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Abstract 

Studies of drying processes in building materials are essential to understand many causes 
of damage of these materials. A 0. 78 T NMR scanner was built to visualize 3D drying 
processes without destruction of the sample. This NMR scanner is an improvement of a 
previous setup: the magnetic field strength was increased to increase the signal to noise 
ratio (SNR). As a consequence of this action many parts of the scanner had to be replaced. 
In addition a new measurement system (PhyDAS) was installed with a new NMR software 
version, which is developed within our group (Magnetic Resonance Laboratories). New 
measurement sequences had to be designed and implemented in this NMR software, e.g., 
imaging scripts like 2D Hahn spin-echo. 
After completion of the improvements of the NMR-scanner several wood drying experi
ments were performed. Images made during drying show the annual rings of the wood 
and the time evolution of the moisture profiles within the wood. During drying, also the 
NMR relaxation of the water molecules inside the pores of the wood was measured. This 
relaxation depends on the size of the pores, so from these measurements the pore size 
distribution can be found , which is closely related to the structure of the wood. 
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Chapter 1 

Introduction and technology 
assessment 

1.1 lntrod uction 

Moisture and salts in porous building materials give rise to deterioration. The major 
damages caused by salts are salt effioresce, which causes visual and structural damage, 
and the corrosion of steel in concrete structures, also causing structural damage. A high 
moisture content in concrete, bricks or stones gives rise to fungi and moss growth, which 
also causes deterioration of the building material. The porosity of the building materials 
infiuences the moisture content and the freezing behavior. Freezing of building materials 
during winter will cause cracks to form, because water expands while freezing inside the 
pores. 
For several years our group, Magnetic Resonance Laboratories, is researching many as
pects of deterioration in porous building materials using N uclear Magnetic Resonance 
(NMR). Much knowledge has been obtained about diffusion, freezing, salts and pore size 
distributions in building materials. The durability of these materials is very important 
for the building industry and therefore for our society. Bridges, roads, highways, build
ings and foundations of buildings are all infiuenced by deterioration. Frequently asked 
questions by the building industry are: How long will the structure hold? When must 
maintenance be dorre? Which material can be used best? 
Wood is also a material that is greatly infiuenced by the environmental conditions, such 
as temperature and atmospheric humidity. High humidities and warm conditions cause 
moss and fungi to grow, eventually leading to wood rot . 
One example of a typical problem involving wood is the deterioration of wooden church 
organs. Some of these organs are used over centuries in churches without any problem. 
Originally, these churches were not heated by central heating. N owadays heating is in
stalled because people don't want to sit in a cold church. This heating starts the drying 
process of the wood and this frequently damages the organ. Another application in which 
the porosity of wood is important , concerns porous ceramics derived from woods using 
gas phase infiltration. Technical applications of these ceramics involve filters, structural 
ceramics and burners. 
Besides the two problems mentioned above, processes like wood drying for biomass energy 
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and wood drying for construction use can be better understood when one has a detailed 
knowledge of the drying process. When wood is used to generate electricity, it also has 
to be dried. To efficiently dry the wood with a minimum amount of time and energy, 
research on the drying process is necessary. Having a good measurement technique is the 
first step towards a better knowledge of this drying process and therefore an improved 
wood drying technology. 
In our group wood has not been very extensively researched. But with our knowledge 
on porous building materials and NMR some relevant wood research can be done. The 
advantage using NMR with respect to conventional methods used, is that samples do not 
have to be destroyed to measure drying profiles, moisture content and wood structure. In 
this way the complete drying process can be followed in one sample. 

1.2 Outline of this report 

In chapter 2 the basics of NMR is explained, both the resonance effect itself and the 
image formation, Magnetic Resonance Imaging (MRI) . In chapter 3 the NMR setup is 
explained as well as all improvements and changes that were made to this setup during 
this graduation project. Attention will be given to the gradient coils, the RF coil and 
the magnetic field homogeneity. Chapter 4 describes the NMR pulse sequences that 
were implemented in the NMR software, such as the 2D Hahn spin-echo sequence and the 
saturation recovery sequence to measure nuclear relaxation times. The drying experiments 
on wood are presented in chapter 5, together with the interpretation of these experiments. 
Finally, conclusions and recommendations can be found in Chapter 6. 
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Chapter 2 

Theory 

2.1 Introduction 

In 1924 Pauli demonstrated the existence of hyperfine splitting in atomie spectra. He 
suggested that this splitting was the result of a coupling between the nuclear magnetic 
moments and the magnetic moments of the electrons. The existence of a nuclear spin was 
more clearly demonstrated by Bloch and Purcell when they measured nuclear magnetic 
resonance (NMR). They received the Nobel Prize for Physics for this work in 1952. 
The frequency at which NMR occurs, depends on the strength of the applied magnetic 
field. lf the field strength is varied in space, information about nuclei at different positions 
can be gathered. The signal intensity is proportional to the spin density and the signal 
decay depends on interaction of the spins with their surroundings. By manipulation of the 
main magnetic field using gradients, images can be made. The most commonly studied 
nucleus in NMR is the hydrogen nucleus. 
In this chapter a more detailed physical explanation will be given. 

2.2 Nuclear magnetic resonance 

A nucleus of an atom can have a magnetic moment given by jl,. This is aften associated 
with the spinning of the charged nucleJS. The relation between the magnetic moment of 
a nucleus and its angular momentum bis given by 

(2.1) 

with "! the gyromagnetic ratio. When this nucleus is put in a magnetic field Ê0 the spin 
vector of the nucleus experiences a torque i: 

-+ 

i = jJ, x Bo . (2.2) 

Since the torque equals the time derivative of the angular momentum b, combination of 
equation 2.1 and equation 2.2 gives the following equation: 

djl, -+ 

dt = "IP x Bo. (2.3) 
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Figure 2.1: Larmor precession. 

This causes the spins to precess around the direction of the main magnetic field. This 
motion is called Larmor precession, which is shown in figure 2.1. The rate of precession 
depends on the strength of the main magnetic field, and is given by: 

h = wo =:!_Bo. (2.4) 
27r 27r 

In this equation B0 represents the strength of the main magnetic field, fL is the Larmor 
frequency and 'Y is the gyromagnetic ratio. Each isotope has an unique gyromagnetic 
ratio, for 1 H or a proton 'Y /27r = 42.58 MHz/T. 

2.3 Manipulation of the nuclear magnetic moment 

In the previous section the precession of the magnetic moment of a spin was described. By 
applying a small magnetic field B 1 perpendicular to the main magnetic field a precession 
movement around the resulting magnetic field will occur. This gives the possibility to 
manipulate the magnetic moment of the spin. This manipulation is only effective if a 
time-varying B 1(t) field is applied with a frequency equal to the Larmor frequency. This 
behavior can best be explained by using a rotating frame of reference. 
The rotating frame will be described by the coordinates (x', y', z'), the laboratory frame 
will be described by the coordinates (x, y, z) and Ê0 will always be along the z-axis. Ina 
frame, rotating with frequency w around the z-axis, for an arbitrary vector the following 
equation holds: 

dr or' .... - = -+ (w x T). 
dt fJt 

(2.5) 

Here f' is the vector in the rotating frame and r the vector in the statie frame. d / dt is the 
derivative in the laboratory frame and a / fJt the partial derivative in the rotating frame. 
This gives the equation of motion of the magnetic moment in the rotating frame: 

8[1' d[i _, _, 
8t = dt + (µ x wo) . (2.6) 
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Substituting of equation 2.3 yields 

~' =-r[ix (Bo+~) (2.7) 

When wo = -1 Bo is taken, 8 µ'/at = 0 and hence the precession movement around B0 is 
not seen in the rotating frame. This means that if a small constant field B~ is applied in 
this frame, the following equations are valid: 

dµ' 
dt 

(2.8) 

(2.9) 

This will result in a precession movement around B~ in the rotating frame. If we apply 
this B~ field within the statie frame, B1 has to rotate with the Larmor frequency within 
the xy-plane. 
In NMR experiments the nuclear magnetization vector M is measured. This is the sum 
over all magnetic moments: 

(2.10) 

The nuclear magnetization vector is determined by measuring the magnetic induction 
voltage across a stationary coil in the laboratory frame. Equations 2.8- 2.9 also apply to 
the nuclear magnetization vector M. When applying a field B~ = (0, B1 , 0) fora time tp 

the nuclear magnetization vector rotates away from the z axis over a so called flip angle 
e. By integration of equation (2.9), the flip angle can be calculated: 

(2.11) 

2.4 Bloch equations 

In this section the Bloch equations are presented. These equations describe the macro
scopie manipulation and relaxation of the nuclear magnetization vector. When the mag
netization vector is in equilibrium it is parallel to the nuclear magnetic field vector. After 
the nuclear magnetization vector is rotated by applying B1 for a short time, it starts to 
restore to its original position along the main magnetic field. This is caused by two effects. 
The first is longitudinal or spin-lattice relaxation. The corresponding relaxation time T1 

refiects the rate at which the component of the magnetization vector M parallel to the 
main magnetic field B0 is restoring. The second is the transverse or spin-spin relaxation 
time. The corresponding relaxation time T2 refiects the rate at which the magnetization 
vector M perpendicular tot the main magnetic field approaches zero. This spin-spin re
laxation time is caused by interaction between spins. In absence of B1 the Bloch equations 
in the rotating frame are given by: 

dM~, M~, 
(2.12) 

dt T2 
) 

dM~, - M~, 
(2.13) 

dt T2 ' 
dM~, M~, -Mo 

(2.14) 
dt T1 
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0.37 M0 

Figure 2.2: Longitudinal relaxation (top) and transverse relaxation (bottom). 

M~, is the longitudinal magnetization and M~'y' the transverse magnetization. It is now 
possible to combine equation (2.8) with equation (2.10) and the simplified Bloch equations 
2.12- 2.14: 

dM~, M~, .... , ~, 
(2.15) 

dt 
- T

2 
+ 1(M x B 1)x', 

dM~, M~, .... , .... , 
(2.16) 

dt 
- T

2 
+1(M x B 1)y' , 

dM~, M~, - Mo (M' Ê') (2.17) 
dt - T1 + "Y x i z' . 

These equation can now be used to describe the magnetization during NMR experiments. 
In many experiments 90° and 180° pulses are used. If this experiment is dorre with the 
magnetization in equilibrium M = (0, 0, M 0 ) at t < 0 and the 90° pulse at t = 0, the 
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90° pulse rotates the magnetization vector M into the xy-plane. The behavior of the 
magnetization calculated from the Bloch equations is then given by: 

M~, 
t 

M0 e-r2, (2.18) 

M~, 0, (2.19) 

M~, - Mo ( 1 - e - ;1 ) . (2.20) 

In figure 2.2 this behavior is illustrated. The transverse magnetization that results from 
this 90° experiment is called the 'free induction decay' or 'FID' in short. 

2.5 Spin echo and gradients 

With the approach outlined above one is only able to get information from the sample as 
a whole, in short a zero-dimensional measurement. If one wants to have information on 
the spin density at every location within the sample, one needs to apply magnetic field 
gradients. This way the the Larmor frequency will depend on the position within the 
sample. In this section slice selection gradients, frequency encoding gradients and phase 
encoding gradients will be discussed. However, first spin echo formation and multiple spin 
echo formation by use of a CPMG sequence will be discussed. 

2.5.1 Spin echo 

A spin echo is created by the pulse sequence, which is shown in figure 2.3. At t < 0 (a) 
the nuclear magnetization is equilibrium. N ext (b) at t = 0 a 90° pulse is given. After 
the 90° pulse is applied, putting the magnetization in the transverse plain and giving rise 
to a FID ( c), the magnetic moments forming the magnetization vector in the transverse 
plane start to dephase ( c) due to field inhomogeneities or the presence of magnetic field 
gradients. In absence of applied gradients, the effect of dephasing caused by magnetic 
field inhomogeneities, together with the normal T2 relaxation, is denoted with T2. 
If at t = ~te a 180° pulse is given, the direction of the spins is reversed. Consequently, 
they start to rephase again ( d). At exactly t = te ( e) the spins are rephased and a so 
called spin echo is created. N ext the spins start to dephase again, resulting in loss of 
signal (f). This sequence is called the Hahn spin-echo sequence. 
Normally after an echo a long delay is added, to give the magnetization the possibility to 
restore to its equilibrium, so that the spin-echo experiment can be repeated. The time 
needed to effectively restore the magnetization to its equilibrium is about three times T1. 

2.5.2 CPMG sequence 

The Carr-Purcell-Meiboom-Gill sequence (CPMG), see figure 2.4, starts with a 90° pulse, 
again putting the magnetization vector in the transverse plane. At t = ~te a 180° pulse is 
applied. The spins start to rephase and create an echo. However, instead of repeating this 
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Figure 2. 3: Spin echo sequence. The figures show the magnetization vector in the rotating 
frame. 
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Figure 2.4: CPMG sequence. 
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Figure 2. 5: Slice selective excitation: the strength of the gradient and the RF bandwidth 
determine the slice thickness. 

measurement after a long delay, again a 180° pulse is given, giving rise toa second spin
echo signal. The time between the 180° pulses is called the echo time te. This is repeated 
for NcPMG times. The spin-echo intensity will decrease for each next echo, because of the 
T2 relaxation. The decay of the spin echo signal is given by: 

(2.21) 

where n is the echo index. 

2.5.3 Slice selection 

A slice selection gradient is created by superimposing a spatially varying magnetic field 
on the main magnetic field, such that the total magnetic field changes with position in a 
certain direction. This slice selection gradient may be created along any axis or along any 
oblique angle, and the varying component of the magnetic field gradient is always parallel 
to the main magnetic field vector. The slice selection is illustrated in figure 2.5. 
The radio frequency (RF) pulse consists of a small frequency band around the Larmor 
frequency. Therefore, a slice perpendicular to the gradient is excited. Due to this gradient 
the spins in the slice starts to dephase already during the RF pulse. A rephasing gradient 
has to be applied for a short time to rephase the spins after the end of the RF pulse. The 
effect of a slice selection gradient in the x-direction can be represented by: 

(2.22) 

The thickness of the slice is of the order bx = l/('YtpGx), hence long RF pulses will result 
is thin slices. 
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2.5.4 Frequency encoding gradient 

By a slice selection gradient and a RF pulse a slice is defined. The next step in image 
formation is spatially resolving this slice. lf a second magnetic field gradient, e.g. Gz, is 
applied perpendicular to the direction of the slice selection gradient while receiving the 
spin echo signal, the frequency of the emitted signal can be related, by means of a Fourier 
transform, to the position of the spins along the Gz gradient axis. The amplitude of each 
frequency component is the summed signal in the y-direction for that z-position. 

2.5.5 Phase encoding gradient 

The remaining direction can be spatially resolved by means of a phase encoding gradient. 
After excitation of a slice using a slice selection gradient, a phase encoding gradient Gy 
is turned on. The spins will accumulate different phases according to their position along 
the y-axis. When the phase-encoding gradient is turned off, the spins will start to precess 
again at the same Larmor frequency. Next the frequency encoding gradient is used to 
generate an echo, which is recorded by taking Nz equidistant samples. By repeating this 
sequence Ny times for different values of the y-gradient, a matrix of Nz x Ny is filled with 
samples of the spin-echo signal. If a 2D complex Fourier transformation is applied to this 
data matrix the final image is obtained, as will be clarified in the next section. 

2.6 Magnetic resonance imaging 

In the previous section Nuclear Magnetic Resonance and image formation were outlined. 
Because there are many ways to measure an image [1], only the sequences that are relevant 
for this report are explained in the next sections. 

2.6.1 k-space 

lf after a slice selection, a gradient G(t) = (0, Gy(t), Gz(t)) is applied, the magnetic field 
in the z-direction becomes: 

(2.23) 

The angular frequency of the spins is given by: 

w(x, y, z, t) = w0 + 'Y[YGy(t) + zGz(t)] . (2.24) 

lf the spin density is denoted by p(x, y, z), the transverse magnetization MJ_(t) can be 
calculated from: 

MJ_(t) = j j j p(x , y, z)e-iw(x ,y,z,t)t8x8y8z. (2.25) 

When receiving such a signal, the signal is demodulated with w0 . This demodulated signal 
is given by: 

S(t) = j j j p(x, y, z)e-if[ytGy(t)+ztc.(t)Jax8y8z . (2.26) 
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Figure 2.6: Two dimensional Hahn spin-echo sequence. 

Now we introduce the k-space by defining: 

(2.27) 

This leaves the demodulated signal in k-space coordinates: 

(2.28) 

The signal within the slice in the direction perpendicular to this slice is summed: this is 
represented by the integration over the x-coordinate. If the a signal S(ky, kz) is sampled 
in k-space, the spin density can be calculated by using the inverse 2D complex Fourier 
transformation. 

2.6.2 2D Hahn spin echo 

The 2D Hahn spin-echo sequence is one of the most straightforward imaging sequences. 
The sequence is presented in figure 2.6. The combination of the 90° pulse and the selection 
gradient defines the image slice. The 180° pulse is the refocussing pulse applied at exactly 
t = te/2. The sequence is repeated Ny times, with Ny different values of the phase 
encoding gradient Gy· In this way the all k-space lines within a certain region of interest 
are covered. This repetition time is generally adjusted by inserting aso called long delay 
before or after the sequence given in figure 2.6. 
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Figure 2. 7: Two dimensional turbo spin-echo sequence. 

2.6.3 Turbo spin echo 

By means of a turbo spin-echo sequence, all k-space lines within the region of interest 
can be sampled faster. When T2 is large with respect to the echo time te, it is possible to 
produce multiple echoes in one shot. This sequence is presented in figure 2. 7. To cover 
the k-space, after each 180° pulse a phase encoding gradient is applied which changes in 
strength. The resulting dephasing is compensated just before the next 180° pulse. The 
number of measured spin echoes determines the size of the k-space and therefore the 
resolution. The signal intensity of the subsequent spin echoes will decrease because of 
relaxation: 

(2.29) 

Therefore, the observed intensity in k-space has to be corrected accordingly. With this 
sequence it is possible to measure the k-space in a single shot or with a small number of 
shots. When the complete k-space in the region of interest has been measured, the image 
can be reconstructed with a 2D complex Fourier transform, see [17]. 

2.6.4 Radial scanning 

Another way of measuring the k-space is by means of a radial scan. The method is based 
on a Hahn spin-echo measurement, with a gradient applied in different directions. Lines 
are measured in k-space at different angles. After measuring these lines it is possible to 
reconstruct the image using a back projection algorithm, as is dorre in a CT-scanner, see 
also [2] and [7]. A disadvantage is the time needed for image reconstruction using such 
an algorithm. This problem can be overcome by calculating the k-space by interpolating 
the obtained k-space lines and then applying a 2D complex Fourier transform. 
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Chapter 3 

Experimental setup 

In 1999 an experimental setup called NMR02 was built by Roland Blok (see [2]). This 
experimental setup had to be moved, and in addition improvements were found to be 
necessary. In this chapter the whole experimental setup and the improvements that have 
been realized will be discussed. We will first discuss the main magnet and main magnetic 
field. Next the RF front-end will be considered, after which the gradient system and the 
implementation of a PhyDAS system will be discussed. 

3.1 Main magnet 

A magnetic field is necessary to achieve a certain Larmor precession of the nuclei. To 
create this magnetic field a water cooled electromagnet is used. A photograph of the 
magnet is shown in figure 3.1. The magnet was previously operating at a magnetic field 
of 0.3 T, to increase the Signal to Noise Ratio (SNR) of the spin-echo signal, the magnetic 
field strength is increased to 0. 78 T. Theoretically, this will result in an increase of the 
SNR by a factor of 4, since the SNR rv Bg12 [l]. 
The electric current for the main magnet is supplied by two Delta power supplies. Each 
power supply delivers a current of 18.5 A. The voltage of each power supply is about 
115 V. Because both are connected in series, the total voltage is 230 V. 

3.1.1 Temperature protection 

The magnet dissipates a power of 4.3 kW. This means that the magnet has to be water 
cooled and temperature protected in case the water cooling system fails. To prevent 
overheating a temperature sensor has been installed. If the temperature of the main 
magnet exceeds 80°C, the power supply is automatically switched off. 
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Figure 3.1: Photograph of the main electromagnet with a H-shaped yoke (NMR02). 
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Figure 3. 5: Contour map of the magnetic 
field in the xy-plane. 
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3.1.2 Homogeneity of the main magnetic field 

As we have seen in chapter 2, image formation is done by applying field gradients. If the 
main magnetic field is inhomogeneous the field has gradients itself. If these gradients are 
constant and not too large this is not a problem, because they can be compensated by 
actively shimming the magnetic field with the gradient coils that are used for imaging. 
To measure the magnetic field homogeneity a small NMR probe is used with a small drop 
(±5 mm3

) of a CuS04 solution in water, of which the resonance frequency is determined. 
The probe has been mounted on a 3d manipulator to map the field in a region of 5 x 
5 x 5 cm3 . The resonance frequency is determined by means of a FID sequence. The 
frequency resolution is about 150 Hz. The 3d manipulator is controlled by software. 
The result of the measurements in the yz-plane is given in figure 3.2. It can be clearly seen 
that at one side of the magnet the field is considerably higher. In fact we have an almost 
constant magnetic field gradient as can be seen in figure 3.3, which is the cross-section of 
figure 3.2 at y = 0 mm. 
To correct this problem simulations were performed using the Quick Field finite element 
computer program. The results of these simulations indicated that removing 0.2 mm from 
the oblique side of the pole with the lowest magnetic field strength would decrease the 
gradient plotted in figure 3.3. The results of measurements after this pole adaptation 
are given by figure 3.4 - 3.6. Each figure displays a plane that is measured by means of 
the NMR probe. It can be clearly seen that the gradient has indeed been removed. The 
variations of the main magnetic field are now of higher order. Because the variations are 
an order of magnitude smaller than the maximum gradient strength and further shimming 
is very complex, no further improvements were made. The field homogeneity within 4 cm 
dsv is about 150 ppm. 

3.2 RF section 

Since the magnetic field strength has been increased, the Larmor frequency and hence 
the RF frequency is also higher. This means that RF-coil had to be adapted, as well as 
the duplexer, a device that will be explained later on. Previously, interference occurred 
between the RF coil and the gradient coils, so the RF coil had to be shielded. The 
assembly of RF-coil and gradient coils is called the insert, which is positioned between 
the magnet poles. This insert has been rebuilt, as will be discussed in the next sections. 

3.2.1 RF-coil 

Via the RF-coil the alternating field (Ê1) is transmitted to the sample. This coil also 
receives the signal from the sample. The RF front-end, see figure 3. 7, consists of the coil, 
two capacitors and a resistor. This RLC circuit is either connected to the RF source or to 
the RF receiver via a duplexer. This duplexer directs the RF pulses from the RF source 
to the circuit, and the signal from the sample to the receiver. Also a Faraday shield is 
inserted in the coil. The purpose of this shield will be discussed below. The front-end 
is placed in a grounded conducting box, that acts as a cage of Faraday, which shields 
against external alternating fields. The resonance frequency of the RLC circuit equals the 
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Figure 3. 7: Sketch of RF front-end 

Larmor frequency, which is 33.1 MHz for hydrogen in this setup. To adjust the frequency 
a variable capacitor Cs is used. The resonance frequency can be approximated by the 
following equation: 

1 
w=--vrcs· (3.1) 

The actual sensitivity of the front-end, amongst others, is characterized by the quality 
factor Q of the resonant circuit : 

Q = 27r Estored 

Pzoss ' 
(3.2) 

in which Estored is the energy stored in the circuit and P1oss is the energy loss per cycle. 
Because the quality factor is a measure for the damping of the circuit, a lower Q means 
less ringing of the coil, which is of importance when measuring a FID. 
The quality factor is also a measure for the frequency bandwidth 2~f : 

f 
Q= 2~j" (3.3) 

If the impedance of the circuit is measured, ~f can be determined from IZ(f0 + ~f)I = 
IZ(f0)IJ2. If Q is too high, the frequency components that differ significantly from the 
Larmor frequency will be damped considerably. 
The quality factor of the used RF-coil is about 40. If a high gradient is used, e.g. 90 mT /m 

A 38 kHz/ cm, with a sample of 5 cm, the frequency spectrum of the signal covers about 
180 kHz. A lower quality factor can be reached by adding a higher resistor to the RLC 
circuit . 
The impedance of the front-end should be matched to the impedance of the coaxial lines 
connecting the various parts of the RF system (50 D). Under matched conditions the 
power transfer to the RLC circuit is maximal [8]. The impedance matching is clone by 
means of Cp. 
The function of the Faraday shield is to reduce the influence of variations in the electric 
permittivity of the different samples that are used. Without this shield variations in the 
electric permittivity change the frequency of the RLC circuit. These variations can also 
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Figure 3. 8: Gradient coils in the anti
H elmholtz configuration. 
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Figure 3.9: Gradient coils in the Anderson 
configuration. 

be induced by changes of the water concentration of the samples or by phase transitions 
in the sample. The shield is constructed from insulated copper wires, placed cylindrically 
in the RF coil. The wires are connected together at one end and are grounded. 

3.3 Gradients 

In this section, the gradient coils, the gradient amplifier, and the gradient calibration are 
discussed. Because the insert has been rebuilt the z-gradient coil system, a set of the 
anti-Helmholtz coils, had to be changed. The other two gradient coil systems, sets of 
Anderson coils, could still be used, as will be discussed later on. The gradients of this 
setup are pulsed gradients, whereas most of our comparable setups have statie gradients. 
With pulsed gradients more imaging sequences become available, and in addition these 
images can be acquired faster. However, pulsed gradients cause problems when measuring 
materials with a short T2 and T1. Using fast pulsed gradients implies that the current 
through the coils must be turned on and off very fast. The inductance of these coils 
and eddy-currents in surrounding metals hamper this fast switching. In designing the 
coils and the shielding around the RF-coil ( which contains metal) this must be taken into 
account. 

3.3.1 Gradient coils 

As already mentioned above, the gradients in the magnetic field are produced using a set 
of resistive coils, the gradient coils. In this setup two different kinds of sets are used. A 
set of anti-Helmholtz coils, see figure 3.8, and two sets of Anderson coils, see figure 3.9. 
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The magnitude of the magnetic field component that one intends to vary linearly along 
the x, y, or z axis is always parallel to the main magnetic field B0 , which is directed along 
the z-axis. 
Because the insert has been rebuilt and the RF coil has been shielded from the gradient 
coils, the anti-Helmholtz coils had to be changed. The gradient has to be as constant as 
possible in the region of interest . In the next subsection some design criteria of the coils 
are described. 

Anti-Helmholtz coils 

In this subsection the magnetic field of an anti-Helmholtz gradient coil set is determined. 
This anti-Helmholtz configuration consists of two circular coils positioned parallel to the 
pole tips. The current through both coils is opposite. This means that at one side the 
magnetic field is parallel to the main magnetic field and at the other side the magnetic 
field is anti-parallel, thus giving rise to a gradient. The magnetic field at the central axis 
will first be considered. 
The magnetic field Ê at the central axis of two coils, placed symmetrically with respect 
to the origin at z = ±d, can be calculated from the Biot-Savart law. The number of turns 
has been taken equal to one: 

(3.4) 

In this formula R is the radius of the coils, µ the magnetic permittivity of the medium the 
coils are situated in, and I the current. The derivative with respect to z of equation 3.4 
gives the gradient of the magnetic field along the z-axis: 

dBz ( ) _ 3µIR z + d _ z - d ~ ~ 2 [ j 
dz z - 2 (R2 + (z + d)2)s;2 (R2 + (z - d)2)s/2 ez 

(3.5) 

This equation can also be written in dimensionless parameters, see Appendix A. In this 
dimensionless form, it is plotted in figure 3.10. From this figure it can be seen that with 
R/ d = 1.1 a fairly constant gradient can be achieved. 
For the calculation of the complete magnetic field we again use the Biot-Savart law. The 
derivation can be found in Appendix A. The result is: 

µI 1211" R(z + d) d 
- 3 ~ 
47f o (R2+r2-2rRcos~+(z+d)2 )2 

µI 1211" R( z - d) 
-- 3 d~ 

47r o (R2 + r 2 - 2rRcos ~ + (z - d) 2)2 
(3.6) 

µI 1211" R2 - r R cos ~ 
Bz - - 3 d~ 

47f o (R2 + r2 - 2rRcos~ + (z + d)2)2 

µI 1211" R2 - r R cos ~ 
-- 3~ 

47f o (R2 + r 2 - 2rRcos~ + (z - d)2)2 
(3.7) 

The derivative of equation 3. 7 with respect to z is the gradient we look for: 
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Figure 3.11: Calculated field variation be
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Figure 3.12: Calculated gradient in the z
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Figure 3.13: Calculated gradient in the r-direction in the region between the poles. 
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variation between the poles in arbitrary 
units. 

Figure 3.15: Calculated gradient in the x
direction in the region between the poles in 
arbitrary units. 

dBz = µI [27r 3(z + d)(R2 
- rRcosr_p) s dep 

dz 47rlo (R2 +r2 -2rRcoscp+(z+d)2)2 

_µI {27r 3(z - d)(R2 
- rRcosr_p) s dep 

47r Jo (R2 + r 2 - 2rRcos<p + (z - d) 2)2 
(3.8) 

Again this equation can be written in dimensionless parameters, so that it can be plotted 
in a convenient way. In figure 3.11 the magnetic field parallel to the main magnetic field at 
every position within the coils is shown, for R/d = 1.1. In figure 3.12 the gradient dBz/dz 
in the z-direction is shown, again for R/ d = 1.1. This value should be constant in the 
region of interest. In figure 3.12 the gradient dBz/dr is shown; this is a secondary effect 
of the coils. This value should be as small as possible in the region of interest, because 
otherwise a difference in Larmor frequency in the r-direction would occur. During imaging 
this would result in distortions of the picture. 
Because the spacing between the coils was increased in the new insert the radius of the 
coils had to be increased, to get the correct ratio R/d = 1.1. Therefore new anti-Helmholtz 
coils were constructed. Using this coil set the gradient is constant within ±12 3 within 
the region of interest of 4 cm diameter spherical vol urne ( dsv). 

Anderson coils 

A magnetic field gradient perpendicular to the direction of the main magnetic field is 
created using Anderson coils (see figure 3.9). Instead of calculating the magnetic field 
produced by this complete configuration, the long sides will be approximated by infinitely 
long wires. 
The magnetic field Ë of an infinitely long wire with current fis: 

(3 .9) 

The Anderson gradient coil sets are constructed from glass fiber plates with a copper 
layer. The gradient coils are etched. The coil windings are 70 µm thick and are taken 
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Figure 3.17: Output current as a function 
of the input voltage of the gradient ampli
fiers, with the gradient coils connected. 

6 mm wide to keep the resistance at an acceptable value. The spacing between adjacent 
windings is 1 mm. Both sides of the glass fibre plates are used, to have a double amount 
of turns of the coil. The spacing between the plates was previously 70 mm, but is now 
increased to 80 mm. The calculated magnetic field and gradient between the magnet 
poles are plotted in figure 3.14 and figure 3.15, respectively. Within a region of interest 
of 4 cm dsv the gradient is constant within 15 %. 

3.3.2 Gradient amplifier 

Because a new z-gradient coil set was installed and the distance between the Anderson 
coils was changed, the gradients had to be re-calibrated. The first step was determining 
the characteristics of the gradient amplifiers. The input voltage of each amplifier controls 
the output current through the corresponding coil set. Because of the inductance and 
eddy-currents of the coils the amplifiers cannot switch the output current instantaneously. 
The time needed to go from zero current to a stable output current is called the rise time, 
the reverse situation is called the fall time. The rise times and fall times of the three 
gradient amplifiers are given in figure 3.16. From this figure it can be clearly seen that 
the rise times are significantly higher than the fall times. The two amplifiers driving the 
Anderson coil sets, which generate the x- and y-gradient, have the largest rise times. 
The gradient amplifiers are controlled by an Analog Signal Generator (ASG) in a PhyDAS 
system. The output current of each amplifier was measured with a flux-gate meter (Holec, 
type 300 SEP) as a function of the input voltage. The results are given in figure 3.17. 
These graphs show that a higher output current can be achieved with the anti-Helmholtz 
coils. This is caused by the smaller resistance of these coils, 0.1 n instead of 0.5 n for the 
Anderson coils. 
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• 111111 
Figure 3.18: Phantom and reference sample used for calibrating the x-gradient. The black 
parts represent the cavities. The sketch at the right is the reference sample. 

3.3.3 Gradient calibration 

The gradients have been calibrated using phantom samples. One-dimensional images of 
these samples have been made with one of the gradient coil sets. These images have 
been created using a Hahn spin-echo sequence with a frequency encoding gradient . The 
phantom samples are filled with a CuS04 solution. This solution is present at well known 
locations. The phantom is imaged and every measurement is repeated with a homogeneous 
reference sample. This sample contains a similar CuS04 solution. The effect of RF field 
inhomogeneities can then be divided out. Doing so, the amplitude error in the images 
created by inhomogeneities of the main magnetic field Bo and the gradient coils is also 
corrected, but the error in position caused by the inhomogeneities of Bo and the gradients 
remains the same, as will be shown later on. 
The gradient can be calculated from the following equation: 

G _ 2n f::lf 
a - '"'( !:la ' a=x, y,z. (3.10) 

The gradient strength is expressed in T /m or mT /m. The experimental results of the 
calibration of the x, y, and z gradient will now be presented successively. 

x-gradient 

The x-gradient yields a variation of B0 parallel to the axis of the RF coil, see figure 3.1. 
This gradient is generated by one of the Anderson coil sets. The phantom and reference 
sample are sketched in figure 3.18. They are cylinders with a diameter of 56 mm, so 
they fit in the RF coil. The phantom sample has six cylindrical compartments with a 
diameter of 15 mm, 5 mm long and 5 mm spacing in between. The reference sample 
has one compartment of the same diameter. The phantom and reference sample have 
been imaged with several gradient strengths. As mentioned above, the reference sample 
is used to correct for system variations, such as RF field inhomogeneities. The results for 
a measurement at the maximum applied gradient strength are given in figure 3.19 - 3.22. 
The input voltage of the gradient amplifier is 2.34 V. In figure 3.19, the Fourier transform 
of the raw data from the phantom sample is displayed. In figure 3.20 the same is done 
for the reference sample. Next the Fourier transform of the phantom sample is divided 
by that of the reference; the result is given in figure 3.21. This figure displays the proton 
density at different positions in arbitrary units. 
Now it is possible to determine the centers of the different compartments; these are given 
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Figure 3.19: Fourier transform of a one
dimensional measurement of the phantom 
sample using the x-gradient. 
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Figure 3.20: Fourier transform of a one
dimensional measurement of the reference 
sample using the x-gradient. 
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Figure 3.23: Phantom and reference sample used for calibrating the y and z-gradient. The 
black parts represent the cavities. The sketch at the right is the reference sample. 

in figure 3.22. From this figure the gradient can be determined. This measurement is 
repeated for 14 different gradient strengths. 

y-gradient 

The y- and z-gradients have been calibrated using the same method as for the x-gradient, 
see figure 3.23. Only the phantom and reference sample differ. The diameter of these 
sample is again 56 mm. The compartments for the CuS04 solution in the phantom 
sample are 10 mm <leep, and 5 mm in diameter. The spacing between the compartments 
is 2.5 mm. The results of a measurement with an input voltage of 1.03 V are given in 
figures 3.24 - 3.27. Again the measurement is repeated for 14 different gradient strengths. 

z-gradient 

The z-gradient has been calibrated similar to the y-gradient. Figures 3.28 - 3.31 show 
the results obtained for an input voltage of the gradient amplifier of 2.43 V. Again this 
measurement is repeated at different gradient strengths; for this gradient direction this is 
dorre 18 times. 

Results 

For all three gradients the observed gradients strengths are plotted in figure 3.32 against 
the input voltage of the corresponding gradient amplifier. From these results and the 
characteristics of the gradient amplifiers presented in figure 3.17, the coil effi.ciencies can 
be calculated. These coil effi.ciencies are given in table 3.1. 
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Figure 3.24: Fourier transform of a one
dimensional measurement of the phantom 
sample using the y-gradient. 
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dimensional measurement of the reference 
sample using the y-gradient. 
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Figure 3. 27: Frequency shift against the 
spatial coordinate. The gradient can 
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Gradient Coil efficiency mT / Am 
x 3.5 ± 0.1 
y 3.5 ± 0.1 
z 4.1 ± 0.1 

Table 3.1: Calculated coil efficiencies for the three gradient coil sets 
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Figure 3. 28: Fourier transform of a one
dimensional measurement of the phantom 
sample using the z-gradient. 
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Figure 3. 29: Fourier transform of a one
dimensional measurement of the reference 
sample using the z-gradient. 
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Figure 3.33: NMR-receiver 

3.3.4 Duplexer 

The duplexer routes the incoming pulses from the RF power amplifier to the RF-coil and 
outgoing signals from the RF-coil to the receiver. Because previously the magnetic field 
was lower, the duplexer had to be modified to operate at a higher frequency of 33.1 MHz. 
The calculated modification consists of changing the values of two capacitors and two 
inductors. The corresponding components were replaced. 

3.4 Data-acquisition system 

The data-acquisition system consists of two parts, a PhyDAS system and a NMR-receiver. 
First the NMR receiver will be discussed and next the PhyDAS system will be considered. 

3.4.1 NMR-receiver 

Because signals received from the RF front-end are very small and have a high frequency, 
sampling cannot be clone before proper preprocessing of the signal. This preprocessing is 
clone by the NMR-receiver. It amplifies the signal and demodulates it to shift the mean 
frequency to zero. The NMR receiver also sends signals to the RF power amplifier to 
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create the RF pulses. 
A simple schematic of the NMR receiver is shown in figure 3.33. A very stable 500 kHz 
signal is supplied to the REF unit. In the REF unit the 500 kHz is multiplied by 140, 
creating a frequency of 70 MHz, the so called "intermediate frequency" (IF). From this 
70 MHz several other frequencies are derived, which are used for timing and docking of 
the experiment and the data-acquisition system. A signal ranging from 290- 530 kHz is 
supplied to the "Continuous Wave" (CW) unit, where its frequency is multiplied by 256. 
The resulting signal has a frequency of ho = (! + 70) MHz, where f is the Larmor 
frequency of the spins. The frequency ho, in the range of 74-136 MHz, is called the 
"local oscillator frequency" . 
Switching between sending and receiving is dorre by the blanking signal obtained from 
the data-acquisition system. During sending the LO signal from the CW unit is supplied 
to the "Transmit" (X) unit, otherwise this signal is sent to the "Radio Frequency" (RF) 
unit. In the X unit the LO signal is mixed with the intermediate frequency, resulting 
in a sum and difference frequency, i.e. f and f+140 MHz. The last one is removed by 
filtering. The resulting signal is modulated with the gate signal from the data-acquisition 
system and supplied to the RF power amplifier. 
The spin-echo signal from the RF front-end is mixed with the local oscillator frequency in 
the RF unit. This results in a signal having frequencies around 70 MHz and 2f+ 70 MHz. 
By use of a low pass filter only the lower frequency band is retained. Next the signal is 
amplified and filtered. The demodulator unit mixes the resulting signal with two signals 
at the intermediate frequency, yielding two output signals with a phase difference of 90 
degrees. These output signals are sampled by the data-acquisition system. 

3.4.2 PhyDAS 

In order to control the experiment a PhyDAS system is used. This system is developed in 
the Physics department of the Eindhoven University of Technology. The PhyBUS used for 
controlling the interfaces in the data-acquisition system is connected to the PCI bus of an 
Intel compatible PC using a dedicated converter. The system can therefore be controlled 
by a standard PC. The interfaces connected to the PhyBUS are almost autonomous and 
will perform their task without CPU intervention. 

DDS 

Two Direct Digital Synthesizers supply the synchronization signals to the NMR receiver: 
one supplies the 500 kHz signal, the other a frequency in the range 290- 530 kHz. Both 
signals are synthesized using a stable quartz crystal oscillator in the first DDS as reference 
doek. 

PPG 

A Programmable Pulse Generator (PPG) creates the pulse sequences. The pulse patterns 
can be pre-loaded and then executed. Clocking of the PPG is dorre at a frequency of 10 
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MHz supplied by the NMR receiver. The PPG has 8 output channels which control the 
NMR receiver and several interfaces. 

ASR 

An Analog Signal Recorder samples the output signals from the NMR receiver. The 
ASR has a summing function , which offers the possibility to average the signals from 
subsequent pulse sequences in real-time. After a pulse sequence has been repeated a 
sufficient number of times, the ASR stops and the summed signals can be read from the 
on-board ASR memory. 

ASG 

An Analog Signal Generator controls the fast switching gradients. The signal generator 
can generate real-time analog signals. In the current setup it creates rectangular pulses, 
of which only the width and height are changed. 

MSI 

A Mixed Signal Interface has four ADC, two DAC and 8 digital IO channels. The NMR 
setup is equipped with three MSI interfaces, used to set the RF gain, IF gain, RF power. 
The third MSI measures the refiection and transmitted signal send to the RF coil. 

The data-acquisition system contains two computers, one connected to the PhyDAS sys
tem and one "stand-alone" . These two systems are interconnected via a LAN. The user 
interface is running on the stand-alone Windows NT system. This user interface is cre
ated with CVI/LabWindows. The PhyDAS system is running Windriver VxWorks and 
is performing all real-time tasks. The software is designed and written in our group, see 
[9] and [11]. 

3.5 Image artifacts 

During imaging using a 2D Hahn spin-echo sequence or any other imaging sequence image 
artifacts can arise. Many different kinds of artifacts may occur. In this section some of 
these artifacts are discussed and also solutions to eliminate these artifacts are presented. 
In figure 3.34 an image of a fantom sample is shown. The actual grid of the fantom is not 
curved, as the image suggests. Also four "noise" bands show up in the image. In figure 
3.35 an image of a kiwi is shown. Also this image contains certain image artifacts. 
The noise bands in the first image are perpendicular to the frequency encoding direction 
and therefore correspond to certain more or less fixed frequency bands. These bands 
were caused by the gradient cables and gradient coils which acted as antennas and picked 
up several interfering signals. By replacing the gradient cables by shielded cables and 
wrapping aluminium foil around the cable terminals this artifact was considerably reduced. 
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Figure 3.34: Image artifacts. Figure 3. 35: Image artifacts. 

The apparent curvature of the fantom is caused by main magnetic field inhomogeneities; 
when the gradient strength is decreased this curvature becomes larger. To reduce the effect 
of field inhomogeneities strong gradients are needed. Note that the top of the phantom 
corresponds to the right side of the image; an air bubble causes the lack of signal there. 
In the second image one can see other artifacts. First the white dot in the center of 
the image. If the sum of the k-space data is nonzero this gives rise to a point at zero 
frequency in Fourier space. Inspection of the software revealed that this problem was 
caused by incorrectly rounding off signal values. This rounding error was very small, but 
because it occurred at every point in k-space the errors summed up to the high intensity 
dot. 
The edges of the kiwi also display an artifact. This artifact occurs because the signal 
amplification was too large, and an ADC overflow occurred. The data in the center of the 
k-space are clipped and are therefore too low with respect to the data at high k values. 
This results in ringing artifacts at the edges of the image. 
The third artifact that can be seen is the lower signal in the outer regions of the kiwi. 
This is caused by field inhomogeneities of the RF coil. In regions where the amplitude 
of B1 is too small, incorrect 90° and 180° pulse conditions will occur. In addition the 
coil will pick up less signal from these regions receives less signal, because the sensitivity 
differs. Main magnetic field inhomogeneities are also part of this problem. The RF pulse 
consists of a small frequency band, if this frequency band is smaller than the frequency 
variations due to main magnetic field variations not all spins are excited. This can be 
corrected by shortening the RF pulse which causes the frequency band to increase. 
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Chapter 4 

NMR sequences 

As mentioned in the previous chapter the PhyDAS system is controlled by a VxWorks 
operating system running on an intel compatible computer and a NT PC. The VxWorks 
computer controls the PhyDAS system and sends data to the NT workstation via a LAN. 
The NT dient software processes and stores the data in an appropriate format and displays 
the results. At the start of the project, the software already contained some sequences 
such as a FID, Hahn spin echo and CPMG. However, for measuring field homogeneity or 
T1 no software was available. In the next sections the functionality of the measurements 
scripts that were developed and implemented will be discussed briefiy. 

4.1 OD FID with 3D positioning 

To measure the field homogeneity, the Larmor frequency at every point in the region of 
interest between the magnet poles must be determined. This was dorre by measuring 
the frequency of the free induction decay, see section 2.5.1. A small sample with a small 
RF-coil around it can be moved between the magnet poles by a 3D manipulator, which 
consists of three stepper motors that can be controlled by a Stepper Motor Controller 
interface in the PhyDAS system. To control the position and to measure the frequency 
this script was written. The output data is written to a file in a format that can be 
imported easily in a data processing program, such as Microcal Origin. 

4.2 OD FID frequency optimization 

The Larmor frequency depends linearly on the magnetic field, as described in chapter 2. 
The field strength and hence the Larmor frequency vary with the magnet temperature. 
To determine the actual Larmor frequency and correspondingly correct the frequency 
settings of the software, this measurement script was written. The measured frequency 
is logged and also the signal intensities are logged. One of the results obtained using this 
script is given in figure 4.1. This figure clearly shows the frequency difference caused by 
the day /night cycle. The frequency is highest when the temperature is lowest. 
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Figure 4.1: Stability measurement on NMR02. 

4.3 OD FID 90° determination 

To measure spin echoes as described in chapter 2, pulses of 90° and 180° are necessary. 
The 90° pulse condition can be determined from the height of the Free Induction Decay. If 
this signal is at its maximum the pulse length corresponds exactly with the magnetization 
vector rotating 90°. Using this script, the pulse length can be varied from zero toa certain 
maximum value, with a certain amount of steps. The resulting signal intensity depends 
on the flip angle, and is given by: 

(4.1) 

4.4 T1 Saturation recovery 

T2 measurements can be dorre rather easily, for instance using a CPMG sequence. T1 

is more difficult to determine, because to that end the longitudinal magnetization must 
be measured. T1 can be measured using a saturation or inversion recovery sequence. 
The saturation recovery sequence is illustrated in figure 4.2. First the magnetization is 
saturated by a series of pulses ('comb') until t = 0. After these pulses the longitudinal 
magnetization starts to restore from zero. After a time t1 a 90° pulse is given, putting 
the longitudinal magnetization in the transverse plane. Next an echo is created by a 180° 
pulse to rephase the spins. This measurement is repeated for many different values of t 1 . 

The resulting data can be fitted with the exponential function: 

(4.2) 
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Figure 4.2: Saturation recovery sequence. 
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Figure 4. 3: Inversion recovery sequence. 

from this fit T1 can be found. 

4.5 T1 Inversion recovery 

long delay 

The inversion recovery sequence is illustrated in figure 4.3. At t = 0 a 180° pulse is given 
by which the magnetization is inverted, aligning it anti-parallel to direction of the main 
magnetic field vector. Next, the magnetization starts to restore. After a time t 1 a 90° 
pulse is given, putting the longitudinal magnetization in the transverse plane. Next an 
echo is created by a 180° pulse to rephase the spins. This measurement is repeated for 
many different values of t 1 . Again the resulting data can be fitted with the exponential 
function: 

(4.3) 
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from this fit the longitudinal relaxation time T1 can be found. 
The main difference between an inversion recovery and a saturation recovery sequence is 
the difference in preparation of the magnetization. When using saturation recovery the 
magnetization starts from zero (M(t = 0) = 0) and when using inversion recovery the 
magnetization starts from -M0 (M(t = 0) = -M0 ). Note that M0 is the longitudinal 
magnetization just before the start of the pulse sequence. 
When using inversion recovery, T1 can only be determined correctly when the 180° pulse 
condition is met everywhere within the sample, which requires the applied B1 to be 
homogeneous. If saturation recovery is used, this condition is not necessary because 
the saturation pulses will destroy the magnetization at every point within the sample. 
In addition, the time needed to measure T1 with saturation recovery is much shorter 
then with inversion recovery. This is because of the long delay that is needed after the 
echo when measuring with the inversion recovery sequence. The magnetization must 
be completely restored before a new spin-echo acquisition. When measuring with the 
saturation recovery sequence this is not necessary, because the magnetization has to be 
destroyed anyway. 

4.6 2D Hahn spin echo 

The 2D Hahn spin-echo sequence has already been described in chapter 2. The sequence 
displayed in figure 2.6 is implemented in the software. The series of k-space lines that 
are successively sampled is converted to a square matrix ( equal number of data points in 
the phase and frequency encoding directions); this is done because the k-space lines are 
over-sampled. Because many software parameters are mutually dependent, the software 
will in some cases automatically change these 'coupled' parameters. If for instance the 
field of view (the region of interest) increases, the maximum possible window width will 
also increase. 
Because data is stored in 2D array's, the software had to be expanded with routines to 
process these array's. It is now possible to transform, save, copy or load these array's. 

4. 7 2D radial scan 

This script has been rewritten to work with the current measurement software version. 
Data measured with the 2D radial scan script can be postprocessed by an off-line back
projector program available within our group. 
During a radial scan k-space lines are measured at different angles. The back-projection of 
those k-space lines takes a lot time. To make the preliminary results real-time available 
the k-space is calculated by interpolating the lines measured at different angles. The 
image can then be obtained by applying a standard fast Fourier transform. 
Because the risetimes and falltimes of the gradient fields differ (see chapter 3), echoes 
shift in time and hence k-space reconstruction becomes diffi.cult. This problem can be 
solved by using well defined gradient rise and falltimes, as will be discussed in chapter 6. 
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Chapter 5 

Wood drying experiment 

When NMR measurements are done on a fluid in a porous material, the pore structure 
has an effect on the relaxation of the NMR signal. Wood is one of the materials that 
can contain water inside pores. The measured relaxation behavior of the fluid contains 
information on the size of the pores. This is caused by the interaction of moving water 
molecules inside the pore with the pore wall. On a molecular scale the movement of 
the water molecules is called molecular self-diffusion. The measured relaxation behavior 
depends also on the rate of diffusion. 
In the first section of this chapter the Brownstein and Tarr model for describing relaxation 
effects inside a pore is discussed. The next section contains results of the wood drying 
experiments. 

5 .1 Po re relaxation behavior 

Molecular self-diffusion can be understood with statistica! mechanics. Taking a virtual 
vertical plane in a container with randomly moving molecules and counting the number of 
molecules which are crossing this plane, one can derive that the net current crossing the 
plane depends on the derivative of the density of the particles. The ratio of the particle 
flux J and the derivative of the density of the particles Vn is defined as the "self-diffusion 
coefficient" (D) : 

J = -DVn. (5.1) 

Even in the absence of particle density gradients, the self-diffusion can be determined 
from NMR measurements, since equation 5.1 also describes effects caused by gradients in 
the nuclear magnetization density. 
During an NMR experiment, the water molecules and therefore also the spin moments 
move within the pore due to Brownian motion. Brownstein and Tarr [13] reported a 
model that describes the magnetization of a spin system in a porous material. They 
assume that the total transverse magnetization can decay due to volume-like sinks ('-y) 
and surface-like sinks (µ). The physical nature of these sinks is not discussed, but they 
hypothesize magnetic impurities such as macromolecules and water that is bound to the 
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pare wall. The equations for such a system are: 

V·(V·Vp-1p)= op at 
(fi · V ·Vp+ µp)ls = 0 

( .... O) = M(O) 
pr, V 

(5.2) 

(5.3) 

(5.4) 

In these equations p(r, t) is the magnetization density at time t and position r. M(O) 
is the transverse magnetization at t = 0. The self-diffusion tensor is denoted by V. 
Equation 5.2 is a diffusion equation containing a volume-like sink. The next equation, 
5.3, is the boundary condition containing a sink at the pare surface. The initial condition, 
equation 5.4, assumes a uniform magnetization density at t = 0. The solution of this 
problem can be expressed as [13]: 

(5.5) 

Integrating equation 5.5 over the total pare volume, thus calculating the observed quantity 
in NMR measurements, gives 

(5.6) 

The solution for one pare size contains a number of eigenvalues T2,i (T2,o > T2,1 2: T2,2 2: .. ) 
in which i refers to the so called mode. Brownstein and Tarr solved the differential 
equations and boundary conditions for several geometries under several assumptions. The 
volume-like sinks are assumed to be absent (! = 0) . The self-diffusion tensor is taken to 
be homogeneous and isotropic (V = DI) and D is taken constant. 
From the solution of their equations they showed that three regions can be distinguished: 

• µr/D « 1 
The fast diffusion region. The lowest mode dominates the behavior. 

• 1 « µr / D « 10 
The intermediate diffusion region, the lowest mode still dominates, but the higher 
modes contribute a few percent. 

• 10 « µr/D 
The slow diffusion region. The higher modes contribute a few tens of percents. 

For a system containing N different pare sizes equation 5.6 generalizes to: 

N __ t~ 

M(t) = l:=l:=M/e rL, (5.7) 
j=l i 

in which j is one of the total number of pare sizes N. In the fast diffusion region all T2 

values can be directly related to the pare size, because the lowest mode is dominant . In 
the intermediate or slow diffusion region the measured T2 values can still be related to 
pare sizes, but in a more complicated way. This is due to the fact that one pare size is 
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represented by more than one relaxation time. In the fast diffusion region equation 5. 7 
can be simplified to: 

N __ t~ 

M(t) = L MÖe r~.o. (5.8) 
j=l 

Brownstein and Tarr showed that in the fast diffusion region the lowest mode is given by 
T2,0 = V / µS, where V is the pore volume and S is the active surface area. In case of a 
spherical pore this mode can be rewritten as: 

V r 
T20=-=-. 

' Sµ 3µ 
(5.9) 

This equation shows that the measured relaxation time is linearly proportional to the 
pare radius. 

5.2 Pore-size distribution from T2 relaxation mea
surement 

By means of the CPMG sequence T2 relaxation times can be measured. In the fast 
diffusion region, the measured signal exhibits a behavior given by equation 5.8. If a 
continuous pore-size distribution is assumed in this diffusion region, the summation can 
be replaced by an integral, giving: 

(5.10) 

M(t) is related to the Laplace transform of the probability distribution P(T2) of the 
relaxation times. Because the inverse transform is numerically instable and far from 
trivial, the transformation from M(t) to P(T2 ) is clone by means of a routine called 
CONTIN [12] or a routine from Shell [18]. From the distribution of the relaxation times 
the pore-size distribution can be estimated, using equation 5.9. 

5.3 Drying experiments on wood 

Wood is a porous material, as already mentioned in the introduction of this chapter. The 
moisture content 8m changes when drying. The moisture content 8m is defined as the 
quantity of moisture in wood, expressed as a percentage of the oven-dry mass. The latter 
is defined as the constant mass obtained after wood has dried in an air oven maintained 
at 102 ± 3 °C. 

8
m = weight of water in wood x 

1003 
= Wm - Wo x 

1003 
ovendry weight of wood w 0 ' 

(5.11) 

where Wm = moist mass, w 0 = oven-dry mass. With our experimental setup we can mea
sure quantitatively bath the NMR signal intensity and the transverse relaxation, i.e., the 
local moisture content as well as the pore-size distribution. 
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The wood drying experiment consists of relaxation measurements using the CPMG se
quence and taking images using the 2D Hahn spin-echo sequence without slice selection. 
The wood used in our experiment is pine wood. The wood was immersed in water for at 
least a week before the measurements were started. When the measurements were started 
the wood was inserted in a cylindrical tube fixed inside the magnet. The wood was dried 
by slowly fiowing air around it. The relaxation measurement and imaging sequences were 
repeated after a preset time interval. 

5.4 Results 

The results of the 2D Hahn measurements on pine wood during drying are shown in fig
ure 5.1. In these images black represents wet and white represent dry parts of the wood. 
The images were made every 45 minutes with a resolution of 256 x 256 pixels. The wood 
cross-section is 2.4 cm by 2.4 cm. 2 x 26 averages were taken with a long delay of 0.1 s 
for every k-space line. The long delay was taken rather short to reduce the acquisition 
time. An echo time of 1.6 ms and a recording window of 1.4 ms were used. The total 
acquisition time for one image was about 21 minutes. 
The images clearly show the annual rings of the wood. The wood rings consist of early
wood and latewood. Earlywood is the softer, more porous portion of an annual ring of 
wood that develops early in the growing season. Latewood is the harder, less porous por
tion of an annual ring that develops late in the growing season. Because of this difference 
in porosity of the annual rings the signal intensity varies. From the series it can be seen 
that the first 8 to 10 hours the wood dries fast. After this period drying proceeds much 
slower. 
After each image acquisition a CPMG measurement was performed. To follow the drying 
process more accurately, this measurement was repeated every 15 minutes. The CPMG 
measurements consist of 2000 echoes, with an echo time of 600 µs and a recording window 
of 400 µs, averaged 2 x 64 times. Several results of these measurements are shown in figure 
5.2. Again one can see that the drying process has two time scales. The fast time scale 
ends after approximately 7- 15 hours of drying; after this period the drying process slows 
down considerably. 
The semi log plots of the CPMG data clearly show a curvature. This curvature results 
from the presence of multiple relaxation times, see equation 5.8. If from these data the 
different relaxation times are calculated, the pore size distribution is directly obtained 
because T2 "' r in the fast diffusion region, as will be shown later. The data at short echo 
times show a contribution with a very short relaxation time. This contribution is still 
present in later acquisitions when the wood has dried. 
In figure 5.3 the relaxation-time distribution calculated from the CPMG measurements 
is shown; these distributions are calculated using the CONTIN routine. Because the 
echo time is 600 µs the profile below 600 µs is clipped, because in this region no data 
is measured. From this figure one can again clearly see that after about 10 hours the 
larger pores, corresponding to the higher T2 values, have almost completely dried. After 
10 hours the drying process slows down. The signal contribution with small T2 values, 
corresponding to small pore sizes, decays much slower than that with the higher T2 values. 
Figure 5.4 displays the relaxation-time distribution obtained by using a fitting procedure 
from Shell. This routine yields a smoother profile, because regularization is clone differ
ently. The overall results of both calculations agree, but CONTIN displays an extra peak 
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Figure 5.1: 2D images of drying wood measured using the 2D Hahn spin-echo sequence 
for various times. Image resolution is 256 x 256 pixels. 
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Figure 5.2: CPMG measurement of drying wood at different times. 
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Figure 5.3: Relaxation profile calculated from the CPMG measurements using the CON
TIN routine. 
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Figure 5.4: Relaxation profile calculated from the CPMG measurements using a fitting 
routine from Shell. 

at 10log(T2 ) '.::::'. 4. In the profiles calculated using the fitting procedure from Shell this 
peak merges in the surrounding peaks. 
The same CPMG data is also analyzed with a straightforward multi-exponential fit. This 
multi-exponential fit contains three different T2 values. The change of these T2 values 
during drying is shown in figure 5.5. The decay of the signal contributions corresponding 
to these T2 values is shown in figure 5.6. From figure 5.5 it is clear that the relaxation 
times do not vary much, which is what one expects if the pore structure of the wood 
remains the same. The signal contribution of the smallest T2 shows a decrease in relax
ation time, which might be the result of shrinking of the wood. From figure 5.6 it is clear 
that the signal contributions of the larger relaxation times decays very fast. This again 
demonstrates that the larger pores are drying fastest, as was already deduced from the 
relaxation profiles plotted in figure 5.3 and 5.4. 
The NMR signal from wood may be separated into three major contributions: solid 
wood, cell-wall water, and lumen water [15]. The solid-wood signal contribution decays 
to zero in tens of microseconds [10], and hence this contribution is not observed with our 
CPMG measurements. The short T2 signal is coming from cell-wall water [15]. This is 
water that is present in the cell walls of wood; the size of the cell wall is about 1 µm. 
The signal contributions with relaxation times ranging from tens to hundreds of millisec
onds originate from the lumen water contained in 'pores' ranging in size roughly from 
5 - 50 µm. The largest structure that can be measure with NMR can be calculated with 
r ~ J D · T2,tree, with T2,tree the relaxation of free water and D the molecular diffusion 

of free water D = 2.5 · 10-9m2 /s. The relaxation of free water is several seconds. The 
largest pore size is therefore r ~ v'2.5 · 10-9 · 2 = 7 · 102 µm. 
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Figure 5.5: T2 values of water in wood found during drying experiments . 
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Figure 5. 6: Signal intensities corresponding to the three different relaxation times found 
during wood drying experiments. 
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pore type po re si ze (µm) relaxation time ( ms) r 2 /(3DT2) 
cell-wall 1 1 0.1 
lumen 5 9 0.4 
lumen 5. 101 4. 101 8 

Table 5.1: Calculated diffusion regions for the different relaxation times and pare sizes. 

From the pore sizes of the wood and the corresponding relaxation times, we are able to 
calculate the diffusion region of our experiments. Substituting equation 5.9 in the condi
tion for the fast diffusion region µr / D « 1, gives r 2 / (3DT2) « 1. In table 5.1 the values 
of this parameter are calculated for the three different relaxation times. From this table 
it is clear that the fast diffusion region for cell-wall water can be assumed. For the lumen 
water, however, this assumption may not be entirely correct. This means that higher 
orders may appear in the relaxation behavior 5.6. Brownstein and Tarr showed that the 
next mode corresponding with a certain pore size has a relaxation time that is an order 
of magnitude smaller than the lowest mode. Since these higher modes do not show up in 
the measurements and the amplitude of the higher modes is only a few percents of the 
lowest mode, it still seems to be valid to assume the fast diffusion region. 
As wood dries, lumen water comes out first, followed by the cell-wall water [14). This 
behavior is corroborated by our measurements and can be most clearly seen from fig
ure 5.6. The point where the cell wall becomes saturated when increasing the moisture 
content of the wood is called the Fiber Saturation Point (FSP); all additional water is 
free pore water. The fiber saturation occurs typically at a moisture content of 303 for 
all wood species [14). As the moisture content increases the wood swells and the me
chanical strength decreases, thermal and electrical conductivities increase and the rate of 
bound-water diffusion increases. These changes are usually gradual and continuous until 
the fiber saturation point is reached, beyond which the changes are much smaller. In our 
experiments the FSP is probably reached when the signal contribution corresponding to 
the larger relaxation times has almost disappeared, which occurs in figure 5.6 after about 
twenty hours of drying. The location of the FSP can be verified by measuring the weight 
of the wood after it is oven-dried and after it is fully saturated, then the moisture content 
of the saturated sample can be calculated. If the moisture content linearly depends on 
the CPMG signal intensity then CPMG can be used to measure the moisture content. To 
verify position of the FSP, the linearity of the CPMG data extrapolated tot= 0 with the 
moisture content should be verified. To do this some additional experiments are needed, 
as will be discussed in the next chapter. 
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Chapter 6 

Conclusions and recommendations 

6.1 Conclusions 

The NMR setup is upgraded to operate at a magnetic field strength of 0.78 T . The RF 
front-end and the z-gradient have been rebuilt. The amount of averages, needed to obtain 
an image with a satisfactory signal to noise ratio, has been greatly reduced [2] . 
The PhyDAS system and the new software version are working properly. Because of the 
additional pulse sequences that have been implemented the fiexibility of this setup has 
increased considerably. Imaging has become much easier and faster. The user interface 
of the new software makes experimenting easier and more transparent. 
The wood drying experiments demonstrate the large potential of this setup. It can be 
used to measure 3D drying processes in various classes of materials, using relaxation mea
surements and quantitative imaging of the moisture distribution. 

6.2 Recommendations 

Because of the inductance of the gradient coils and the properties of the gradient ampli
fiers , the rise and fall times of the gradient pulses differ, as was outlined in chapter 3. This 
causes spin echoes to shift in time while doing CPMG, radial scan and turbo spin-echo 
measurements which gives rise to distortions or artifacts in the reconstructed image. To 
solve this problem the rise time and fall time of the gradient pulses must be made equal, 
this can be realized by incorporating an analog low-pass Bessel filter at the input of the 
gradient amplifier. 
Additional fiexibility have to be added to the software to measure drying in building ma
terials. It should, for instance, be possible to repeat automatically a sequence consisting 
of various types of measurements in succession. Currently it is only possible to combine 
2D Hahn spin-echo measurements with CPMG measurement while following the drying 
of a sample. To measure the moisture content during drying a FID sequence should be 
added to this script [10]. In addition a lD Hahn spin-echo sequence should be added 
to measure one dimensional drying profiles, from which in many cases the macroscopie 
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diffusion coeffi.cient can be calculated rather directly. A multiple slice spin-echo sequence 
should be implemented to measure drying effects in several different slices of the wood. 
The linearity of the signal intensity with the moisture content must be verified using a 
representative series of calibration samples. The moisture content can be measured us
ing a FID, CPMG or a Hahn spin-echo sequence; which sequence is best for a certain 
sample or class of materials is not yet clear. When using the FID sequence to measure 
the moisture content, the signal from the wood also contains water from the solid wood, 
which is not relevant when determining the moisture content. When using the CPMG 
sequence to determine the moisture content, the first echo of the CPMG series does not 
exactly refiect the total moisture content, because signal contribution from the cell-wall 
water has already decayed considerably. Extrapolating the CPMG data at t = 0 might 
give the correct moisture content. A lD Hahn spin-echo sequence with a very short echo 
time may directly give the moisture content. These three methods should be compared 
and the results should be plotted against the gravimetrically determined moisture content 
to verify in quantitative way which method has to be preferred. 
To correlate the observed relaxation times with the pore sizes in wood, relaxation mea
surements must be done on porous materials with well known pore sizes. Apart from this, 
pore sizes of the wood obtained from NMR measurement, should be checked against the 
pore sizes measured with, for instance, a scanning electron microscope (SEM). 
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Appendix A 

Anti-Helmholtz gradient coils 

In this appendix the magnetic field of an anti-Helmholtz gradient coil set is derived. This 
anti-Helmholtz configuration consists of two circular coils positioned parallel to the pole 
tips. The current through both coils is opposite. This means that at one side the magnetic 
field is parallel to the main magnetic field and at the other side the magnetic field is anti
parallel, which creates a gradient. 
For the calculation of the complete magnetic field we use the Biot-Savart law. First the 
magnetic field of one coil is determined. The expression is used to calculate the field with 
two coils. The Biot-Savart law reads: 

Ê(f" = µ! J d? x (f - ?) 
, J 471" IT - f' 13 , (A.l) 

with Ê(f') the magnetic field at position r. f" = (x', y', z'), is de position of the current. 
Note that we have cylindrical symmetry. Therefore, we will use cylindrical coordinates 
(r', <p, z) to integrate the current of the coil. The distance between the origin and one of 
the coils is given by d. The radius of the coils is given by R: 

x' = Rcos <p dx' = -Rsin <pd<p x = r 
y' = R sin <p dy' = R cos <pd<p y = 0 
z' = -d dz' = 0 z = z 

First we write out the product in the Biot-Savart law (A.l): 

x y z 
dt x (f- t) - dx' dy' dz' 

x-x' y-y' z- z' 

(R(z + d) COS<p x + R(z + d) sin<p y + R(z + d) z) d<p 

With the following equations, for unit vectors transformation 

x 

y 

z 

equation A.1 can be written as 

cos <p f - sin <p <p 
sin <p f + cos <p <p 
z, 

B .... ( ) _ µ! 12
71" R(z + d)f + R2 

- rRcos<pz d 
r, z - 3 <p 

47r o (r2 + R2 - 2rRcos<p + (z + d) 2)2 
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(A.2) 

(A.3) 

(A.4) 

(A.5) 
(A.6) 
(A.7) 

(A.8) 



This formula describes the magnetic induction in an arbitrary point r and z generated by 
one coil. We will now add the second coil and we will focus on Bz, because we are mainly 
interested in the gradient in de z-direction. 

µI la2
7r R(z + d) d 

- 3 ep 
47r o (R2 +r2 -2rRcosep+(z+d)2)2 

µI la27r R( z - d) 
-- 3 dep 

47r o (R2 + r 2 - 2rRcosep + (z - d) 2)2 
(A.9) 

µI la27r R2 
- r R cos ep 

- 3 dep 
47r o (R2 +r2 -2rRcosep+(z+d)2 )2 

µI la27r R2 
- r R cos ep 

-- 3 dep 
47r o (R2 + r 2 - 2rRcosep + (z - d) 2)2 

(A.10) 

The derivative of this formula ( A.10) with respect to z is the gradient we are looking for. 

dBz = µ! [21r 3(z + d)(R2 
- rRcosep) s dep 

dz 47r Jo (R2 + r 2 - 2rRcosep + (z + d) 2)2 

_µI {21r 3(z - d)(R2 
- rRcosep) s dep 

47r Jo (R2 + r 2 - 2rRcosep + (z - d) 2)2 
(A.11) 

U sing dimensionless parameters this equation can be written in the following form: 

dBz 47rd2 

---
dz 3µ! 

_ la27r (~ + 1)((~) 2 
- J~cosep) 

5 

dep 
0 

( ( J) 2 + ( ~) 2 
- 2 J ~ cos ep + ( ~ + 1) 2) 

2 

- lao27r ( ~ - 1) ( ( ~) 2 - J ~ cos ep) s dep 

( ( ~) 2 + ( ~) 2 
- 2 J ~ cos ep + ( ~ - 1) 2) 

2 
(A.12) 
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