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Abstract

In magnetic resonance microscopy, insufficient signal-to-noise ratio currently
limits imaging performance. Superconducting probes can potentially increase the
sensitivity of the magnetic resonance experiment. However, many superconducting

probes failed to entirely deliver the expected increase in signal-to-noise ratio.

We present a method based on finite-element radiofrequency simulations. The
radiofrequency model computes several figures of merit of a probe, namely: i) the
resonant frequency, ii) the impedance, iii) the magnetic field homogeneity, iv) the filling
factor, and v) the sensitivity. The probe is constituted by several components. The
method identifies the component limiting the sensitivity of the probe. Subsequently, the

probe design can be improved iteratively.

We show that the sensitivity of an existing superconducting Helmholtz pair can
be improved by increasing the filling factor and cooling the radiofrequency shield,
which was implemented in the design of a new superconducting probe. The second
probe exhibits a sensitivity three times as high, leading to improved imaging

performance.
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1 Introduction

1.1 The Sensitivity of Magnetic Resonance Microscopy

Magnetic resonance imaging, demonstrated in 1973 by Lauterbur and Mansfield
(1,2), revolutionized the field of medical imaging. It is non-ionizing, three-dimensional,
non-destructive and benefits from a rich contrast that can be modified to fulfill the need
of the user. Similarly, magnetic resonance microscopy is now having a profound impact
on basic sciences across the biological field. It allows scientists to study fundamental
biology, be it on a plant, a small rodent or a zebrafish, understand physiology and

disease models, record pathologic progression and develop therapeutic approaches.

Scaling down magnetic resonance imaging to smaller specimens presents its own
set of challenges. A 20-g mouse is 4000 times smaller than a 80-kg human. To preserve
the relative definition of the smaller organs of the mouse during imaging, the voxel
volume must be decreased by a factor 4000. Consequently the signal in magnetic
resonance microscopy can be 4000 times as weak as the signal in clinical magnetic

resonance imaging.

Several techniques are used to compensate the low sensitivity of magnetic

resonance microscopy. Presently, studies can take place at a field as high as 17.4 T (3), in



principle providing a higher signal. Contrast agents can be infused into fixed tissues or
injected into living organisms prior to imaging to enhance signal. Specific imaging
sequences, sometimes including volume encoding, can increase the signal-to-noise ratio
(SNR) further. Even so, the crucial and most important technique implemented to
compensate the low sensitivity of magnetic resonance microscopy is the use of high-
sensitivity radiofrequency probes. They can increase the SNR, presently the major factor
limiting imaging performance, increase imaging efficiency, and ultimately expand the

boundaries of magnetic resonance microscopy.

1.2 The Meaning of a High-Sensitivity Probe

This section clarifies the relation between probe sensitivity and SNR. It identifies
the common physical traits of “high-sensitivity” probes: high filling factor and high

quality factor, low equivalent resistance and low noise temperature.

The signal-to-noise ratio available in a magnetic resonance experiment has been
presented by Hoult and Richards (4) for a lossless specimen irradiated by an
homogeneous coil acting as the only source of noise. Later, Hoult and Lauterbur (5)
included a conducting specimen inserted in the same coil. The signal-to-noise relation
(6) below encompasses noise stemming from the specimen, the coil and multiple probe
components. Obviously, a magnetic resonance user wants to maximize the SNR

2



recorded:

(B,/1) 1-1
sNR~ 12 @B/1) g -1
[4 kReqTeq V

where F is the noise factor accounting for the supplementary noise power added
to the signal by the scanner electronics, V is the volume of a voxel containing the
transverse magnetization Mr, tw is the duration of the sampling window, tr is the
repetition time and tscan is the total scan duration. The product ReqTeq is an equivalent
temperature-weighted sum or resistances defined by the respective power dissipation
rate and temperature of all the components of the probe, as well as the specimen. Under
the assumptions made by Hoult and Richards (4), including a lossless specimen, a
uniform multi-turn solenoid coil exhibiting no current inhomogeneity, and a single
source of noise stemming from the coil, the product ReqTeq is such that the SNR exhibits a
w’* dependency. Part of the scope of this dissertation is to relax those assumptions and

include noise originating from multiple probe components.

The parameters contributing to signal detection, and defining the probe
sensitivity, are gathered below:

L @(Bi /1) (1-2)

~

VAR Teq



where S is the probe sensitivity, wo is the Larmor angular frequency, Bi is the
magnetic flux density created by the probe carrying a current of intensity I, k is

Boltzmann's constant.

To further express the probe sensitivity based on values reported in literature,
we make the fundamental assumption that the B: field created by the probe is

homogeneous over the internal volume of the probe. Consequently (6):
S~ Ho@o71Q (1-3)
4kRy, TeqVs

where o is the magnetic permeability of free space, 1 is the filling factor defined
as the ratio of the magnetic energy stored in the specimen of volume Vs to the magnetic
energy stored in the probe. Q is the quality factor of the probe, defined to be equal to
WLequ/Requ, and Lequ is the amount of magnetic energy stored in the coil per unit of

current.

The equations above enable us to draw three important conclusions. First, SNR is
proportional to the sensitivity of the probe. To maximize SNR, we will attempt to
maximize the probe sensitivity. Secondly, in high-sensitivity probe, the product NQ must
be maximized, indicating that the specimen should occupy most of the probe internal

volume where the magnetic field is high, and that the probe quality factor must be high.



And thirdly, in a high-sensitivity probe, the product RequTequ must be minimized,
indicating that conducting components in the probe may benefit from being cold, and

should show a resistance as small as possible.

We will see in the next chapter that the discovery of high-temperature
superconductivity sparked enthusiasm and excitement in the magnetic resonance
community: superconductors may fulfill the requirements above, foretell an increased

probe sensitivity and higher SNR...

1.3 The Discovery of High-Temperature Superconductivity

Discovered in 1986 by J. Georg Bednorz and K. Alex Muller, high-temperature
superconductors are ceramics containing copper planes along which electrons can move
freely in the superconducting state, reached above 77 K. They exhibit no direct current
(DC) resistance, and an extremely low alternating current (AC) resistance when the
superconducting state is reached. Used in a magnetic resonance microscopy probe, a
superconducting coil exhibits a negligible AC resistance, a low temperature, a quality
factor several orders of magnitude higher than regular conductors, and consequently

presents a stunning potential at increasing the probe sensitivity and SNR.



1.4 High-Sensitivity Cryogenic Probes

In the last twenty-five years, several research groups have produced a high-
sensitivity cryogenic probe using cold conductors or superconductors. In the next few
paragraphs, we will elaborate on the recurring theme emerging from the published
literature: high-sensitivity probes record a significant SNR gain experimentally (7-24);
however, the SNR gain is lower than theoretically predicted (16,17,19,22,23), and the
performance of at least one component of the probe is unexpectedly poor (8,16-19,21-

23,25).

Several investigators attempted to develop high-sensitivity probes before the
discovery of high-temperature superconductivity. In 1984, Styles et al. (23) described a
silver-wire, saddle-shaped, Helmholtz pair for carbon spectroscopy at 4.3 T. Both the
coil and the preamplifier were cooled to 4.3 K. A 7-fold increase in SNR was reported,
whereas theoretical analysis forecasted a factor of 17. The authors emphasized that “the
results that we have achieved so far show a disappointing discrepancy between the
predicted and realized improvement in sensitivity due to cooling. We appreciate that
there are several mechanisms which could account for this, including inductive coupling
between the coils and the surrounding conducting materials, [...]". In 1987, Damico et al.
(11) presented a dual-tuned spectroscopy probe in which the tuning inductor was cooled

to liquid nitrogen temperature. They demonstrated an SNR gain of 1.12 for proton and



1.35 for phosphorus. In 1988, Hall et al. (13) described a three-loop copper surface coil
cooled to liquid nitrogen temperature for human imaging at 0.15 T. The SNR gain

ranged from 1.25 to 2.1 when cooling the coil.

After the early attempts at developing high-sensitivity cold conducting probes in
the eighties, superconducting films became available to magnetic resonance
microscopists at the beginning of the nineties. Yttrium-barium-copper-oxide (YBCO), a
high-temperature superconductor, can be deposited on a flat substrate of lanthanum
aluminate or sapphire. YBCO coils tend to exhibit a quality factor several orders of
magnitude higher than regular copper coils. Several high-sensitivity superconducting
probes were produced, at times exhibiting a quality factor more than two orders of
magnitude larger than comparable copper probes. In 1991, Hall et al. (14) modified their
cold copper probe to accommodate a superconducting surface coil. They reported a
superconducting quality factor of 2500, as compared to 500 for an identical copper probe
cooled to liquid nitrogen temperature. In 1993, Black et al. (7) reported a
superconducting quality factor of 60'000, 150 times as large as the quality factor of a
comparable copper probe, equal to 400. The next figure illustrates the impressive ability

of superconducting probes to exhibit a much larger quality factor than copper probes.



Unloaded Quality Factor of Superconducting and Conducting Probes
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Figure 1-1: Several research group have produced a
superconducting probe between 1991 and 2008. The logarithmic graph
shows the unloaded quality factor of the superconducting probes
(filled), comparable copper probe (hatched), and illustrates the ability

of superconducting probes to exhibit a much larger quality factor than
copper probes.

The high quality factor of superconducting probes lead to significant gains in
sensitivity and SNR. Although the SNR gain was fairly large, it was smaller than
expected by most authors who speculated that some probe components may be
deleterious to sensitivity and SNR. Black et al. (7) reported an SNR gain of 10, and
included a theoretical prediction of 60. The authors pointed out (25) that "we do not
know if the loss tangent of LaAlOs (lanthanum aluminate), radiative loss, or the surface
resistance of the YBCO is setting the current zero-field limit on Q". They suspected that

the experimental SNR gain was due to the increase in quality factor without any benefit
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from the lower noise temperature. They hypothesized that a room-temperature shield
may couple noise to the probe and degrade its SNR performance, and that the

preamplifier may add significant amounts of noise to the recorded signal.

In 1998, Odoj et al. (22) presented a probe using a YBCO horse-shoe surface coil.
The probe included a cooled radiofrequency shield at 80 K. The coil itself operated at 30
K and exhibited outside the probe an unloaded quality factor of 12’000, which degraded
to 2000 when the coil was inserted into the probe. The authors compared the
superconducting probe to the same copper coil at 48 K. The experimental SNR gain was
3.1 with a water sample, as compared to 4.6 predicted theoretically. With a conducting
MnClz> sample, the experimental SNR gain was 1.9 as compared to 1.7 forecasted by
theory. The authors underlined that the lower-than-expected homogeneity of the
superconducting resonator may explain the SNR gain discrepancy and concluded that
“with increased coil sensitivity, inductive coupling to conducting parts of the probe can

deteriorate the noise properties.”



1.5 The SNR Discrepancy

Figure 1-2 gathers the SNR gain published by several groups using a
superconducting probe. For the few authors who included SNR predictions, the SNR
recorded experimentally was generally lower than theory. The SNR gain missing

experimentally can be visualized on the graph.

SNR Gain of Superconducting Probes
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50 - ,
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Figure 1-2: Several research groups reported an SNR gain by
using a superconducting probe (full). Some authors reported a
theoretical SNR, often largely exceeding the experimental SNR. The
SNR gain missing experimentally is given by hatched blocks.
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Most investigators attempted to identify the cause of the incomplete SNR gain
recorded experimentally. Ma et al. (19) acknowledged that "all empirical (SNR) gains [...]
are well below the theoretical gains" In fact, all authors faced an SNR gain discrepancy,
excepted Odoj et al. (22) in one specific case. Hurslton et al. (16) commented "the entire
SNR gain of 7 stems from signal amplification, since negligible reduction in the noise
floor is attained." The same situation applied to Hill (15). Similarly, other research
groups imputed the SNR gain discrepancy to additional noise, originating from the
insufficient noise performance of the preamplifier (17,19,25), from the "system" (10), or
from coupling to the radiation shield (9,16,21,22,25). They also pointed at a low filling
factor (15,19), signal attenuation due to the filtering effect of a high-Q resonator (17), or a

decrease in superconductivity due to overheating (17).

Figure 1-2 illustrates the difficulty that most investigators faced at harvesting the
entire SNR gain from superconducting probes. One or several components of the
cryogenic probe, generally uncertainly identified, inject deleterious amounts of noise

into the probe or limits the quality factor to the detriment of overall sensitivity and SNR.
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Figure 1-3: On the left part of the figure, the spectrum recorded by Styles (23)
shows both signal amplification and noise noise reduction when the silver coil is
cooled. On the right part of the figure, Hill (15) recorded a spectrum with a
superconducting coil (top) and a room-temperature copper coil (bottom). The
superconducting coil amplifies the signal, but no noise floor reduction is apparent.

In conclusion to this review of cryogenic probes for magnetic resonance
microscopy, published research has demonstrated the high-sensitivity of
superconducting probes and their ability to record high levels of SNR. The SNR gain
recorded experimentally, however, is incomplete. The reason for that SNR discrepancy
has yet to be properly explained. We formulate the hypothesis that first, the SNR models
may be insufficient. As a consequence, they should be expanded until they correctly

predict experimental SNR gain. Secondly, superconducting probes may be built
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imperfectly and do not deliver all the SNR gain physically possible. Their limitations

should be identified and if possible, remedied.

This dissertation, for the first time to our knowledge, analyzes the sensitivity of a
superconducting probe systematically, including all of its components. The method
predicts SNR gains and evaluates the individual impact on sensitivity of every probe

component. We can then identify components deleterious to SNR and possible remedies.
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1.6 Aims of the Dissertation

We present an original, detailed model of superconducting probes at the
component level. Our systematic analysis encompasses all the individual components of a
superconducting probe: the superconducting coil and its substrate, the complex
geometry of dielectric materials surrounding the probe, the specimen, the
radiofrequency shield, and the magnetic coupling to the radiofrequency chain. The
model calculates the probe sensitivity holding into account every component, as well as
the common figures of merit pertaining to a radiofrequency coil. Specifically, we deliver
an estimate of: i) the coil resonant frequency, ii) the impedance, iii) the homogeneity, iv)

the filling factor and v) the sensitivity.

In addition, we deliver the individual contribution of each probe component to
the overall noise detrimental to SNR. The detailed understanding of the transmission of
signal and noise between components enables us to identify deleterious components of

the probe and offers remedies.

Finally, we apply our original analysis to the design a new superconducting
probe, maximizing its sensitivity and the SNR it records. We use the probe for the
imaging of a mouse cerebellum, ultimately increasing the imaging performance of
magnetic resonance microscopy.

14



2 The Signal

This section describes the physical properties that determine the magnetic
resonance signal intensity. The mechanisms by which the signal appears and decays will
be described. Then, we focus on the crucial role of the radiofrequency probe in both
transmitting energy to the specimen and acquiring the signal emitted by the specimen,

estimating the efficiency of the signal transmission process.

21 The Nuclear Magnetic Resonance Phenomenon

Isotopes possessing an odd number of nucleons exhibit a fractional spin, and
emit a nuclear magnetic resonance signal. Some are illustrated in Figure 2-1 (26). For
concision, only 'H will be discussed further. It exhibits a spin with dual-energy state, the

source of signal in most magnetic resonance experiments including ours.
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Figure 2-1: Elements possessing an isotope exhibiting a
fractional spin with dual-energy state, such as 'H, are depicted in grey.
Other elements can have more than two spin states, and some do not
emit a nuclear magnetic resonance signal. [Figure reproduced from
(26)1.

The spin of a hydrogen nucleus can be envisioned by two intrinsic vectorial
quantities: the angular momentum L and the magnetic moment . Both vectors are
parallel. The vector of angular momentum gives the spin some gyroscopic properties,
while the magnetic moment make the spin behave like a magnetic dipole. As a
consequence, the dynamic behavior of a spin is particularly interesting when it is
subjected to a torque created by an external magnetic field. It is the subject of the few

paragraphs below.
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2.2 Spin Dynamics

The angular momentum and the magnetic moment of a spin are colinear vectors:

-7 (2-1)

where /i is the spin magnetic moment, J its angular momentum, and v is the

gyromagnetic ratio, a property of the isotope predicted theoretically from first principles

and found experimentally.

Angular momentum is conserved within a system. Similarly to a gyroscope
precessing in a gravity field, a spin immersed in an external magnetic field is submitted
to a magnetic torque, and consequently precesses around the magnetic field:

dz _ = (2-2)
et B
at VH X Bg
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Figure 2-2: The misalignment of Bo and p causes a torque on the
magnetic moment of the spin. Because the spin intrinsically possesses
angular momentum, it precesses around Bo to conserve the total angular
momentum of the system. [Figure Reproduced from (27)]

The angular frequency of the precessing spin is the Larmor frequency wo:

w, =B, (2-3)

2.3 The Magnetization

The magnetization is the vector-sum of each magnetic moment among a group of
spins. Like /i and B,, magnetization is a vector of magnetic flux density. When all the

spins are at thermal equilibrium, the magnetization vector is aligned with Bo and its

value is given by:



por i’ o (2-4)

4KT

where Mo is the longitudinal component of the magnetization at equilibrium, o
is the spin density, h is the reduced Planck constant, k is Boltzmann's constant, T is the
absolute temperature of the specimen. It is possible to tip the magnetization out of

alignment with Bo by irradiating it at the Larmor frequency.
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2.4 The Flip Angle

When the magnetization is irradiated with a magnetic flux density Bi, at the
Larmor frequency, perpendicularly to the holding field, Bo disappears in a reference
frame rotating at the angular resonance frequency wo. In contrast, Bi1 seems immobile.
The B: vector creates a torque on the spin, which consequently rotates around the
support of Bi (left part of Figure 2-3). In the laboratory reference frame, the trajectory of
the tip of the magnetic moment is illustrated in the right part of the figure. By irradiating
the specimen at the resonant Larmor frequency with a radiofrequency pulse, the

magnetization can be partially or completely tipped into the plane transverse to Bo.

Figure 2-3: A B: magnetic flux density irradiates the
magnetization at the Larmor frequency. In a frame rotating around Bo at
the Larmor frequency, the Bi: field appears immobile and Bo disappears
(Ieft part). B1 applies a torque on the spin. Because the spin possesses
angular momentum, it precesses around the vector Bi. The same
phenomenon is depicted from an laboratory reference frame
(right).[Reproduced from (27) and modified]
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The magnetization tipping angle is the flip angle:

0=1Br (2-5)

where 0 is the flip angle, and t is the duration of the radiofrequency pulse.

2.5 T2Decay

When the spins are tipped away from alignment with Bo, they do not all precess
in phase. Each spin feels the magnetic influence of its neighboring spins, slightly
distorting the value of the holding field. Consequently, each spin precesses at a slightly
different frequency, and the vector-sum of the magnetic moment of all the spins
vanishes, in turn making the time-varying magnetic flux sensed by the coil decay

exponentially with time-constant T.
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Figure 2-4: a,d) The magnetization is the equilibrium state. The
magnetization points along Bo. The axis of the radiofrequency coil is
along y. b,e) After the coil has emitted radiofrequency waves at the
Larmor frequency, the magnetization has been tipped in the transverse
plane. c¢f) Because each spin feels the magnetic interaction of its
neighboring spins, it feels a slightly different Bo value and precesses at
a slightly different frequency. As a consequence, the overall magnetic
flux density of the magnetization, given by the vector-sum of all the
spin magnetic moments, vanishes. The intensity of the vector M in the
transverse plane decreases with time. [Figure reproduced from (27)]

The component My of the magnetization in the transverse plane exhibits an
exponential decay of time-constant To:
M, =M, e (2-6)
where t is time, and M: is the longitudinal component of the magnetization

before the radiofrequency pulse.
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The T: decay includes spin-spin magnetic interactions only. In practice,
supplementary spin dephasing occurs because the Bo field is inhomogeneous. In
addition, interfaces between material of different magnetic susceptibility can abruptly
change the value of the applied field. As a consequence, the actual decay time-constant

T2* measured in practice is shorter than Ta.

2.6 TiRecovery

When the magnetization has been tipped in part into the transverse plane, the
spins realign themselves with Bo during a non-instantaneous process. T1 is the inverse of
the rate at which the recovery of the longitudinal magnetization takes place:

M, =M,(-e"/m) 27)

where M: is the longitudinal component of the magnetization, along By,

illustrated below.
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Figure 2-5: the component M: of the magnetization along Bo regrows
exponentially with time-constant Ti. [Figure reproduced from (27)].
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2.7 Signal Transfer and Dissipation Within The Probe

The transmission of the signal within the probe deserves a thorough attention.
The signal acquisition process conducted by a radiofrequency coil can be viewed as a
series of lossy energy transfers. The figure below shows the same radiofrequency coil
used both to irradiate the specimen and later sense the emitted magnetic resonance

signal.

Figure 2-6: The radiofrequency coil excites the spins (left) and
tips the magnetization in the transverse plane. The magnetic flux
created by the coil must be perpendicular to Bo represented by the long
vertical arrow. In a subsequent part of the magnetic resonance
acquisition process, the coil collects the time-varying flux created by
the precessing spins (right). [Figure reproduced from (27) and
modified]

First, the radiofrequency pulse is transmitted to the coil in the form of a
radiofrequency wave of voltage and current traveling along a scanner cable. The current

flowing in the coil induces a magnetic flux density B, that tips the magnetization into
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the transverse plane. Simultaneously, the coil and the specimen dissipate some power in

the form of heat, and other losses take place in the surrounding probe components.

Secondly, the excited magnetization creates a time-varying magnetic flux density
that induces an electromotive force, and consequently a current, in the coil. The same

losses occur: the coil temperature increases, and the coil transfers power to surrounding

components.

Finally, the current established in the coil travels down the scanner cable and
constitutes the magnetic resonance signal sampled by the imager. Strictly, some losses

occur as well during that step; they will not be described in this dissertation.

‘ Radiofrequency ‘
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Coil Precessing Magnetization Caoil '\\
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induces time-varying subjected to
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/
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Figure 2-7: The energy flow from the radiofrequency coil

emitting a pulse to excite the specimen, and back to the radiofrequency
coil to be later sampled by the imager.
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The efficiency of the energy transfer between coil and specimen can be
determined by comparing the magnetic energy deposited into the specimen to the
magnetic energy created by the probe. The reciprocity theorem (4) implies that the

efficiency of transfer back to the coil is identical.

The magnetic part Pm of the power delivered to the specimen of volume Vs is:

MG e MR L (a2 2-8)
P, _%v!pH A*dv _%V{)‘H‘ dv_EVQBJ dv

In magnetic resonance microscopy, only the component of H perpendicular to Bo
is useful. Therefore the part of magnetic energy deposited into the specimen and useful

for imaging is:

Hrlg |2 2-9
Psz:Z”ny )Y ( )
v
The magnetic energy created by the probe is:
Puo=2 [JA[av 10)
4
all space
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Finally, the efficiency of the probe at depositing magnetic power into the
specimen is expressed by the filling factor n:

Py (2-11)
PM 0

77:

Numerical simulations presented later estimate the electromagnetic coupling
between component, calculate the power dissipated by each component, estimate the
amount of magnetic power transferred to the specimen, and evaluate the signal

transmission efficiency of the probe.

27



3 The Noise

We will describe the origin of the noise contaminating the magnetic resonance
experiment. As we have seen in the last chapter, magnetic resonance is an
electromagnetic phenomenon where signal can be sensed and transmitted by electrical
conductors or superconductors. Unavoidably, every conducting body transmitting the
signal creates some amount of supplementary noise degrading the signal. To understand
the noise behavior or the probe, we will estimate the amount of noise that each
conducting component emits, which will require us to estimate its resistance. The

analysis will lead to techniques that may be used to limit noise levels.

3.1 Thermal Noise

Within a conductor, random atomic motion due to heat causes electronic motion,

called thermal noise. Thermal noise exhibits the behavior (28,29):

N =+/4kTRB (3-1)

where N is the standard deviation of the noise voltage, k is Boltzmann's constant,
T is the absolute temperature of the conductor, R its resistance, and B the reception
bandwidth. A salient property of thermal noise power is its proportionality to both

temperature and resistance. Superconductors exhibit the potential of very low noise
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emission, precisely because there temperature is low and their resistance is
infinitesimally small. To infer the amount of thermal noise emitted by a probe

component, we will need to measure its temperature and determine its resistance.

3.2 Estimating Resistance

We have seen that in order to calculate the noise power of a probe component,
we need to estimate its resistance. Several approaches are possible. The first method,
analytical in nature and presented below, makes geometric assumptions that may fail to
conform to reality. As a consequence, the calculated resistance value can significantly
differ from the true resistance. The second approach, released from any geometric
assumption, relies on a more robust energy argument and the resistance value can be

estimated numerically.

3.2.1 Analytical Estimation

Electromagnetic waves, and the current that they induce, are rapidly attenuated
in a normal conductor. Effectively, only a fraction of the conductor cross-section is
available for conduction, which increases the resistance of the conducting body. The
depth at which the current has decreased to 1/e of its original value at the conductor

surface is called skin-depth d:
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2 (3-2)
ouoc

where w is the angular frequency of the wave, u is the magnetic permeability of
the conductor and o its DC conductivity. When frequency increases, skin depth

decreases and the resistance presented by the conductor increases.

The AC resistance R of a conductor can be estimated by:

. (3-3)

where 0 is the resistivity of the material, L is the length of the conducting path

and W its width.

In radiofrequency practice, currents along conductors are inhomogeneous which
makes the conducting path and cross-section difficult to identify accurately.
Consequently, the length and width of the actual conducting path of a conductor are
imprecisely known. The calculated resistance value can significantly differ from the true

resistance, for example by a factor of 3 (4).
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3.2.2 Dissipated Power

A more robust way to estimate the resistance of a component is to equate its
resistance R to the amount of power Pia dissipated by the conductor submitted to a one-
ampere current:

R=P, (3-4)

where current and power are root-mean-square values.

The materials in the probe are electromagnetically lossy and exhibit a

permittivity described by a complex number. We introduce the loss tangent tanL, that

expresses the ratio of the dissipated current over the transmitted current in a lossy

medium (30):
e=¢g-je"=g,6,(1- jtan L) (3-5)
tan L = ﬂ + i. (3-6)
we' e

where &0 is the permittivity of vacuum, & is the relative permittivity of the
medium, ¢ and ¢" are the real and imaginary part of the medium's permittivity,
respectively. The first right-hand term of the loss tangent is the dielectric loss tangent,

and corresponds to dielectric losses within the component. The second right-hand term
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corresponds to conductivity losses in the component. The power dissipated by a probe
component of volume V is (30):

PL=2 J\ermg \J/'(g"‘ﬁ‘2+y"‘ﬁ‘zjdv G2

The first right-hand term represents the losses due to the conductivity of the
probe component, the second term represents the dielectric losses within the probe
component. The third term is the magnetic loss within the component. From now on, we
will assume that they are nil. Hence, losses are limited to conduction and dielectric

dissipation, depending on the square of the electric field:

R =T g ay @9

\

The power dissipated by every probe component can be calculated numerically.

3.3 Coupled Noise

Because the probe components are electrically and magnetically coupled to each
other, they exchange noise with each other. Noise is additive. A well-performing
component may see its noise performance degraded by extraneous noise induced by

another component.
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The figure below illustrate the amount of noise emitted by two components

coupled with each other, electrically or magnetically.

Figure 3-1: (Left) electrically coupled components. The noise
power depends on the sum of resistance of the components. (Right)
magnetically coupled components. The noise power depends on the
resistance of one component added to the impedance-transformed
resistance of the other component. The mutual inductance M between
the two inductors L: and L: determines the amplitude of the
transformation (8).

The entire probe is constituted by a number of different components, each of
which is coupled to some degree to all the others. At this point, a more detailed

presentation of the probe main components is informative.
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Figure 3-2: The schematic shows the essential components of a
superconducting Helmholtz pair. A segment of the second
superconducting coil and heat exchanger is removed in this schematic
to allow better appreciation of the geometry. The YBCO traces (1) are
deposited on sapphire substrates (2) attached to ceramic heat
exchangers (3) in thermal contact with titanium chambers containing
flowing helium vapor. The coils are inductively coupled to the
radiofrequency chain by an room-temperature circular copper coupling
loop (4). The cartridge (5) containing the specimen (6) is placed at the
center of the Helmholtz pair. A room-temperature copper foil is
wrapped around the probe housing and acts as a radiofrequency shield.
[Reproduced from (21)]
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3.4 Noise Transmission within a Probe

Magnetic coupling between the radiofrequency coil and the coupling loop
corresponds to an impedance transformation (8). All the sources of noise contaminating
the radiofrequency coil circuit are transferred to the coupling loop with a change in

amplitude.

2
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Figure 3-3: The equivalent circuit of a magnetically coupled
radiofrequency coil. The primary circuit (left) corresponds to the
radiofrequency coil and all the losses it produces. The secondary circuit
(middle) is comprised of the coupling loop magnetically coupled to the
primary circuit. The equivalent circuit (right) contains noise from the
secondary circuit, and transformed noise from the primary. It includes
the secondary resistance, and the transformed primary resistance.

The primary circuit, constituted by the radiofrequency coil, contains a serie of
resistances corresponding to all the losses occurring in the coil. The primary circuit, of
inductance Li, is magnetically coupled to the secondary circuit, comprised of the

coupling loop of inductance L.. The mutual inductance M defines an impedance
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transformation between the circuits. The generator N1 corresponds to the noise emitted
by the primary circuit. The amplitude of the noise changes when it is transferred to the
secondary circuit, and becomes Nir. Similarly, the sum of resistance Rk becomes Rir in

the secondary circuit, which also adds a small supplementary amount of noise No.

All the conductive components within a probe exhibit a resistance added in serie
to the resistance of the radiofrequency coil and the specimen:

Rk = Rsp + Rco + Rce + Rsh + Rra (3'9)

where each resistance value equates the time-average power dissipated in the
respective component when the coil carries a one-ampere current (root-mean-square).
Specifically, Rsp refers to the resistive loss inside the sample being imaged, and R is
determined by the resistive loss taking place inside the radiofrequency coil conductor.
Ree corresponds to the dielectric loss taking place in the ceramic components of the
probe. Rsh refers to the resistive loss occurring in the radiofrequency shield, and R is the

radiation resistance of the radiofrequency coil.

The noise emitted by the coil depends on the temperature of every component:

Nl = \/4k(Rsstp + RcoTco + RsuTsu + RceTce + RshTsh + RraTra )B (3_10)

where Tsp, Teo, Tsu, Tee, Tsn refer to the absolute temperature of the specimen, the
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radiofrequency coil, the substrate, the ceramic and the shield, respectively. T
corresponds to the absolute temperature of the environment broadcasting noise into the

coil. N1 is the standard deviation of the noise voltage.

Because the radiofrequency coil is magnetically coupled to the coupling loop, the

noise N1 will be injected into the coupling loop circuit, and change amplitude:

N L 2(Ry )Ty + ReoTeo + Ry Tey + ReeTee + RepTay + ReaTro B (3-11)
T =
(Rs p + Rco + Rsu + Rce + Rsh + Rra )2

The coupling loop adds noise to the circuit as well:

N, = /4kR,T,B (3-12)

where N: is the standard deviation of the noise voltage created by the coupling
loop, Ra is the resistance of the coupling loop and Ta its absolute temperature. Finally,

the total amount of noise contaminating the experiment is:

a)ZM Z(RS st p + RcoTco + RsuTsu + RceTce + RshTsh + RraTra) (3_13)
N1T+2 = |4k + RcITcl B

(Ry + Ry + Ry, +Rye + Ry + Ry, J

The ratio in the right-hand part of the equality expresses the impedance-

transformed noise originating in the radiofrequency probe, and transformed by the
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coupling loop. The last product in the right-hand part of the equality corresponds to the
noise added directly by the coupling loop. In a well-designed probe, that term is
negligible. The expression above can be better understood by making the two following
assumptions: i) the resistance of the coupling loop is negligible, and ii) the probe is

matched to the characteristic impedance Z (50 Q) of the radiofrequency chain. We have:

N, = J4kR,T,B =0 (3-14)

S w2 M 2 (3-15)
(Rgp + Rey + Ry + Ree + Ry, +Rya)

Therefore, the standard deviation of the noise voltage Nirw injected in the

radiofrequency chain is:

N — |akz (Rs st p + RcoTco + RsuTsu + RceTce + RshTsh + RraTra)B (3_16)
i (Rgp + Rep + Ry + Ree + Ry + R,

If all the probe components are at the same temperature To, the noise injected by
the matched probe will be the one of a resistor of impedance Z at temperature To (most
commonly a 50-ohm resistance at temperature To). In addition, by cooling some

components, their contribution to overall noise can be reduced.
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4 The Signal-To-Noise Ratio

Every experimentalist attempts to maximize signal-to-noise ratio. In microscopy,
the quality of the image relies on the ability of the probe to record electromagnetic
energy stemming from the specimen efficiently, and then transmit it to the imager
without noise degradation. A high signal-to-noise ratio recorded and sent to the scanner
leads to a high-quality image. Reciprocally, a low SNR produces an image of poor

quality.

Figure 4-1: A mouse kidney acquired with low SNR by a copper
probe (left) and with high SNR by a superconducting probe (right).
[Figure reproduced from (16)]

We will produce in the text a definition of sensitivity that we can evaluate
numerically, and explore the relationship between experiment size, holding field
intensity, and signal-to-noise ratio. Three ways to increase SNR will be briefly exposed:

volume encoding, the use of contrast agents, and short-echo time imaging sequences.

39



Two imaging sequences amenable to superconducting probes will be presented: the

gradient-recalled sequence, and the radial acquisition sequence.

4.1 Increasing SNR by Maximizing the Sensitivity

The signal-to-noise ratio is proportional to the probe sensitivity. The prior
presentation of both the signal transmission and the noise contamination within a probe
leads to the expression of the probe sensitivity:

)

= (B 1)av
S~ SP specimen
4k 7 (Rsstp + RcoTco + I:\)suTsu + RceTce + I:\)shTsh + RraTra)+ RC|TC|
(Rep + Rey +Rqy + Ree + Ry, +Rya)

(4-1)

The probe sensitivity should be maximized. A small coil, tightly encompassing
the specimen, maximizes the numerator. The denominator may be minimized by cooling
the probe components of dominant resistance, if possible. If the coil is dominant, the
probe sensitivity can be significantly increased by cooling the coil, or making it
superconducting. In contrast, if the specimen or a component that cannot be cooled is
dominant, the sensitivity increase of a cryogenic probe will be marginal. Consequently,

the one or several components of significant resistance must be identified.
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4.1.1 Scaling Laws

The resistance of a component depends on its size and the frequency of the
electromagnetic field. The scaling laws are simplified models that include a specimen
and a coil only. They identify the regime, in frequency and size, where the noise emitted
by the coil is equal to the noise emitted by the specimen. In that regime, or at lower
frequencies or smaller sizes, the use of a cryogenic probe is beneficial to sensitivity and
SNR. At larger sizes or higher frequencies, the SNR increase provided by a cryogenic

probe is insignificant.

For a multi-turn solenoid coil which geometry has been optimized, subjected to a
homogeneous current of uniform skin-depth, irradiating a spherical specimen of
homogeneous conductivity, including losses from coil and the specimen only (5):

w* (4-2)

Y =~
\/oa’:lza)ll2 + ﬂa)zb5

where W is the SNR, a is the solenoid radius, b is the specimen radius, a is a
constant dependent of the sensitivity of the experiment, 3 is a constant dependent on the
conductivity of the specimen, and f is the frequency. The numerator corresponds to the
signal, and the left-hand term of the denominator represents the noise voltage induced

by losses in the coil. The right-hand term indicates the noise voltage stemming from the
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specimen. At high frequency, the noise from the specimen dominates because of its «?
dependence. At a given frequency, an experimental size exists below which the coil
noise dominates. Remarkably, the specimen noise voltage depends on the fifth power of
the specimen size, and consequently, decreasing the size of the specimen is a very
powerful way to reduce the amount of noise originating from the specimen. As a side
note, if the specimen is non-conductive, the signal-to-noise ratio follows the expected

W’ law (4).

Ginefri et al. (6,31) described a model including a single-turn surface coil
irradiating a semi-infinite specimen of homogeneous conductivity. In the parametric
space of varying coil radius and operating frequency, the noise power emitted by the
coil and the specimen are equal along a line illustrated in Figure 4-2 for a copper coil, a

cold copper coil, and a superconducting YBCO coil.
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Figure 4-2: For a single-turn surface coil irradiating a semi-
infinite specimen of conductivity 0.5 S/m, the line indicates sets of coil
radius and operating frequency where the noise emitted by the
specimen is equal to the noise emitted by the coil. The figure pertains
to a room-temperature copper coil, a cold copper coil, and a
superconducting YBCO with and without Bo-induced change in coil
noise properties. [Figure reproduced from (6)]

Ginefri et al. (31) report that for a 12-mm diameter coil, the noise power of the
coil and specimen are equal at 64 MHz. It should be emphasized that the specimen is
semi-infinite. For a spherical specimen, the noise emitted by the specimen would be
much less, and the curves would move toward higher frequency and larger size. Glover
and Mansfield (32) comment "in microscopic imaging regimes, the interdependence of

these effects (the interdependence of coil and specimen resistance) are not clear cut, but
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below around 10 mm coil diameter and 400 MHz, it is the room-temperature coil's own

resistance that will dominate."

Analytical scaling laws make a number of assumptions. They idealize the coil
and specimen geometry. They assume that homogeneous currents circulate in the coil,
that can be described using the concept of skin-depth. They neglect proximity effects,
and often, dielectric dissipation. The analysis is limited to two dissipative components
magnetically coupled: the coil and the specimen. We will relax most of these

assumptions later in the text.
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4.2 Increasing SNR by Volume Encoding

Besides maximizing the probe sensitivity and SNR by cooling the coils, several
acquisition strategies increase the SNR available in magnetic resonance microscopy.
Volume encoding is a technique where a three-dimensional volume is acquired rather
than a slice-selective, two-dimensional image. Because a larger volume is excited by a
pulse, a larger amount of signal is collected by the coil during the three-dimensional

acquisition, which mitigates the low sensitivity of magnetic resonance microscopy.

L

Figure 4-3: Many imaging sequences excite a slab of
magnetization (left) that emits signal. In volume encoding techniques
sometimes used in microscopy (right), the entire volume is excited and
more signal is collected by the coil. [Figure Reproduced from (33)]
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4.3 Increasing SNR With Contrast Agents

Similarly to the techniques presented earlier, the amount of signal recorded in
resonance magnetic imaging can be increased by the use of contrast agents,
paramagnetic substances that increase the spin-lattice relaxation rate. We will limit our
presentation to gadolinium, a powerful hydrogen relaxation catalyst due to the fact that
it possesses seven unpaired electrons, a high magnetic moment, and binds easily to bulk

water (34). Gadolinium ions can relax hydrogen nuclei at a rate exceeding 10° s™.

The rare-earth metal is acutely toxic: in vivo, gadolinium ions produce insoluble
oxides and hydroxydes, precipitate with carbonate and phosphate ions in tissue, deposit
in the liver and macrophages, and finally accumulate in bones (35). To reduce toxicity,
the ion can be encaged in a chelate, an organic framework that binds to gadolinium very

effectively, yet allows for fast bulk water exchange and effective hydrogen relaxation.

Chelating agents available commercially differ in their molecular structure:
linear or macrocyclic, ionic or non-ionic. Macrocyclic compounds exhibit superior
chemical stability, and non-ionic chelates result in greater osmotolerance, dosing and

injection flexibility (35).
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Figure 4-4: Chemical structure of the macrocyclic, non-ionic
gadolinium chelate Prohance (Bracco S.p.A., Milano, Italy). [Figure
reproduced from (35)]

A macrocyclic, non-ionic gadolinium chelate (ProHance, Bracco S.p.A., Milano,
Italy) was perfused into the fixed specimens used for imaging, increased the amount of

signal recorded and allowed the use of a short repetition time (TR<100 ms).
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4.4 Increasing SNR with Imaging Sequences

A magnetic resonance imaging sequence is always specific to an application and
can increase the signal-to-noise very significantly. As we have seen, the signal from the
transverse magnetization vanishes according to the time constant Tz, a phenomenon that
can be neither avoided nor slowed down. To record high levels of signal, it is crucial to
acquire the signal from the spins early, and to complete the acquisition early before the

signal vanishes. Therefore, an short echo time is desirable.

To shorten echo-time, the traditional spin echo sequence can be replaced by a
gradient-recalled sequence. The absence of a 180° pulse shortens TE. The image is T2*-

weighted as phase accumulation due to field inhomogeneity is not compensated.

The echo-time can be reduced further by sampling echoes asymmetrically. The
Fourier transform is conjugate-symmetric. In principle, only half of an echo needs to be
acquired. The missing data can be replaced by the complex conjugate of the data that has
been acquired. The Fourier data can then be inverted to reconstruct the image. In our
practice however, no less than 75% of the Fourier data is sampled during asymmetric
acquisition. In other words, less than the first quarter of the echo is left unrecorded,

shortening the echo-time by the duration of a quarter-echo.
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Figure 4-5: the three-dimensional gradient-recalled echo
imaging sequence contains a non-selective hardpulse. The first part of
the echo can be left unsampled to shorten echo time.

Another type of imaging sequence, radial acquisition, can increase signal levels
considerably. Fourier space is encoded using trajectories that start at the center of
Fourier space. This eliminates the need for phase encoding lobes prior to the opening of
the sampling window, thus reducing the effective echo-time. Strictly speaking, a
gradient or radiofrequency-refocused echo is no longer acquired: the free induction

decay is encoded directly (1,36).
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Figure 4-6: In a radial acquisition sequence, the sampling
window is open as soon as the spatial encoding begin and the free
induction decay of the spins submitted to gradients is recorded. The
echo-time is extremely short, in the range of a few hundreds of
microseconds.

The framework necessary to estimate the sensitivity of a probe has been
established and several techniques enhancing SNR have been presented. We turn our

attention to the figure of merit used to characterize a probe.
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5 The Radiofrequency Coil

Magnetic resonance relies on the absorption of electromagnetic energy at the
Larmor frequency, and re-emits radio waves at the Larmor frequency. Resonant
electrical circuits can efficiently produce waves at their resonant frequency, and absorb
energy at the same frequency. The first requirement of a radiofrequency coil is to be
resonant at the Larmor frequency of interest. In addition, the coil should produce a
homogeneous magnetic field tightly coupled to the specimen. Finally, it should induce
as little loss as possible. This section gathers the most common figures of merit of a

radiofrequency coil, that will be computed later on.

5.1 Resonant Frequency

It is well known that a tank circuit resonates at the frequency:

o1 (5-1)

JLe

where w is the resonant frequency of the circuit, L its inductance, and C its

capacitance.

As magnetic resonance is a process that relies on magnetic induction, the coil

inductance should be made as large as possible. The coil capacitance, however, should
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remain sufficient to prevent excessive resonant frequency shift when the specimen is
inserted into the coil and slightly increases the coil capacitance. In addition, the electrical
losses occurring in the coil are proportional to the square of the electrical field. It is
therefore desirable to keep the electrical field crossing the specimen as low as possible,

for example by using distributed capacitance.

In the specific case of superconducting coils, the coils must remain thermally
isolated and cannot be soldered, which precludes the use of variable capacitors to adjust
the resonant frequency. Other techniques are possible. The inductance of the
superconducting coil can be increased by mutual coupling of part of the inductance of
another coil, itself superconducting (21) or not (16). Also, the resonant frequency of a
superconducting coil can be decreased by bringing a high-permittivity, low-loss-tangent

dielectric material in a region where the coil produces a high electric field (37).

5.2 Impedance

In order to transfer radiofrequency energy between components of an electrical
circuit, the components must present the same apparent impedance. A radiofrequency
coil is matched when its impedance is equal to the impedance of the radiofrequency
chain. More specifically, in a magnetically coupled radiofrequency coil, the coupling
loop transforms the coil impedance into the desired impedance:

52



2\ 2 5-2
7, =M 7 -7 ©2)

where Z. is the impedance of the radiofrequency coil at the connectors of the
coupling loop, w is the resonant frequency, M is the mutual inductance between the
radiofrequency coil and the coupling loop, Z: is the impedance of the coil at its
connectors, and Zct. is the impedance of the coupling loop at its connectors. The match is

realized when Za. equates Z, the impedance of the radiofrequency chain.

In practice, the electromagnetic environment of a superconducting coil may vary
from experiment to experiment: the specimen may change in size, the AC resistivity of
the superconducting film may gradually degrade and increase. It is desirable for the
match to be adjustable, which is achieved by modifying the mutual inductance between
the coil and the coupling loop. The mutual coupling M can be altered by changing the
distance separating the coil from the coupling loop, their relative surface area, or the

relative angular position of the vectors normal to their surface.
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5.3 Homogeneity

To avoid non-uniform signal levels across the field-of-view, and so that the same
flip angle is achieved across the specimen, the B: field created by the coil must be
homogeneous. A perfectly homogeneous coil creates a B: field component along a single
direction of the transverse plane, no field component in the second direction of the
transverse plane, and no field component along Bo. That ideal situation can never be

entirely achieved.

The homogeneity of coil can be estimated by measuring the amplitude of the B:

field in the three orthogonal directions of space, usually through the center of the probe.

5.4 Filling Factor

An efficient radiofrequency coil is designed to deposit most of its energy as
magnetic power into the specimen. The filling factor is a figure of merit, in the case of a

solenoid coil, smaller than 0.5 (4), that should be as large as possible:

j B,2dV (5-3)
__ specimen
- 2

[Bav

all space

where Bi is the magnetic flux density created by the coil.
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The overall size of a coil should be chosen to tightly encompass the specimen so
that the filling factor is maximized. In superconducting coils, vacuum insulation
requirements conflict with maximizing the filling factor, and an acceptable compromise

must be found.

5.5 Sensitivity

The sensitivity of a coil refers to its ability to create a large signal when submitted
to a time-varying magnetic flux density. When the coil is matched, the sensitivity is:

2o [(B,/1)av
S~ VSP specimen
4k 7 (Rsstp + RcoTco + RceTce + RshTsh + RraTra ) n RC|TC|
(R + Reo + Ry +Ree + Ry + Ry, )

(5-4)

Methodically maximizing the sensitivity of the microscopy coil is complex, and
requires the determination of the power dissipated by every component of the probe.
Numerical estimations of the equivalent resistance of every component will be

presented in the next section.
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5.6 Quality Factor

The coil quality factor is a figure of merit commonly quoted in the literature,
expressed as the ratio of the energy stored in the coil over the energy dissipated per
cycle:

_ energy stored (5-5)
energy dissipated per cycle

The quality factor is a global figure of merit that alone does not characterize the
magnetic performance of the coil. First, the numerator contains energy that is stored in
the electrical field, which is useless to magnetic resonance. Secondly, the numerator may
also contain magnetic energy not deposited in the specimen. If the quality factor has to
be reported, at least the pair of number n and Q should be quoted. However, part of the
appeal of the quality factor relies in the fact that it can be measured experimentally very

easily (38,39).
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5.7 Superconducting Coil Peculiarities

YBCO, a single crystal, contains copper planes along which superconductivity
takes place if the planes remain uninterrupted by a change in crystalline structure.
Consequently, a single YBCO crystal must be deposited onto a perfectly flat substrate. In
addition, the substrate must exhibit a crystalline structure and a linear expansion
coefficient similar to YBCO. Acceptable substrates include lanthanum aluminate and
sapphire. Sapphire benefits from a lower loss tangent than lanthanum aluminate, and
therefore a YBCO coil deposited on sapphire exhibits a larger quality factor than the

same coil deposited on lanthanum aluminate.

A temperature gradient between the cold superconducting coil and the room-
temperature specimen is unavoidable. A layer of vacuum insulation minimizes heat
transfer towards the coils. Since the evacuated region within the coil cannot be occupied
by the specimen, superconducting coils suffer from a lower filling factor than a room-
temperature coil where no vacuum insulation is required. The filling factor may

decrease to a value as low as 0.2 (15).

YBCO transmits power non-linearly (40,41). At increasing transmitted power
levels, the current carried by the coil saturates and cannot surpass the critical current
value of approximately 3 MA/cm? (YBCO quality assurance certification, Theva GmbH,
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Ismaning, Germany). The non-linear power transmission by YBCO bears two main
consequences in practice. First, doubling the transmitted power level required for a 90-
degree pulse achieves less than a 180-degree pulse. Similarly, the power required to
achieve an arbitrary flip angle cannot be linearly predicted from the power required for
a 90-degree pulse (40). Secondly, care must be exerted during the measurement of the
quality factor with a network analyzer. The quality factor measurement should be
repeated at decreasing amounts of power transferred to the coil. If the quality factor
does not increase, the current carried by the coil remains sufficiently below the critical

current value and the quality factor measurement is valid.
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6 Finite-Element Radiofrequency Simulations

Three-dimensional, finite-element radiofrequency simulations can extract all the
figures of merit of a radiofrequency coil. The benefits of numerical methods and their

main limitations will be presented.

To introduce our numerical analysis in a tractable context amenable to
experimental proof, we produce a simplified probe including a single coil, a specimen, a
shield and a coupling loop. The probe was assembled experimentally. A radiofrequency
model was defined and solved numerically. We will briefly expose the indirect
relationship between solution accuracy and computation time. Also, we will see that the
experimental validation of the numerical model is critical. The validation can be carried
out by comparing numerical outputs to experimental values, or by confirming the
internal consistency of the model. Finally, radiofrequency simulations will be used to

estimate the losses taking place in the probe.
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6.1 Benefits

A probe includes a complex assembly of dielectric materials and conducting
components coupled to each other. It is worthy wondering if analytical methods can be
successfully applied to characterize a probe. Analytical methods (42-44) are subject to a
number of limiting assumptions. They usually ignore dielectric materials, the dissipation
that they cause and their effect on the probe resonant frequency. In addition, a
radiofrequency shield is usually not included because the effect on the probe resonant
frequency and quality factor is highly dependent on geometry. Analytical methods only
describe simplified probes with a few components; otherwise, the mutual coupling

between many components becomes unmanageable analytically.

In contrast, three-dimensional numerical methods rely on a geometrical and
electromagnetic description of every probe component. Within the probe and its
surroundings, the numerical solver identifies the electromagnetic fields satisfying
Maxwell's equations. Essentially, the solution includes the coupling of every component
to all the others. Therefore the figures of merit computed pertain to the entire probe,

presented as a complex electromagnetic assembly of all the probe components.
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6.2 Limitations

Numerical methods can be computationally expensive. A typical radiofrequency
model of a probe requires a few hours to be solved. Often, slightly different probe
configurations need to be compared and each requires a solution, which can become

time-consuming.

The finite-element methods used in this dissertation require the definition of a
mesh encompassing the entire probe and its surroundings. The electromagnetic fields
are calculated at the mesh nodes, and interpolated in-between. The physical size of the
mesh bears an indirect influence on the accuracy and precision of the solution. To
estimate precision, the standard deviation of every figure of merit can be determined by
repeating the same analysis with different meshes. Accuracy can be determined

experimentally or by checking the mutual consistency of different model outputs.

In addition, as with any complex numerical model, it is crucial to validate the

model against experimental values to guarantee that the model outputs are plausible.
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6.3 A Simple Probe

To introduce finite-element numerical models, we focus on a simplified
radiofrequency probe. We elucidate the relationship between solution accuracy and
computation time. Then we carry out the experimental validation of our radiofrequency

model, and compute some figures of merit of the simplified probe.

6.3.1 Probe Configuration

The simple probe includes a magnetically coupled horse-shoe coil sandwiched
between sapphire substrates, and irradiating a spherical, homogeneous specimen of
known conductivity. To illustrate different types of losses within the simple probe, we

model the probe: i) without shield; ii) with a square flat copper shield.
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Figure 6-1: (Right) A stack of circular sapphire substrates (1) lays
on a square copper shield (2) 100 mm wide. The substrates exhibit a 38
mm outer-diameter, the two lower substrates are 1 mm thick, and the
top one is 3 mm thick. The copper traces of the horse-shoe coil (3)
measure 35 mm outer-diameter, and 13 mm inner-diameter, and are
interrupted by a 2 mm wide gap. They are sandwiched between the
substrates. A homogeneous spherical specimen (4), 15 mm in diameter,
of known conductivity equal to 4 S/m lies at the center of the top
surface of the thicker substrate. The coupling loop (5), measuring 28
mm outer-diameter and 24 mm inner-diameter, is matched to the
radiofrequency chain and placed above the coils.

The radiofrequency model of the simple probe was defined using a commercially
available finite-element software (HFSS version 10.1, Ansoft Corporation, Pittsburgh,
PA). The interplay of solution accuracy, size of a finite-element, and computation time is

presented below.
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6.3.2 Precision, Mesh Size and Computation Time

In the radiofrequency model, the connectors of the coupling loop are excited
with a power equal to 50 W root-mean-square. The actual power entering the model can
be measured numerically, and is given by the real part of the Poynting vector integrated
over the cross-section feeding the model. It may differ from the 50 W input because of
numerical inaccuracy and imprecision. The plot below shows the calculated value of
power entering the model, integrated numerically using an increasingly refined mesh.
When the mesh is sufficiently refined, at the expense of computation time, the integrated

power converges towards the 50 W input power.
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Figure 6-2: The input power sent to the model is 50 W. The
model was solved 21 times with a mesh increasingly refined. The
integrated input power measured inside the model is given on the
horizontal axis. A measure in arbitrary unit of the relative finite-
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element size used during the computation ranged from 0.85 to 1.25 (y-
axis on the right, dots on the graph). It can be seen that with smaller
finite-elements, the integrated input power converges towards 50 W.
The amount of unshared computer-processing-unit (CPU) time
required by the computations ranged from 8 to 63 minutes (y-axis on
the left, squares on the graph). The computation load grows
exponentially with smaller finite-elements, but allows the solution to
converge towards its true value. The oscillations in both curves are
error caused by numerical noise.

In Figure 6-2, numerical inaccuracy corresponds to the separation distance
between a data point and the right-hand-side y-axis. Numerical imprecision, also
referred to as numerical noise, causes the oscillation of the data points; it is mainly due
to the discretization of the model into elements of different sizes. Numerical noise
contaminates all the model outputs (Help File of Ansoft HFSS version 10.1.3 , entry
"Cost Function Noise"). To quantify numerical imprecision, the standard deviation of a
figure of merit can be calculated by solving the model repeatedly with a slightly
different mesh. Numerical inaccuracy can be estimated by comparing a model output to

an experimental value.
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6.3.3 Validating a Model Experimentally

Figure 6-2 illustrates that a numerical solution converge towards its correct value
if the model is sufficiently complex, and if the mesh is appropriately refined. To
guarantee that the figures of merit extracted by a radiofrequency model are accurate, it
is crucial to validate the model experimentally. Only a few figures of merit can easily be
measured experimentally; they are compared to the values predicted by the model. If
they are consistent, the model is deemed validated, which implies that different, more
elaborate figure of merit predicted by the model are assumed plausible without

experimental proof.

Figure 6-3: the insert (top right) shows the simple probe, the
specimen and the coupling loop. The coupling loop was connected to a
network analyzer so that the resonant frequency of the probe and its
quality factor could be measured without shield and with a flat copper
shield. Similarly, the separation distance between the coupling loop
and the coil was recorded.
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In Table 6-1, we compared the resonant frequency predicted by our model to the

same value measured experimentally. Similarly, we made comparisons of the separation

distance between the coupling loop and the coil, as well as the quality factor.

Table 6-1: The resonant frequency, the separation distance
between the coupling loop and the horse-shoe coil in a matched
configuration, as well as the coil quality factor were measured
experimentally and compared to the values predicted by the
radiofrequency model. For experimental results, the error is given by
the standard deviation of 5 measurements. For simulations, the error is
given by the standard deviation of the output computed at least 5 times
with a different mesh.

No Shield Shield
fexperimental (MHZz) 327 £0.2 478 £ 0.3
fsimulated (MHZ) 331.6+0.4 485.2 +0.5
dexperimental (mm) 12+1 7+1
dsimulated (mm) 10 6
Qexperimental 150 * 7 170 + 9
Qsimulated 166 * 1 211 + 14
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The resonant frequency predicted by the radiofrequency model is in excellent
agreement with the resonant frequency measured experimentally. The discrepancy

between simulation and experiments is smaller than 5 %.

The separation distance between the coupling loop and the coil is measured
when the power match is realized. According to equation (5-2) on p. 53, large losses
taking place in the probe require a large mutual inductance for the match to be realized,
and consequently a short separation distance between the coil and the coupling loop.
Qualitatively, experimental and simulated results are in good agreement.
Quantitatively, simulated values are larger than experimental values. Assuming that the
experimental value is correct, the inaccuracy is smaller than 20%. Similarly, simulated
and measured values of quality factors are qualitatively consistent, the inaccuracy is

smaller than 20%.

The previous paragraphs illustrate three aspects of radiofrequency simulations
consistent with our personal experience. First, both the estimation and the measurement
of frequency are very accurate. Secondly, values highly dependent on geometry,
including the apparent impedance and inductive coupling, are more difficult to measure
and their numerical estimation is subject to a larger inaccuracy. Thirdly, the repetition of

the measurement or the numerical estimation unveils a rather small imprecision rather
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than the larger, and consequently more meaningful, inaccuracy. The imprecision used in
error bars should be replaced with an estimation of inaccuracy, which can be

determined by verifying the internal consistency of the model.

We will present in the next chapter a method leading to an estimation of

inaccuracy.

6.3.4 Validating a Model Through its Internal Consistency

Different model outputs should be consistent with each other. We present a
method that evaluates and compares the losses within the probe after the impedance-

transformation by the coupling loop.

The characteristic impedance of our radiofrequency chain is 50 ). We excite our
radiofrequency model at the connector of the coupling loop with a power equal to 50 W
root-mean-square. To realize the power match, the coupling loop transforms the
impedance of the probe into the impedance of the radiofrequency chain. Consequently,
the coupling loop carries a one-ampere, root mean square current and the sum of all the
losses in the probe correspond to a 50 Q) resistor. If all the losses calculated by the
radiofrequency model amount to the characteristic impedance of the radiofrequency

chain, the model is internally consistent:
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Z= Rsp,T + Rco,T + Rce,T + Rsh,T + Rra,T + Rcl

(6-1)

where the suffix refer to the component described in equation (3-9) on p. 36 and

the capital T indicates the impedance-transformed value. The radiofrequency solver

calculated the value of the transformed resistance of each probe component (Table 6-2).

The dissipation among all the components slightly exceeds 50 ), tainted by an error

smaller than 20%. The model is internally consistent to better than 20%.

Table 6-2: transformed resistance of the probe components. The
sum of the resistances of all the components ranges between 54.7 Q and
61.2 Q. It should be 50 Q, the impedance of the radiofrequency chain.

No Shield Shield
Rsp, 7 (€Q) 25.8+0.2 8.7+0.1
Reo (Q) 34.8+0.6 37.3+0.5
Ren, T (Q) N/A 10.2+0.1
Ree, 1 (Q) 0.004 + 0.0001 0.01 +0.001
Rea, 7 (Q) 0.02 +0.01 27405
Ra (Q) 0.54 + 0.01 0.50 + 0.03
Total 61.2+0.8 59.4 +1.2
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We will from now on present frequency results with a 5% error bar, and all other

values with a 20% error bar.

We will present in the following paragraph the more advanced values and

figures of merit that can be estimated by our radiofrequency model.

6.3.5 Transformed Resistance

An ideal probe exhibits a specimen resistance amounting to the characteristic
impedance of the radiofrequency chain and no other loss takes place (45). The
transformed resistance of a probe component is equal to the power dissipated when the
coupling loop carries a one-ampere, root-mean-square current. All the losses within the

probe are given in Figure 6-4.
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Figure 6-4: Transformed resistance of each probe component for the simple

probe, without and with a shield. The hollow bar gives the total losses, which
should amount to 50 Q. Errors bars equal to + 20% indicate numerical error.

Regardless of the shield configuration, the losses in the coupling loop and in the
ceramic components of the probe are negligible. Similarly, the radiation resistance can
be neglected. Without a shield, the losses taking place in the coil are similar to the losses
in the specimen. The addition of a continuous shield does not significantly change the
transformed resistance of the coil; however, supplementary losses equivalent to a 10-Q-
resistor take place within the shield. Consequently, the resistance of the specimen must
be transformed to a lower value for the match to be realized, which is reflected by the

position of the coupling loop closer to the coil (see Table 6-1).
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Because the probes were not used for imaging, we will not present the figures of
merit pertaining to homogeneity, filling factor and sensitivity. They will be calculated

for the real probes presented later, and allow for comparison between the probes.
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7 The Beryllia Probe

The beryllia probe was initially designed prior to the development of our
radiofrequency analysis method; its geometry and the performance of its components
were improved by using our models. The initial design and construction were executed
in collaboration with colleagues at Creare Inc. (Hanover, NH) under a small business

innovation research grant.

We will start by presenting the configuration of the probe and the
radiofrequency model that was developed subsequently. We will use the
superconducting coils that were manufactured, as well as the probe itself, to validate
experimentally our radiofrequency model. Then, we will apply our finite-element
analysis to the beryllia probe, verify the internal consistency of the model, and bring to
light some areas of possible improvement in the probe design. Finally, we will show

images acquired by the probe, and measure its imaging performance.

7.1 Probe Configuration

The beryllia probe is depicted in Figure 7-1. It was designed for mouse brain
imaging at 9.4 T (21). The field-of-view was 11 x 11 x 22 mm, encompassing a mouse

brain in its skull. It included two YBCO spiral coils in Helmholtz pair configuration and
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a room-temperature radiofrequency shield. The spiral coils were manufactured to
resonate much below the operating frequency of 400.2 MHz and manually tuned to
frequency. During operation, the distance between the coils could be adjusted from 12.5

mm to 15 mm to alter the resonant frequency.

Figure 7-1: The schematic shows the essential components of the
beryllia probe. A segment of the second superconducting coil and heat
exchanger is removed in this schematic to allow better appreciation of
the geometry. The YBCO traces (1) are deposited on sapphire substrates
(2) attached to beryllia heat exchangers (3) in thermal contact with
titanium chambers containing flowing helium vapor. The coils are
inductively coupled to the radiofrequency chain by a room-temperature
circular copper coupling loop (4). The cartridge (5) containing the
mouse brain specimen (6) is placed at the center of the Helmholtz pair.
A room-temperature copper foil is wrapped around the probe housing
and acts as a radiofrequency shield. [Reproduced from (21)]
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The superconducting coils were bonded to one end of heat exchangers made out
of beryllium oxide (beryllia), a ceramic chosen for its high thermal conductivity of 285
W/mK and low loss tangent, below 0.0004. The other end of the heat exchangers was
bonded to titanium chambers containing the flow of cryogenic vapor. The cylindrical
body of the probe was machined from a garolite hollow tube, around which a room-
temperature, one-mil thick, continuous copper shield was wrapped. Vacuum was
actively maintained by a turbomolecular pump (Turbovac 361, Oerlikon Leybold
Vacuum, Cologne, Germany) in a custom-built Gifford-McMahon cycle cryocooler
(Creare Inc., Hanover, NH). The cryocooler was linked to the superconducting probe by
a flexible, superinsulated vacuum line carrying a stream of cryogenic helium vapor
circulating to and returning from the probe. Temperature feedback controlled the power
input to a small heater just upstream from the titanium chambers at the base of the
probe. The arrangement maintained the probe at 60 + 0.1 K over cold runs lasting 96
hours or more, limiting changes in coil quality factor and resonant frequency caused by

temperature fluctuations (41).

7.2 Radiofrequency Simulation

A finite-element model of the beryllia probe was defined. It included all the
components presented in Figure 7-1, except for the garolite probe housing that was not
represented. The mouse brain was simplified and described by a homogeneous cylinder
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of electromagnetic properties and size similar to a mouse brain.

Figure 7-2: A picture of the beryllia superconducting probe
without its housing (left) and the radiofrequency model (right). The
model includes the superconducting traces deposited on sapphire
substrates, held in place against beryllia heat exchangers, as well as the
coupling loop, a cylinder-shaped specimen, the cartridge and the
radiofrequency shield. In the model, the probe housing and the
titanium heat exchangers are not represented. The mouse brain is
represented by a cylinder, 14mm in length and 8 mm in diameter, of
conductivity equal to 0.7 S/m and relative permittivity equal to 50.

The radiofrequency model was carefully validated wusing a single

superconducting spiral coil and a copper replica, as well as the beryllia probe itself.
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7.2.1 Model Validation Using a Single Coil

YBCO spiral coils were fabricated by deposition of a 300nm-thick, epitaxially
grown yttrium barium copper oxide film (Theva GmbH, Ismaning, Germany) on a low
dielectric loss sapphire substrate, passivated with a 100 nm-thick gold layer. They were
tuned manually from an original resonant frequency of 180 MHz to approximately 410
MHz, close to the 400 MHz operating frequency of the probe. Copper replicas of the
same coils were machined on an organic ceramic substrate having a relative dielectric
constant (10) very close to that of the sapphire substrate (11) of the superconducting
coils. The copper coil replica underwent the same manual tuning process. During
manual tuning, a segment at the outer end of the coil trace is isolated from the part
supporting the resonant mode by making a score with a razor blade. The number of
turns carrying the resonant mode, the inductance and the capacitance decreases and the
resonant frequency increases. The isolated, unused segment of trace is left on the
substrate (Figure 7-3). The position of all the scores, as well as the shift in resonant

frequency, were recorded.
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187 MHz

178 MHz

Figure 7-3: The superconducting coil (left) scored during the
manual tuning process, and its radiofrequency model (right).

The YBCO coil geometry was defined in a radiofrequency model. The resonant
frequency of the individual, stand-alone spiral coil was determined by finite-element
simulation as a function of number of turns carrying the resonant mode. The predicted

values of resonant frequency were compared to experimental values (Figure 7-4).
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Figure 7-4: A detailed view of one spiral coil shows the pitch p
of a spiral, and the trace width w. The inner radius r of the coil is
measured to the midline of the inner trace. The spiral coil parameters
are: r=11.75mm, w=Imm and p=1.65mm. The superconducting coil
substrate is a 38 mm outer diameter, 22 mm inner diameter, one-
millimeter thick sapphire ring. The substrate of the copper replica coil
is identical, but made out of a organic ceramic material of similar
dielectric constant. Each coil resonates at 180 MHz as manufactured
with an original number of turns of N=2.875. They can be brought to
410 MHz by reducing the number of turns to approximately 1.3. Data
from a copper replica (o) is compared to tuning data from a
superconducting coil after its manufacturing (o), as well as simulations
(dashed line). [Figure reproduced from (21)]

The resonant frequency values predicted for a single superconducting coil are in
excellent agreement with experimental data, with less than a 5% difference between

experimental and simulated resonant frequency.

Supplementary validation of the radiofrequency models was carried out using

the superconducting probe itself.
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7.2.2 Model Validation Using the Probe

Within the beryllia probe, the YBCO coils were used in Helmholtz pair
configuration. The resonant frequency could be fine-tuned by adjusting the spacing
between the coils. The probe resonant frequency and impedance were recorded
experimentally for different separation distance between the spiral coils, and compared

to the values predicted by the radiofrequency model of the probe (Figure 7-5).

Experimental Frequency
= -Simulated Frequency

Experimental Impedance

415 ~ — Simulated Impedance - 60
g 410 - — | 50 %
5
% 405 T r40 -
= 400 L= + 30
385 - - 20
12 13 14 15

coil spacing (mm)
Figure 7-5: Experimental values of resonant frequency and
impedance for a superconducting Helmholtz pair are compared to

values predicted by the radiofrequency model. [Figure reproduced
from (21)]

The predicted values of frequency are in good agreement with the experimental
values. The model of the beryllia probe is validated; we will extract the figures of merit

pertaining to the probe in the following paragraphs.
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7.3 Resonant Frequency

The distance separating the coils can be adjusted between 12.5 mm and 15 mm,
which corresponds to a change in simulated resonant frequency ranging from 399.4
MHz to 405.1 MHz, in good agreement with experimental values (Figure 7-5). The
tuning range exceeding a few megahertz can readily compensate the frequency shift

occurring when the specimen is inserted in the probe (typically, less than 0.25 MHz).

7.4 Impedance

The coupling loop remains immobile when the distance separating the
Helmholtz coil is adjusted to fine-tune the probe. As the mutual inductance between
coils changes, the probe impedance varies as well. Consequently, some degree of
mismatch is unavoidable during the adjustment of the probe resonant frequency.
Experimentally, the probe impedance varies between 51 ) and 42 (), in good agreement

with simulated values (Figure 7-5) and acceptable in practice.

7.5 Homogeneity

The homogeneity of the beryllia probe was assessed by comparing experimental

SNR profiles to simulated B: intensity profiles.
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Using the beryllia probe, field homogeneity profiles were recorded from a
cylindrical phantom filled with silicone oil for comparison to predictions made by the
radiofrequency model. A 3D gradient-recalled sequence was used to eliminate the
impact of nonlinearity in the response of the YBCO film (40,41), which makes it
otherwise difficult to correctly generate the refocusing pulse of the more traditional
radiofrequency-refocused spin-echo sequence. The power level of a hard pulse exciting
the entire phantom was chosen such as to maximize the signal intensity at the center of

the pair.

o))
(]

= Experimental Signal HTS = Experimental Signal HTS
== Simulated B1 Intensity ! == Simulated B1 Intensity

intensity (arb)

R/L position (mm)

Figure 7-6: sagittal and transverse sections of a homogeneous
cylindrical phantom, 11Imm in diameter and 23mm in length (excluding
the lateral lid protrusion) filled with silicone oil, showing the signal
intensity at the mid-line of the image. (a) Central longitudinal slice
from the 3D array acquired with the HTS coil and signal intensity
across the R/L direction for the HTS coil (solid line), through the center
of the Helmholtz pair. The simulated B: field intensity is given by the
dashed line. The coupling loop of the superconducting probe is located
at position +20mm along the R/L axis. The element closer to the
coupling loop, located at +6.5mm, carries more current and generates a
higher B: field than the coil further away, placed at -6.5mm. (b) signal
intensity across the A/P direction for the HTS coil (solid line) through
the center of the Helmholtz pair, and simulated B: field intensity
(dashed line). The imaging parameters are: GRE 90°, TR 500 ms, TE 5.5
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ms, FOV 51.2x25.6x25.6 mm, Bandwidth 62.5 kHz, NEX 1, Voxel Size
200x200x200 micron. [Figure reproduced from (21)]

The inhomogeneity in the plane transverse to the axis of the coils is less than
14%. Along the axis of the coils in the R/L direction, more pronounced B: inhomogeneity
(Figure 7-6) has been recorded, which was clearly underestimated by our model. Serfaty
et al. (44) presented an analytical method comparing the current circulating in each coil
of a Helmholtz pair irradiated by a lateral coupling loop, excluding the effect of
dielectric materials or a radiofrequency shield. The analysis indicates that a negligible
current imbalance between coils is due to the lateral position of the coupling loop.
However, in practice the shield decreases the coupling factor between coils, and the
current imbalance can be underestimated. Our finite-element model includes the shield;
the B: inhomogeneity was nonetheless underestimated. The conductivity of each of the
superconducting films may be different experimentally whereas our radiofrequency
model assumes equality. In addition, the relation between simulated B: intensity and

measured MR signal may not be straightforward.

7.6 Filling factor

Similarly, the filling factor was calculated by the model:

Tberyllia = 0.012 +0.002
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The beryllia probe suffers from a low filling factor. The internal probe volume
lost to vacuum insulation could be decreased by reducing the diameter of the

superconducting coils.

7.7 Sensitivity

The equivalent resistance of every component was calculated by the model by
computing the power dissipated by each component when the coupling loop carries a

one-ampere, root—mean—square current.

Table 7-1: transformed resistance and absolute temperature of
the beryllia probe components.

Rsp, T (Q) Rco, T (Q) Rsh, T (Q) Rce, T (Q) Rra, T (Q) Rcl (Q)
13.9+2.38 22.1+44 243+49 1.0+0.2 0.19+£0.04 0.6+0.1
Tsp (K) Teo (K) Tsn (K) Tee (K) Tra (K) Ta (K)
293 60 293 60 293 293
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Based on equation (5-4) on p. 55, the sensitivity Se of the beryllia probe is:

Sberyllia =98+ 19 (a. u.)

The equivalent resistance of the room-temperature shield is large. It could be
decreased by cooling the shield. Similarly, the equivalent resistance of the coil could be
reduced by using wider spiral traces. Both improvements would lead to a higher probe

sensitivity.

7.8 Imaging

To test the in-plane resolution achieved by the beryllia probe, a 50-micron-thick
polyester mesh (Small Parts, Miami Lakes, FL) with an opening size of 20 microns
immersed in a 0.05 M copper sulphate solution was imaged using a gradient-recalled
echo imaging sequence. Acquisition parameters were: GRE, Flip angle=90°, TR=100 ms,
TE=5.5 ms, FOV=21.3x10.6x10.6 mm, Bandwidth=62.5 kHz, NEX=1, Voxel Size 10x10x20
micron, array size=10243, 75% k-space asymmetric sampling. The total imaging time was

16.5 hours.
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Figure 7-7: Image of octagonal piece of mesh fabric, clamped in
a polymeric round clip, and immersed in copper sulphate (0.05 M)
acquired with the beryllia probe. From a 1024° array, the selected
imaging plane intersects the mesh with 20-micron openings along an
arc on the left side of the image. The magnified section emphasizes
dark regions of signal void delineating the mesh fibers. Bright dots
mark the location of the mesh openings. The insert in the top-right
corner shown the intensity profile acquired along line 1 placed
perpendicular to the fibers. Two-pixel-wide peaks correspond to the
position of the mesh openings falling within the imaging plane.

Figure 7-7 indicates that the spatial resolution achieved by the beryllia probe is

better than 20 microns (48).

The same imaging sequence was repeated to acquire images of a perfusion-fixed

C57BL/6 mouse brain, actively stained by transcardial perfusion with a mixture of 10%
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buffered formalin and ProHance (Bracco S.p.A., Milano, Italy) (46,47) allowing the use of

short repetition time (TR<100 ms).

Figure 7-8: (a) 20-micron thick transverse slice through the
mouse hippocampus, at a 10-micron in-plane resolution. Both axes are
phase-encoded. (b) In the hippocampus, transitions between layers (1,
2) are visible. The layering of the corpus callosum (3) is apparent.
Signal-to-noise ratio is 18. (¢, d) Hematoxylin and eosin histological
section of a different brain at approximately the same location, for
comparison.
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To make SNR comparisons, the same imaging sequence was used to image
another mouse brain using a conventional room-temperature solenoid coil (14 mm
diameter and 28 mm length). For each probe, signal-to-noise measurements were made
from the 3D gradient recalled images at multiple points in the imaging volume. SNR
increased by a factor ranging from 1.1 to 2.9 using the superconducting probe as

compared to a copper solenoid.

7.9 Performance and Improvements

The sensitivity of the beryllia probe allowed us to encode at what we believe to
be the highest resolution yet achieved for large-size biological specimens (48). Images of
a perfusion fixed mouse brain at 10x10x20 micron revealed clear distinction of layers

approximately four cells thick.

Radiofrequency simulations indicated that several improvements can increase
the sensitivity of the probe further. The filling factor can be increased by reducing the
diameter of the coils and decreasing the coil volume dedicated to vacuum insulation.
The equivalent resistance of the shield can be decreased by cooling the shield. Finally,

the resistance of the coil can be reduced by using a different superconducting trace.
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8 The Alumina Probe

It has become apparent that our finite-element models are sufficiently accurate to

guide the design of a new superconducting probe.

We will present the probe design that was developed through iterative
radiofrequency simulations. We will present the figures of merit of the probe, then
emphasize some electromagnetic and mechanical aspects of the probe design. Finally,

imaging results will be shown.

8.1 Design Requirements

The alumina probe is designed to image a specimen less than 6 mm x 6 mm x 12
mm in size. In particular, potential specimens include the mouse cerebellum, a mouse
kidney, or a 12-day mouse embryo. The imaging is carried out in a 9.4 T vertical bore
magnet (Oxford Instruments, Oxford, United Kingdom). One critical change between
the berrylia and alumina probe arose from installation of stronger gradients which
reduced the external dimension of the probe from 54 mm (beryllia) to 40 mm (alumina).
The new shielded coils increased the gradients from 0.95 T/m to 2 T/m, with up to a

50%-increase in duty cycle.
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8.2 Probe Configuration

8.2.1 Geometry

The geometry of the alumina probe can be appreciated in the figure below.

Figure 8-1: A central alumina heat exchanger (1) cools down the
radiofrequency coil (2). Lateral Alumina heat exchangers (3) cool the
copper shield wrapped around the group of three alumina components.
All alumina parts are in thermal contact with titanium heat exchangers
(4). A polymeric housing (5) allows vacuum to be established around
the coils. The cartridge (6) holding the specimen is placed at the center
of the sample well (7). A resonant coupling loop (8) matches the probe
to the radiofrequency chain. Four nitrogen lines (9) supply a flow of
room-temperature nitrogen flowing around the cartridge to prevent it
from freezing.
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The superconducting coil is attached to a central heat exchanger made out of
99.9% alumina. Two supplementary, lateral ceramic heat exchangers cool a copper
shield. All the alumina heat exchangers are in thermal contact with titanium heat

exchangers containing recirculating cold helium vapor.

Vacuum is established within the probe housing to limit heat transfer from the
probe surroundings to the cold coils. The specimen is inserted into a thin-wall polymeric
cartridge built by stereolithography (durable polypropylene-like resin Somos 9420,
Quickparts, Atlanta, GA) and filled with a hydrogen-free perfluoropolyether (Fomblin,
Solvay Solexis S.p.A., Bollate, Italy) to limit magnetic susceptibility induced artifacts
during imaging. The external surface of the cartridge’s circular wall has several short
protrusions, allowing for a flow of room-temperature nitrogen to circulate around the
cartridge and prevent the specimen from freezing. Four 0.97 mm outer-diameter, 0.58
mm inner-diameter polyethylene catheter lines (PE 50, BD, Franklin Lakes, NJ) provide a

nitrogen flow amounting to a total of 10 L/min, maintaining the specimen at 4 °C.

8.2.2 Cooling

The operating temperature of the probe is set by the maximal cooling capacity of
the cryocooler described in paragraph 7.1. No temperature regulation is implemented.

Temperature can be monitored at different locations inside the probe, using a gallium-
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arsenide optic fiber. The optic fiber (model T1 with cryogenic calibration, Neoptix,
Québec City, Canada) is immune to radiofrequency interference and does not couple
extraneous electromagnetic noise to the probe. The temperature of several components

during the normal operation of the probe is given in the table below.

Table 8-1: temperature of several probe components during
normal operation. The top surface of the heat exchangers and the cold
shield is believed to be the warmest.

Titaniun alumina
" heat cold shield
heat exchanger (top)
exchanger & P

(top surface)

52+5(K)  60+£5(K)  60+5 (K)

8.3 Radiofrequency Simulations

8.3.1 Resonant Frequency

The superconducting coils installed in the probe must be tunable experimentally
to the Larmor frequency of interest. The coils are constituted by two circular sapphire
substrates. The interposition of a 0.075-mm-thick layer of thermal compound (Apiezon
N, M&I Materials Ltd., Manchester, United Kingdom) allows the substrates to adhere to

each other while guaranteeing proper heat transfer. The first substrate is a double-sided
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superconducting horse-shoe coil: a c-shaped superconducting trace has been deposited
on each side of the substrate. In contrast, the second substrate is single-sided. It can be

rotated by hand around its axis to tune the probe to the desired resonant frequency.

The double-sided substrate was designed to resonate at 440 MHz. The single-
sided substrate does not resonate alone. Depending on the angular position of the
single-sided substrate, the two substrates together resonate from a few megahertz below

400 MHz to 432.8 MHz.
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Figure 8-2: The angular position of the single-sided substrate
changes the resonant frequency of the assembly constituted by the
double-sided substrate and the single-sided substrate. For clarity, the
two substrates are depicted apart from each other. Within the probe,
they adhere to each other by interposition of a thin layer of thermal
compound. The resonant frequency of the probe was recorded
experimentally (o). In practice, the thickness of the thermal compound
layer strongly impacts the resonant frequency. The thickness of the
layer was measured and then used as an input into the radiofrequency
model. The resonant frequency of the probe predicted by the
radiofrequency model (¢) is in good agreement with experimental
values.
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During the assembly of the probe, the angular position of the single-sided
substrate was iteratively selected so that the probe resonates at 400.10 MHz. The top
surface of the alumina heat exchangers was then partially covered by copper to increase

the probe resonant frequency to 400.27 MHz.

In practice, supplementary tuning mechanisms are available. During the
preliminary set-up of the probe, a set of screws adjusts the separation distance between
the two titanium heat exchangers, altering the geometry of the shield and the inductive
coupling between coils. If needed, minor adjustment in the probe resonant frequency

can be made iteratively.

8.3.2 Impedance

Radiofrequency simulations indicate that the impedance match can be achieved
by a coupling loop small enough to be placed within the sample well, which is a great
advantage in practice. A coupling loop external to the probe housing can be adjusted
easily without warming the probe and opening the housing. In addition, no adjustment
mechanism internal to the probe needs to be implemented, which strongly mitigates

clearance constraints imposed by a 4-cm diameter probe.
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A 5 mm outer-diameter coupling loop was made from silver-plated copper, 0.32
mm-diameter wire. The coupling loop was made resonant close to 400 MHz by using a
10 pF ceramic capacitor (100 B series, non-magnetic, American Technical Ceramics
Corp., Huntington Station, NY) soldered in series. The coupling loop is located
approximately 12 mm from the superconducting coil center. A half-wavelength long, 1.2
mm outer-diameter low-loss coaxial cable (UT-047C-LL, micro-coax, Pottstown, PA)
connects the coupling loop to a low-loss T/R switch and preamplifier hybrid (Nova

Medical, Wilmington, MA).

Table 8-2: Size and position of the coupling loop, recorded
experimentally and predicted by the radiofrequency simulations,
showing good agreement.

Diameter of

Average Offset from
. the
Diameter of Counlin Probe
the Coupling pang Center
Loop (mm) Loop Wire (mm)
P (mm)
experimental 5 0.3 12
simulation 4.5 0.5 8
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8.3.3 Filling Factor

Radiofrequency simulations indicated that the beryllia probe suffered from a low

filling factor. In contrast, the alumina probe was designed to maximize the filling factor.

To increase the amount of magnetic energy deposited in the specimen, therefore
maximizing the filling factor, the total clearance between the inner edge of the
superconducting trace and the outer edge of the specimen must be kept as small as
possible. Consequently, the superconducting trace was deposited as close to the inner
edge of the sapphire substrate as achievable. The manufacturer (Theva GmbH,
Ismaning, Germany) required at least half a millimeter. A particularly careful alignment
between the alumina heat exchangers -securing the coils- and the probe housing -
holding the sample well- allowed the clearance between the sapphire substrate and the
sample well to be reduced to 1 mm. In addition, the layer of nitrogen flowing around the
cartridge was reduced to a thickness of 0.6 mm. The thickness of the cartridge walls was

limited to 0.8 mm.
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a) b)

Figure 8-3: (a) perspective of the alumina probe. For clarity, one
lateral alumina heat exchanger was removed. The cartridge (1) is placed
within the sample well (2), at the center of the superconducting coils
(3). (b) Side view of the alumina probe. The distance d between the
inner edge of the superconducting trace and the outer edge of specimen
(4) was kept as small as possible to maximize the filling factor.

The filling factor cannot be measured easily; therefore, no experimental value
will be provided. However radiofrequency simulations predict that the filling factor in

the alumina probe is more than four times as large as in the beryllia probe (see 7.6):

TNalumina = 0.050 + 0.003
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8.3.4 Sensitivity

The power dissipated by each component was calculated by our radiofrequency
model. The equivalent resistance, as well as the absolute temperature, of every probe

component is listed below:

Table 8-3: transformed resistance and absolute temperature of
the alumina probe components.

Rsp, T (Q) Rco, T (Q) Rsh, T (Q) Rce, T (Q) Rra, T (Q) Rcl (Q)
32.7+6.5 15.7+3.1 16.0+3.2 0.6+£0.1 0.02 +0.004 0.8+0.2
Tsp (K) Tco (K) Tsh (K) Tce (K) Tra (K) Tcl (K)
293 60 60 60 293 293

The equivalent resistance of the specimen increased to 32.7 Q) in the alumina
probe, as compared to 13.9 Q) in the beryllia probe. In the ideal case where no loss takes
place within the probe, the resistance of the specimen would be 50 Q, underlining the

increased sensitivity of the alumina probe.
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Based on equation (5-4) on p. 55, the sensitivity Saumina Of the alumina probe is
three times as large as the sensitivity of the beryllia probe (see 7.7):

Salumina = 29.8 £ 6.0 (a. u)

8.3.5 Quality Factor

The quality factor of the unloaded probe measured outside the imaging magnet
is 24'000. When the cerebellum is inserted in the probe, the quality factor decreases to
12'000. Consequently, losses within the specimen are equal to the losses within the
probe, which is consistent with our radiofrequency model.

The decrease in quality factor when the specimen is inserted into the probe
reveals a very good coupling between the probe and the specimen. In addition, the
probe operates in a regime where the noise stemming from the probe has been reduced

to a level comparable to the noise originating from the specimen.

8.4 Imaging

A perfusion-fixed C57BL/6 mouse cerebellum, actively stained by transcardial
perfusion with a mixture of 10% buffered formalin and ProHance (Bracco S.p.A., Milano,
Italy) was imaged using a gradient-recalled sequence. Acquisition parameters were:

GRE, Flip angle = 90°, TR = 100 ms, TE = 5.2 ms, FOV =12 x 6 x 6 mm, Bandwidth = 62.5
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kHz, NEX=1, Voxel Size 12 x 12 x 12 micron, array size = 1024 x 512 x 512, 67% k-space
asymmetric sampling in the frequency direction only. The total imaging time was 7.5
hours. The SNR ranged from 16 in the darkest region of the specimen to 45 in the

brightest areas.
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For comparison, the same imaging sequence was repeated on a different
specimen using a room-temperature copper solenoid, 12 mm diameter, 22 mm long. The

SNR was below 7.

8.5 Sensitivity and SNR comparisons

The specimens imaged by the beryllia and alumina probes were perfused with
contrast agents and fixed the same way. We will assume that they offer the same
magnetization per unit of volume. During imaging, the echo-time used was similar
between the two probes, the bandwidth and repetition time were identical. However,
the encoded resolution in the alumina probe was twice as high as the resolution of the
beryllia probe, and the duration of the imaging scan was more than twice as short for the
alumina probe.

Table 8-4: Imaging volume, voxel volume, echo-time, repetition
time, bandwidth, number N of samples acquired in the frequency-

encoding direction, and acquisition time used by the beryllia probe and
the alumina probe.

Imaging Voxel Echo repetition Imaging N Acquisition
Probe Volume Volume time time Bandwidth time
(mm’) (L)  (ms)  (ms) (kHz) (hr)
beryllia 432 2 55 100 62.5 768 16.5
alumina 2662 1 52 100 62.5 682 7.5
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In the table below, according to equation (1-1) on p. 3, we normalize the SNR
acquired experimentally by the square-root of acquisition-time and the number of

samples acquired in the frequency-encoding direction, as well as the voxel volume:

Table 8-5: The SNR recorded experimentally was divided by the
square-root of acquisition time (hr'?), the square root of N, the voxel
volume (pL?) and for convenience, multiplied by 100.

normalized SNR
Probe SNR
(100 - hr'2 pL1)
beryllia 18 8.0
alumina 31 43.3

The fractional improvement in normalized SNR found experimentally is:

Normalized SNRyymina ~ 43.3 _

Normalized SNRygypjiz 8.0

5.4

The fractional increase in probe sensitivity, predicted by simulation, is:

Sensitivity jjymina _ 29.8

= =3
SenSitiVitybery”ia 9.8
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The fractional improvement in probe sensitivity predicted by simulations is
smaller than the fractional increase in normalized SNR recorded experimentally.
Numerous factors may explain the difference. Radiofrequency inhomogeneity in both
probes may bias our SNR estimations. In the radiofrequency simulations, the
conductivity of the superconducting films and the specimen may be inaccurate. Less
favorable experimental circumstances may lead to a lower SNR in the case of the beryllia
probe, including an imperfect power match, a flip angle set incorrectly, or the improving

skill level of a graduate student under training.

8.6 Important Aspects of the Probe Design

8.6.1 Alignment

The misalignment —unavoidable in practice- of the titanium heat exchangers
within the probe housing must be limited to significantly less than the clearance
available around the sample well, 1 mm, so that the superconducting coils are centered
around the sample well. During the probe set-up, different sets of screws adjust the
vertical and horizontal location of the titanium heat exchangers. Protruding guides
machined on the titanium heat exchanger limit misalignment between the titanium and
the alumina parts. Finally, edges machined in the alumina guarantee minimal

misalignment of the superconducting coils.
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Figure 8-5: To maximize the filling factor of the probe, the
clearance between the coils and the sample well must be minimal
which requires the precise alignment of all the probe components. Four
screws (1) adjust the vertical position of the superconducting coils
around the sample well. Four supplementary set-screws (2) adjust the
horizontal position of the coils. Edges (3) were machined in the
titanium heat exchangers to facilitate the correct alignment of the
alumina components (4). Finally, shoulders (5) machined in the
alumina heat exchangers make the alignment of the coils easier. Low
thermal conductivity ceramic washers (6) limit the heat load towards
the titanium heat exchangers.

106



8.6.2 Heat Transfer, Thermal Contraction and Vacuum

Precision-machined metal clamps minimize misalignment of the titanium heat
exchanger within the probe housing. The high thermal conductivity of the metal clamps
causes a significant heat load towards the cold heat exchangers. To guarantee the correct
alignment and a sufficient thermal isolation of the titanium heat exchangers, the path of
heat transfer was interrupted by two stages of low thermal conductivity ceramic

washers (see Figure 8-5)

Mechanical stress due to thermal contraction during cooling may induce a
thermal bond to break or even the catastrophic failure of an entire component. The linear
expansion coefficient of alumina (5.4-10¢ K) is sufficiently close to titanium (8.6-10° K)
to prevent the alumina heat exchangers from cracking during the cooling process.
However, a transition from titanium to stainless steel must occur somewhere along the
path of cold helium vapor so that affordable, off-the-shelf stainless steel gas connectors
can be used. The linear expansion of stainless steel (16-10° K1) is twice as large as
titanium; the contraction occurring in a 60 cm long probe cooled from room-temperature
to 60 K exceeds 2 mm, more than the clearance available between the immobililized
sample well and the sapphire substrates, and as large as a third of the imaging field-of-
view. Consequently, a frame kept mostly at room-temperature guarantees the alignment

of the superconducting coil to the sample well. The clamps holding the titanium heat
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exchangers are located in close proximity to the probe isocenter, so that a short 10-cm

long section of titanium tubing and alumina causes a misalignment limited to 0.2 mm.

Figure 8-6: Room-temperature components (red) do not shorten
during the cooling of the probe. In contrast, components cooled below
60 K (blue) become up to 2 mm smaller. So that the superconducting
coils travel a tolerable distance within the probe housing (1), a room
temperature frame (2) is attached (3) to the cold components close to the
center of the coils (4). A short length of titanium and alumina (D) limits
the travel of the coils due to thermal contraction to less than 0.2 mm.
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A radiofrequency shield must be thin to limit electromagnetic losses due to eddy
currents. When the shield is cooled, a thin cross-section limiting eddy currents conflicts
with the need of a bulky heat-transfer cross-section enabling robust heat exchange. The
alumina probe presents bulky ceramic heat exchangers cooling down a thin, one

thousandth-of-an-inch copper shield, reconciling the design requirements.

Within the probe, vacuum insulation limits deleterious heat transfer towards
cold components to thermal radiation. A twenty-layer aluminized mylar shield
encompasses most cold components to reduce the radiative thermal load. As a
supplementary measure to accelerate the probe housing evacuation process and to avoid
vacuum virtual leaks, a loose, 10-mm-opening mesh was intertwined between each

layer.

Similarly, to minimize housing evacuation time and to prevent vacuum virtual
leaks, all threads exposed to vacuum feature vented hardware. All components exposed
to vacuum were ultrasonically cleaned with a solution of deionized water and organic
solvent (Alconox, Alconox Inc., White Plains, NY), rinsed five times in deionized water,
and further ultrasonically cleaned in acetone and subsequently in methanol. Assembly

was carried out using vinyl glove to prevent the deposition of volatile finger prints.
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To reach a low base pressure, as few seals as possible were implemented. O-rings
were vacuum-baked to eliminate volatile residues. A low outgassing polymer was
selected for the probe housing (PETG polymer, part number 9245K47, McMaster,
Aurora, OH) based on outgassing properties published by the National Aeronautics and
Space Administration (Outgassing Data for Selecting Spacecraft Materials,
http://outgassing.nasa.gov). The surface exposed to vacuum was left unmachined to
minimize the outgassing surface area. A soft, low-outgassing cryogenic epoxy glue

(Arathane 5753, Specialty Polymer, Valencia, CA) was selected to bond components.

8.6.3 Microphonics

Microphonics can cause severe artifacts during imaging. At a 10 um encoding
resolution, vibrations within the probe must be limited to a significantly smaller fraction
than the encoding resolution. The Gifford-McMahon cycle cryocooler generates
vibrations during the mechanical expansion of helium by a piston. Shock absorbing
bumpers (part number 9305K29, McMaster, Aurora, OH) were retrofitted onto the
supports of the cryorefrigerator cold head. In addition, the cryocooler cart was mounted
on high-deflection, spring-action vibration-damping mounts (part number 6219K73,
McMaster, Aurora, OH) supported by rubber vibration-damping pads (part number
60015K43, McMaster, Aurora, OH). The shock absorbing devices limited microphonics

to tolerable levels.
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Figure 8-7: Severe artifacts due to microphonics are apparent in

an image of 9-day mouse embryo, imaged at 11 um isotropic resolution.

A thorough optimization of the imaging sequence was not undertaken. Because

of the non-linear power transmission behavior of the YBCO superconducting film, the
flip angle may be underestimated. Soft pulses have been used; a comparison in image
quality with hard pulses should be carried out. The filtering effects of the high-quality-

factor resonator should be quantified.
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9 Summary

The first superconducting probe for MR microscopy was introduced by this
laboratory more than 15 years ago. A number of subsequent studies were performed at
Duke and elsewhere. The improvement in sensitivity delivered by a superconducting
probe has been uniformly less than predicted by theory. This dissertation has developed
a detailed finite-element model that has allowed us to explore quantitatively the

electromagnetic performance of these probes.

Our finite-element-based radiofrequency simulations can accurately assess the
probe resonant frequency and the geometry leading to an impedance match before the
probe is actually built. In addition, radiofrequency simulations asses the electromagnetic
losses caused by each component within a probe and compute an equivalent resistance
for every probe component. Excluding the specimen being imaged, the component
exhibiting the largest resistance, and consequently inducing the largest loss, can be
identified. To increase the probe sensitivity, that component can be cooled or design
alternatives can be considered to decrease its resistance. Applied iteratively, the method

identifies relevant design changes which in turn lead to an increased probe sensitivity.

We showed that the sensitivity of an existing superconducting Helmholtz pair
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can be improved by increasing the filling factor of the probe and cooling the
radiofrequency shield. In the design of a subsequent probe, we implemented a cold
shield and significantly increased the filling factor. Simulations indicate that the alumina
probe is three times as sensitive as the beryllia probe, whereas SNR measurement
indicate a factor of 5. By extension, the alumina probe can reach a resolution twice as

high in less than half the scan acquisition time.

SNR measurements carried out with both probes indicate that the gain in
sensitivity between the two probe is larger than predicted. The supplementary SNR
delivered by the alumina probe may be used to increase resolution further, shorten scan

time, or both.

During the design of a new probe, radiofrequency simulations are a crucial tool
enabling the shortening of the lead-time to delivery. They predict the most significant
figures of merit relevant for magnetic resonance imaging and identify areas where a
modified design may be beneficial. Accompanied by a theoretical understanding of
noise and signal transmission within coupled components, the sensitivity of the probe

can be extracted and the optimal design identified.

Under the assumption that the transverse magnetization per unit of volume is
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identical between different experiments using different radiofrequency probes, the
method can be extended to predict the relative change in SNR. Consequently, the
worthiness of a radiofrequency probe can be assessed directly from the standpoint of

imaging performance.
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10 Appendix

10.1 Radiofrequency Model of the Beryllia Probe

The electronic file describing the beryllia probe is available at the CIVM under
the name "20090201-SuperconductingProbes". The model pertaining to the beryllia probe
is called "Beryllia" and is saved in HFSS version 10.3.1. The model excitation is modal, at
the terminals of the coupling loop. The input power is 50 W. The model includes the

components listed in the table below, alongside of their radiofrequency properties.

115



Table 10-1: Electromagnetic properties of the components
included in the radiofrequency model of the Beryllia probe

Ceramic
H li HT
Component eat Specimen Cartridge Substrate Coupling Shield S
Exchange Loop Coil
r
HFSS
Material N/A N/A N/A N/A Copper  Copper N/A
Relative 6.8 50 2 10 1 1 1
Permittivity
Relative 1 1 1 1 0.999991  0.999991 0.999991
Permeability
Conductivity 0 1 1.6E-12 0 5867  58E7  1EI2
(S/m)
Dielectric 0.0005 0.5 0.02 Te-6 0 0 0
Loss Tangent
Magnetic 0 0 0 0 0 0 0
Loss Tangent
Magnetic 0 0 0 0 0 0 0
Saturation
Lande G 2 2 2 2 2 2 2
Factor
Delta H
0 0 0 0 0 0 0
(A/m)
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The maximum size of the finite-element mesh describing each component is

listed below.

Table 10-2: Mesh size for each component of the radiofrequency
model of the Beryllia probe

Ceramic Couplin HTS
Component Heat Specimen  Cartridge  Substrate P8 Shield )
Loop Coil
Exchanger
Maximum
Mesh Size 15 3 3 10 2 30 5
(mm)

The maximum mesh size is multiplied by a uniteless factor, called "MyMesh",
varying from 0.5 to 1.5 in 0.1 increments. Consequently, the model is solved 11 times.
For each solution, the resonant frequency is determined by identifying the minimum of
the S11 curve. At the resonant frequency, for each component, the phase corresponding
to peak losses is identified. The dissipated power is displayed for the component at the
resonant frequency and phase corresponding to peak losses. The resistance values

presented in this dissertation are given by the mean of the 11 solutions.
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10.2 Radiofrequency Model of Alumina Probe

The electronic file describing the Alumina probe is available at the CIVM under
the name "20090201-SuperconductingProbes". The model pertaining to the Alumina
probe is called "Alumina" and is saved in HFSS version 10.3.1. The model is similar to
the Beryllia probe model, and is solved in a similar fashion. The materials and mesh size

are presented below.

118



Table 10-3: Electromagnetic properties of the components
included in the radiofrequency model of the Alumina probe

ic Heat li HT
Component Ceramic Hea Specimen Cartridge Substrate Coupling Shield S
Exchanger Loop Coil
HESS alumina_96pct N/A N/A N/A Copper N/A N/A
Material —7opP PP
Relative 9.4 50 2 10 1 1 1
Permittivity
Relati
clative 1 1 1 1 0.999991 0.999991 0.999991
Permeability
Bulk
Conductivity 0 1 1.6E-12 0 5.8E7 4.7E8 1E12
(S/m)
Dielectric
Loss 0.006 0.5 0.02 le-6 0 0 0
Tangent
Magnetic
Loss 0 0 0 0 0 0 0
Tangent
Magnetic 0 0 0 0 0 0 0
Saturation
Lande G 2 2 2 2 2 2 2
Factor
Delta H
0 0 0 0 0 0 0
(A/m)
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The maximum size of the finite-element describing each component is listed

below.
Table 10-4: Mesh size for each component of the radiofrequency
model of the Alumina probe
Ceramic
Coupli HTS
Component Heat Specimen Cartridge Substrate OUPTNE  ghield .
Loop Coil
Exchanger
Maximum
Mesh Size 25 2 4 10 0.2 30 0.5
(mm)
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10.3 Alumina Heat Exchangers
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10.4 Titanium Heat Exchangers
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