must be rotated about two axes. The first rotation is one of 180° about 
the horizontal image axis, and the next is 90° anti-clockwise about the axis perpendicular to 
the image. The images that are presented in the remainder of this report do not correspond 
to the front view of the sample, they are presented the way they came out of the projection
reconstruction software . 
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Figure 5.20: Result of a 2d measurement of the asymmetrical phantom sample todetermine the 
orientation of the image. 

5.5.2 Image quality as a function of the the gradient strength 

As can beseen in tigure 5.20, the image that has been used todetermine the orientation with 
respect to the sample, suffers from severe distortions. This is especially the case intheupper 
right corner of the image. The gradient strength that has been applied while making this image 
was 1.4 kHz/mm. To investigate the infiuence of the gradient strength on the image quality, 
three measurements have been performed with three gradient settings, being 700 Hz/mm, 1400 
Hz!mm and 2800 Hz/mm, respectively. The images that resulted from these measurement are 
shown in tigure 5 .21. 

The images in tigure 5.21 show that the image quality can be improved by using a larger gradient 
strength, because the distortions are smaller for larger gradient strengths. The image that has 
been measured with a gradient setting of 700 Hz/mm shows the largest distortions. 

The distartion effect varles along the vertical axis of the image, which is the horizontal axis 
in the main magnet This is the z-axis. The distartion may result from imperfect gradient 
fields generated by the gradient coils, or from an inhomogeneity or an unwanted gradient in the 
magnetic field. The latter can be caused by a quiescent current through the gradient coils that is 
generated by the gradient power supply during the whole experiment. 

Imperfections due to the gradient coils can be ruled out by the fact that the effect becomes 
smaller as the gradient strength is increased. 

To test the effect of a possible quiescent current through the gradient coils, the connections of 
the gradient coils have been reversed. The quiescent current then would go the other way around 
the gradient coils. The result of the measurement that has been done with this contiguration is 
shown in tigure 5.22. 

The measurement shows that the distartion effect remains the same. Obviously there are some 
inhomogeneities in the main magnetic field, which distort the image. Because the distortions 
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Figure 5.21: 2d measurements at different gradient settings. During the measuring sequence the 
gradient was set at 700 Hz/mm for the top left image, at 1400 Hz/mm for the top right image 
and at 2800 Hz/mm for the bottorn image. 
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Figure 5.22: 2d image from a measurement in which the connections of the gradient coils have 
been reversed. The gradient strength was 2800 Hz/mm. The image shows the same geometry 
of the di stortion as the images befare the connee ti ons were reversed. 

are less pronounced along a vertical and horizontalline through the center of the image plane, 
they hardly showed up in the measurements presented insection 5.1. 

5.5.3 Image quality as a function of the number of projections 

Until now all images have been made using 128 projections. The measurement and especially 
the reconstruction are rather time-consuming. The measurement time can be calculated. For 
128 projections measured using 128 averages per projection with aT R of 0.2 s the measuring 
time is almost one hour. The reconstruction computation, however, takes even more time. For 
this type of measurement it can take more than 3 hours on a Pentium 233 MHz computer with 
128MB memory. This means that time can be gained by reducing the number of projections, 
but at the cost of image quality. To investigate the influence of the number of projections, 
four measurements with a different number of projections has been done. The results of the 
measurements are shown in figure 5.23. 

The images in figure 5.23 show that with the increase of the number of projections, the image 
contrast increases. The transition from 16 to 32 projections increases the contrast significantly. 
The difference in contrast between the images with 32 and 64 projections is less, and between 
64 and 128 projections there is hardly any difference. The condusion is that tak:ing less that 32 
projections should be avoided, and more than 64 is not necessary. 

5.6 T 1 weighted imaging 

Until now, the contrast of the images always originated from the density of the hydrogen nuclei. 
To image a solution of glycerol and water a different metbod has to be found, because both 
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Figure 5.23: 2d measurements with a different number of projections. The top left image has 
been made with 16 projections, the top right image with 32, the Jower Jeft with 64 projections, 
whereas the lower right image was made with 128 projections. 
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materials contain hydrogen nuclei. Therefore contrast in the image must be achieved by T1 

or T2 weighted imaging methods. An investigation of the T1 and T2 values of glycerol [20] 
showed that difference in T1 of water and glycerol is larger that the difference in T2• Therefore, 
a method of imaging based on T1 contrast has been developed. 

Equation (2.32) shows that the spin-echo signal intensity depends on the density of the hydrogen 
nuclei, which is represented by 80 , the repetition time T R, and the spin-echo time TE. This 
means that T1 contrast can be achieved by varying T R. To eliminate the effects due to the 
geometry of the RF coil, the measurement could again be divided by the reference type of 
measurement that has been used until now. However, this method has the drawback that the T2 

effects still show up in the measurements. 

To eliminate errors due to T2 contrast, the reference and T1 weighted measurement must be per
formed on the same sample. By measuring the spin-echo signal of two spin-echo experiments, 
with repetition times T R1 and T R2, respectively, T1 can be calculated by dividing the spin-echo 
signal strengths from the two experiments: 

S = So[1- exp( -TRI/TI)] exp( -TE/T2 ) = 1- exp( -TRI/T1 ) 

So[1- exp(-TR2/TI)]exp(-TEjT2) 1- exp(-TR2/T1)' 

lf T R2 is taken much longer than T1, equation (5.3) simplifies to 

S = 1- exp ( -TRtfT1). 

(5.3) 

(5.4) 

This method has been tested by making a one-dimensional image in the z-direction of the 
phantom sample that has been used to calibrate the y- and z-gradient (figure 5.10). In this 
case, the phantom sample has not been tilled with a CuS04 solution, but with five different 
mixtures of water-glycerol. Only the five middle cavities have been used, because the gradient 
calibration showed that the two outer cavities cannot be imaged. The glycerol mass fractions of 
the five mixtures were 1.00, 0.75, 0.50, 0.25, and 0.00. The repetition timeT R2 was 10 s for 
the reference measurement. An example of these measurements can be seen in tigure 5.24. 

The regions between the cavities in the phantom sample have zero intensity in the image. Be
cause the image is obtained by dividing two images of the same sample, made with repetition 
times T R1 and T R2, the image between the cavities is aresult of a di vision of noise by noise. 
Therefore, the result in this region is meaningless. The levels of the signals in the cavities have 
been measured forT R1 values from 0.1 s to 1.0 s with steps of 0.1 s. The results of these meas
urement have been plotted in tigure 5.25. On the vertical axis the quantity (1 - S) is plotted 
on a logarithmic scale. S has been fitted with equation (5.4). The tigure confirms the mono
exponential behavior of the relaxation of the water-glycerol mixtures [20], on which equation 
(5.4) is based. 

From the fits the relaxation time T1 of the mixtures has been determined, and these times are 
shown in table 5.3. These T1 values have also been measured using the conventional methods 
to determine T1 available in our group [17], which confirmed the measured T1 values within a 
1% measurement error. 

lf T1 is calibrated for the range of mass fractions in which one wants to perform imaging, 
the method above can be used for imaging. The method can also be used for the projection
reconstruction method and, therefore, 2d T1 weighted imaging is possible. 
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Figure 5.24: Example ofthe T1 weighted ld images. In this case T R1 = 0.25 s. 
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Figure 5.25: The signal S from all T1 weighted experiments. On the vertical axis the quantity 
(1 - S) has beenplottedon a logarithmic scale. 
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Table 5.3: Values ofT1 at different glycerol mass fractions. 

glycerol mass fraction 
0.75 
0.50 
0.25 
0.00 

Tt[s] 
0.212 ± 0.002 
0.798 ± 0.005 

1.63 ± 0.01 
2.32 ± 0.04 
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Chapter 6 

Conclusions and recommendations 

In this chapter the conclusions from the measurements will be stated. Also recommendations 
for further improvement of the MRI setup will be given. 

For the MRI setup software has been written and tested. These tests proved that the software 
works correctly. The software has been set up in such a way, that it is easy to implement the 
ASG in the future. Because the use of two PPG's (and in the future one PPG with the ASG), a 
pulse pattem generator software package has been created, which makes it easy to implement 
new pulse sequences. 

The MRI apparatus initially suffered from many RF interference effects, but these effects have 
been suppressed successfully. This has been achieved by building RF filters in the gradient 
wiring. It is recommended that in future designs of RF front -ends, the RF coil is shielded from 
the gradient coils. This can be achieved by building a cage of Faraday around the RF coil. 

The main magnetic field has been made homogeneous by shimming the pole tips of the electro
magnet. Measurements showed that a homogeneity of the order of 1.5 · 10-5 has been achieved 
on a line centered in the middle plane of the main magnet over a length of 30 mm. 

For imaging of the chemical reactor, a sufficiently homogeneous field in a cylindrical region 
about the x-axis, with a radius of 40 mm and a length of 20 mm, is needed. It is possible that 
the observed inhomogeneities are caused by a tilting of the pole tips. Therefore the distance 
between the pole tips at different positions should be mapped. For a larger homogeneous region 
the pole tips should have a larger diameter. If a larger homogeneous region is wanted, new pole 
tips should be designed. 

Measurements of the influence of the duration of the 90° and 180° pulses on the spin-echo signal 
intensity showed that the duration of the 180° pulse should not be exactly twice the duration of 
the 90° pulse. This is because the RF field within a tuned RLC circuit cannot be momentarily 
switched on Of off. Although the difference is not very large c~ 5 JJS) in this MRI setup, where 
the pulses are 48 JJS and 92 JJS, respectively, in other MRI setups which use shorter pulses the 
effect will be larger. 

Gradient coil sets have been designed and built. These gradients have been calibrated, after 
which the calibrations have been implemented into the measuring software. Comparison of 
these gradient strengtbs and the calculated gradients showed that the pole tips of the main mag-
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net increased the gradient with a factor of 1.3 ± 0.1. The calibrations also showed that one di
mensional imaging is limited to a region of 45 mm in the x-direction, 37 mm in the y-direction, 
and 37 mm in the z-direction. These limitations are caused by the geometry of the RF front-end. 

It has been found that the copper shielding of the RF front-end has a negative influence on the 
gradient rise times. These rise times appeared to be unacceptably large due to eddy currents. 
The shielding has to be close to the gradient coil sets, due to the limited space in the pole gap of 
the main magnet It does not matter whether the copper is between the gradient coil sets and the 
FOV, or just outside the gradient coil sets. The rise time problem has been solved by making 
narrow slots in the parts of the copper shielding that are close to the gradient coils. 

With the projection-reconstruction method 2d density weighted images have been made. The 
gradient strength appeared to have a large effect on the image quality, as the effect of inhomo
geneities of the main magnetic field are suppressed for larger gradient strengths. Large distor
tions can be seen in the image, especially at a low gradient strengths. 

The number of projections influences the image quality, but also the measuring and reconstruc
tion time. Measurements showed that a reasonable quality can be achieved with 32 projections, 
but a number of 64 impraves the image quality significantly. Not much difference is found 
between images made with 64 and 128 projections. 

A method of imaging water-glycerol mixtures is proposed. This method is basedon T1 weighted 
imaging. To this end, two images using Hahn spin-echo experiments are made. One with 
a repetition time T R2 » T1, so T1 has no effect on the echo signal strength, and one with 
T R1 ::::::: T1 . The image with made with T R1 is divided by the image made with T R2 • The 
resulting image is T1 weighted, and the signal strength of this resulting image is: 

S = 1- exp ( -TRI/T1). (6.1) 

By perforrning experiments using this method at various repetition times T R1 , the relaxation 
times T1 of several mixtures with different glycerol fractions have been measured. These relax
ation times have been compared to measurements using conventional methods to deterrnine T1 , 

and are verified within the measurement error of 1%. The measurements also proved the mono
exponential behavior of the relaxation of water-glycerol mixtures, on which equation (6.1) is 
based. 

When more calibrations of T1 for more glycerol mass fractions are performed, this method can 
be used to image the glycerol mass fraction in water-glycerol mixtures. With equation (6.1), the 
normalized signal strength Scan directly be related toa certain glycerol fraction, because T1 is 
a monotonically decreasing function of the glycerol fraction [20]. 



Chapter 7 

Technology assessment 

Currently, within the department of chemistry, the production of resins is studied. Resins are 
for example needed for the production of paint. A part of the production process of the resins 
is the separation of the resins from a mixture in which it is produced. This separation is often 
performed by the use of a direct evaporation (distillation) process, which is very energy ineffi
cient. Therefore, a new separation process is being developed, which is based on separation by 
the use of membranes. Through these membranes only one product of the mixture can traverse, 
by which it is removed from the mixture. This type of separation is less energy consuming, 
because the products that need to be separated do not have to be evaporated as in the distillation 
method. 

To simplify the experiments, the separation process is performed in a model system. This model 
system is a mixture of glycerol and water, which are separated by a membrane type separation 
reactor. It would be a great advantage for the study of the separation process, if the glycerol
water distribution in the reactor is known. This can be achieved by the use of MRI, which is a 
non-destructive method to image material distributions. 

During this graduation project, a prototype of a MRI setup has been developed, that enables 
the visualization of the glycerol-water distribution in the separation reactor. Using the results 
presented in this report, the setup can be improved further, so eventually, the imaging of the 
reactor can be achieved. Apart from this, several results can be used in further development of 
a portable MRI setup that is currently being designed. 
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Andersou gradient coil 
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Figure Al: Layout of a coil of the Anderson gradient coil set that has been built. 
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Appendix B 

Software 

filename 
RBLOAD.K2C 
RBLIB.K2C 
RBDECLA.K2C 
RBCONVE.K2C 
RBCHECK.K2C 
RBSTART.K2C 
RBDO.K2C 
RBFILL.K2C 
RBFILLS.K2C 
RBGRIJK.K2C 
RBFILTl.K2C 

Table B.l: File list 

description of contents 
starts the loading of the library 
basic libraries 
declaration of all new global variables 
conversion routines 
checking routines 
hardware setting and starting routines 
procedure wrapper 
basic read-out gradient sequences 
projection-reconstruction sequences 
gradient calibration sequences 
projection-reconstruction with Tl weighting sequences 
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procedure name 
swap..n4 
qs..n4..n4 
qs..n4_n4_r 
nat4_2string 
create_fi1e..name 
t2c 
hz2vo1t 
f_comp2rmn 
rmn2Lcomp 
refine_seq 
make_ppg2c1ock 
conv_seq2patgrad 
create_QQphase 
check_pu1se_grad 
wri te_paLgrad 
1isLgrad 
seLdac 
start_asg 
rb_1oad_ppgl 
rb_1oad_ppg2 
start...meas 
do_rb 
fi1LrouLrb 
he1p_rouLrb 
do_rout_rb 
f i 1 Lrou Lsp_rb 
f i 1 Ladd_s 1 i ce_se1 
he1p_rouLsp_rb 
do_rouLsp_rb 
he1p_toLsp_rb 
do_toLsp_rb 
he1p_grad_gauch 
do_grad_gauch 
he1p_rouLsp_TLrb 
do_rouLsp_TLrb 
he1p_toLsp_TLrb 
do_tot_sp_TLrb 

APPENDIX B. SOFTWARE 

Table B.2: Procedure list 

file 
RBLIB.K2C 
RBLIB.K2C 
RBLIB.K2C 
RBLIB.K2C 
RBLIB.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCONVE.K2C 
RBCHECK.K2C 
RBCHECK.K2C 
RBCHECK.K2C 
RBSTART.K2C 
RBSTART.K2C 
RBSTART.K2C 
RBSTART.K2C 
RBSTART.K2C 
RBDO.K2C 
RBFILL.K2C 
RBFILL.K2C 
RBFILL.K2C 
RBFILLS.K2C 
RBFILLS.K2C 
RBFILLS.K2C 
RBFILLS.K2C 
RBFILLS.K2C 
RBFILLS.K2C 
RBGRIJK.K2C 
RBGRIJK.K2C 
RBFILT1.K2C 
RBFILT1.K2C 
RBFILT1.K2C 
RBFILTl. K2C 

description of function 
swap for quick sort 
a quick sort 
another quick sort 
nat4 to string casting 
string and nat4 concatenation 
convert time (ms) to PPG counts 
convert gradient strength to DAC voltage 
convert Fourier components to millimeters 
convert millimeters to Fourier components 
add blanking and trigger ASR to sequence 
add trigger next pulse for PPG2 to sequence 
convert sequence to PPG pattems 
add phase oo pattem to PPG pattem 
check pattem for errors 
list/display PPG pattems on terminal 
display global user variables 
sets DAC's for gradients 
starts ASG (for future implementation) 
load pattems in PPG 1 
load pattems in PPG2 
start measuring (start PPGl and/or PPG2) 
procedure to use the pulse pattem generator software 
encoding/read-out gradient sequence filler 
one gradient Hahn spin-echo help 
one gradient Hahn spin-echo starter 
single projection sequence filler 
add slice selection to sequence 
single projection help 
single projection starter 
projection-reconstruction help 
projection-reconstruction starter 
gradient calibration help 
gradient calibration starter 
single projection with Tl weighting help 
single projection with Tl weighting starter 
projection-reconstruction with Tl weighting help 
projection-reconstruction with Tl weighting starter 
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Table B.3: Functions that can be called with do_rb(args). This procedure requires 9 boolean 
arguments, which represent the tunetion as shown in this table. The 1 Oth argument, of type 
int, dennes what sort of measurement must be started. Each measurement type is declared as 
constant int in the tile RBDECLA.K2C (see table B.4). 

argument no. type function 
1 boolean create blanking and trigger ASR 
2 boolean make PPG2 clock 
3 boolean convert sequence to pattems 
4 boolean create 0°1180° pattems 
5 boolean check pattems 
6 boolean set the DAC channels for the gradients 
7 boolean set the ASO (for future implementation) 
8 boolean download PPG 1 pattems in PPG 1 
9 boolean download PPG2 pattems in PPG2 
10 int select measurement type 

Table B.4: List of the namesof the detined measurement types that are used as the lOth argu
ment of the procedure do_rb, and the corresponding measurement that is started. 

name of the constant 
meas_mode_not 
meas_mode_av 

meas_mode_av _ppg 1_onl y 
meas_mode_no_av 

meas_mode_no_av _ppg 1_only 

measurementtype 
do not start a measurement 
start a measurement with averaging 
as previous, but without starting PPG2 
start a measurement without averaging 
as previous, but without starting PPG2 
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