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We have investigated the design and construction of liquid nitrogen cooled surface coils made from
stranded (litz) copper wire for low field MRI applications. If designed correctly, cooled litz coils can pro-
vide a competitive alternative to high temperature superconducting (HTS) coils without the complica-
tions associated with flux trapping. Litz coils can also be produced with a wider range of shapes and
sizes, and at lower cost. Existing models were verified experimentally for flat spiral coils wound from

Keywords: solid and litz wires, operated at room temperature and 77 K, and then used to design and optimise a
(L:(:)‘:)Vlfdeld cooled receive coil for MRI at 0.01 T (425 kHz). The Q-factor reached 1022 when the coil was cooled to
Litz 77 K, giving a bandwidth of just 0.42 kHz, so a low noise JFET preamplifier was developed to provide
Low noise active damping of the coil resonance and thus minimise image intensity artefacts. The noise contribution

of the preamplifier was determined using a method based on resistive sources and image noise analysis.
The voltage and current noise were measured to be 1.25 nV/ Hz'? and 51 fA/ Hz'?, respectively, and
these values were used to estimate a noise figure of 0.32 dB at the resonant frequency of the cooled coil.
The coil was used to acquire 0.01 T spin echo images, first at room temperature and then cooled to 77 K in
a low noise liquid nitrogen cryostat. The measured SNR improvement on cooling, by a factor of 3.0, was
found to correspond well with theoretical predictions.
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Early work on cooled coils for MRI used solid copper conductors
cooled with liquid nitrogen [4] but interest then moved to the
development of high temperature superconducting (HTS) receive
coils. Many research groups have described HTS coils with
Q-factors of several thousand at liquid nitrogen temperature
(77 K) and below, which yield SNR improvements, relative to room
temperature coils, of between 1.5 and 10 times (e.g. [5-11]). HTS
coils, however, are susceptible to flux trapping so that the working
Q-factor in an MRI scanner’s main magnetic field may be consider-
ably lower than measured in the open laboratory [5,11]. HTS coils
exhibiting the lowest losses have been fabricated using thin-film

Low field magnetic resonance imaging (MRI) suffers from low
signal levels compared to high field [1], but has the advantages
of reduced hardware and installation costs and also offers the pos-
sibility of enhanced T; contrast between tissues [2]. The signal to
noise ratio (SNR) at low field can be improved by averaging, but
only at the expense of increased acquisition times.

The SNR at low field can also be increased by cooling the radio-
frequency (RF) coil and reducing its resistance. In a well-designed
MRI system the SNR is determined by Johnson noise from the sam-
ple and receive coil. At low field strengths sample noise is usually
less than that from the receive coil [1], particularly if a surface coil
is used [3]. A coil with a frequency dependent resistance, R(f), gen-

erates a noise voltage, Vs, with an RMS value of:

Vg = \/4ks TR(F)Af (1)

where kg is Boltzmann’s constant, T the coil temperature and Af the
measurement bandwidth. R(f) may be estimated from the coil’s
inductance, L, and Q-factor using:
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patterning, with tuning capacitors incorporated as part of the coil
windings [7,11]. This method tends to limit the size, shape and
tuning flexibility, as well as increasing the cost of HTS coils. HTS
materials also tend to degrade with thermal cycling, due to
mechanical stresses and changes in chemical composition caused
by moisture formation, but reliability can be improved by mechan-
ical cooling, rather than immersion in liquid nitrogen [9,11].

One way to reduce resistive losses in room temperature receive
coils for low field MRI is to use stranded copper (litz) windings
[12-14]. This article describes the development of a litz wire sur-
face coil cooled with liquid nitrogen. Although the intrinsic losses
from this approach are higher than in HTS materials, a properly
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designed, cooled litz coil will out-perform a cooled solid copper
winding at low field strengths, and will not suffer any Q-factor
reduction when placed in the main imaging field. Litz coils can also
be produced in almost any shape and size and at much lower cost
than HTS equivalents.

2. Theory

The following sections outline the theory required to design litz
surface coils for use at room temperature and 77 K, and also special
preamplifiers, incorporating active damping, which help to prevent
image intensity artefacts without adding noise.

2.1. Litz wire

The effective resistance of a wire of resistivity, p, at a frequency,
f, is greater than its DC value because the current flow is effectively
restricted to a thin surface layer, given by the skin depth, 5, where
[15]:

S
S 2

Fig. 1(a) shows a solid wire of diameter do, much greater than 4,
for which the effective area available to carry RF current, Aef, is:

Aett = Ttdd (do > (3) (4)

Given that a conductor’s resistance is inversely proportional to Aes,
Eqgs. (3) and (4) show that the RF resistance of a solid wire, for which
do > 5, scales with f'/2. Litz wire, by contrast, comprises a large
number, N, of insulated strands of diameter, ds, twisted together.
Fig. 1(b) shows how this construction can increase A if the strand
radius is small compared to the skin depth at the operating fre-
quency, to a value of:

2
Aer = N mjf 0

(ds < 9) (3)

Although skin effect losses are reduced in litz wire, the tight packing
of strands causes eddy current (proximity effect) losses, which de-
pend on the thicknesses of the copper conductor and insulation in
each strand, on the number of strands in the wire and which scale
with f2 [15]. Litz wire contains more insulating material than solid
wire of the same outer diameter, so the DC resistance is greater, and
this is further increased because each twisted strand is longer than
the completed wire.

There is also a proximity effect due to eddy currents between
neighbouring turns. For solid copper wire, the Q-factor is optimised
with an inter-turn spacing approximately equal to the wire diam-
eter [16]. Litz wire’s structure greatly reduces the inter-turn prox-
imity effect, so litz wire turns may be placed closer together,

Insulation
RF current
[ ] No current

Fig. 1. Effective cross-sectional areas for RF currents, A, of (a) solid copper wire of
diameter dy and (b) litz wire composed of N; individual strands, each of diameter d.
For each wire the skin depth is .

increasing the coil inductance without any significant increase in
proximity losses and, from Eq. (2), further increasing the Q-factor.

Losses in any copper coil may be reduced by cooling. The resis-
tivity of copper reduces by a factor of 8 on cooling with liquid
nitrogen to 77 K [17] but Eq. (3) shows that this is accompanied
by a reduction in skin depth which at 425 kHz, the proton reso-
nance frequency at 0.01T, falls from 100 pm (300 K) to 35 um
(77 K). As a result A for a solid wire, given by Eq. (4), is reduced
by approximately the same factor (2.8), so the AC resistance only
reduces by a factor of 8/2.8, or 2.8 times. The performance of
litz-wound coils can be improved by cooling but, for this to be
effective, the litz strand radius should be less than the skin depth
at 77 K (35 um), so that the current density at the centre of the
strand is not significantly smaller than that at the strand surface.

We have developed a flat, circular spiral (pancake) coil for use at
0.01 T. During the design process we compared the performance of
solid and litz windings at 300 K and 77 K. Each type is affected by
AC loss contributions from the skin effect, the proximity effect be-
tween turns and, for the litz coil, the proximity effect between
strands within each turn. The resistance ratio, F, between a coil’s
AC and DC resistances can be expressed as:

FoRe_pyc (6)
RDC

where H and G are frequency-dependent skin effect and proximity
effect factors [18], and 4 is a factor accounting for the particular coil
geometry.

Using tabulated data, F may be calculated for a variety of coil
shapes, wound from solid and litz wire [15,18]. For a single layer
pancake coil of outer diameter, D, wound with m turns of solid wire
of diameter dy, the resistance ratio is:

2 2
F_H+%<chi—l°3m> G (7)

where K is a constant depending on the coil geometry and c is the
centre-to-centre turns spacing [15].

For a single layer pancake coil wound from litz wire the resis-
tance ratio is given by:

2
B 1 (Kdzm ds\° ,
F=H+ k+Z<T> (d_o) n‘G (8)

where n is the number of strands, each of diameter ds and k is a con-
stant depending on n [15]. Eq. (8) indicates that proximity losses
can be reduced by reducing the number and diameter of litz
strands. However, this will also increase the DC resistance, so a
compromise must be found.

As well as the magnetic effects described above, it is also neces-
sary to account for the stray capacitance between the coil’s turns,
and the effect of dielectric losses in the materials used for the
wire’s insulation and the coil’s substrate. Dielectric losses can be
modelled as an additional series resistance, R., of the form:

Re = Tf3L*Cq 9

where 7 is the loss factor of the material, L the coil’s inductance and
Cq4 the distributed lossy capacitance [1,15]. Although the f> depen-
dence indicates that dielectric losses are most significant at high
frequencies, they can also limit the Q-factor of litz wire coils below
1 MHz. In practice R. may be estimated for a given type of coil con-
struction from the Q-factor at the coil’s self-resonance, and then this
value scaled with frequency using Eq. (9).



F. Resmer et al./Journal of Magnetic Resonance 203 (2010) 57-65 59

2.2. Low noise preamplifiers and active damping

The Johnson noise produced by a cooled coil is so small that
ultra-low noise preamplifiers are needed to preserve the SNR
[19-21]. At high field strengths RF coils are commonly matched
to standard coaxial cables and connected to 50 Q preamplifiers
to minimise reflections and signal loss [16], although deliberate
mismatching is used in phased arrays [22] where coil interactions
are reduced in exchange for some increase in preamplifier noise
factor. By contrast, at the 425 kHz operating frequency of the
MRI system used for this work, all paths within the RF receiver
are much shorter than a quarter wavelength and so it is possible
to connect a parallel-tuned RF coil directly to the input of a high
impedance preamplifier without sacrificing noise factor [19-21].

Preamplifier noise performance can be described by indepen-
dent voltage and current noise generators, V,, and I, [23]. The total
output noise, Vo, from a preamplifier with a parallel resonant coil
connected to its input is given by:

Vour = Ay/ V2 + V2 4 (ZI,)? (10)

where A is the preamplifier’s gain, Z is the receive coil’s parallel
impedance and V; is the source voltage noise, given by Eq. (1),
due to the resistive part of Z [23].

The preamplifier’s noise factor, N, is given by:

Vi + (Zy)?

N=1+
v

(11)

and is used to evaluate the amount by which the preamplifier de-
grades the coil’s SNR [23]. The optimum source impedance of the
preamplifier, at which N is a minimum, is given by V,/I;, so ideally
the RF coil’s impedance should be close to this value. As the cooled
litz coil described in this article is operated in parallel resonance
and connected directly to the preamplifier input its effective imped-
ance at resonance is given by [15]:

Ry ~ wLQ (12)

In an optimised, tuned system the preamplifier’s noise factor, N, has
a minimum at the coil’s resonance but degrades at higher and lower
frequencies as the coil’s parallel impedance decreases, which can
lead to SNR variations across the frequency encoding axis of an
image.

Apart from SNR variations, frequency-encoded MRI acquisitions
can also display intensity artefacts if the coil’s 3 dB bandwidth, Af,
is less than the image acquisition bandwidth [20]:

fo
A =7 (13)
where fj is the resonant frequency. The 425 kHz MRI system uses an
acquisition bandwidth of 5 kHz so Eq. (13) indicates that Q-factors
exceeding 85 would cause unacceptable variations in image inten-
sity. It would be possible to increase Af by adding resistance, but
only at the expense of extra noise.

Fig. 2. A receiver circuit with active damping.

Fig. 2 shows a better scheme, in which part of the inverted sig-
nal from the preamplifier output is fed back to the coil, resulting in
active damping of the coil resonance [19-21,24]. As long as the
feedback path generates no noise (here it is the capacitor () the
intrinsic amplifier noise should not be increased [24]. A suitable
preamplifier has a transfer function, T(w), with an integrating char-
acteristic described by:
_J
ot

T(w)

where 7 is the integrating time constant and « the angular fre-
quency. The effective input admittance, Yj,, is found to be:

(14)

Vi = jooCy + (15)

Provided the time constant is chosen so that 7 > 1/w, it can be
shown that the feedback circuit simulates a noiseless resistor,
7/Cg, in parallel with the preamplifier input. This damps the coil
by effectively shunting the dynamic resistance, Ry, given by Eq. (11).

3. Methods and materials
3.1. Cooled litz coil and solid wire evaluation coil

A litz surface coil was constructed for use in a horizontal field,
0.01 T MRI system. As already stated, the litz strand diameter
should be comparable to the skin depth to ensure a low AC resis-
tance. The strands should not be made much thinner than this
though, because then the DC resistance of a litz wire of given outer
diameter would be increased by having a larger proportion of the
cross-section filled by strand insulation material rather than cop-
per (Fig. 1(b)). The skin depth of copper at 425 kHz (the proton res-
onance frequency at 0.01T) is 35 um at 77 K, so Litz wire was
selected from a commercial supplier [25] with 600 polyurethane-
insulated, copper strands of 30 um diameter. A single layer, close
packed spiral coil (pancake coil) of this wire, with 21 turns of inner
and outer diameters 55 mm and 113 mm, was fixed to the 5 mm-
thick base of a G10 fibreglass cryostat (described in the next sec-
tion) using cyanoacrylate adhesive. A second pancake coil with
similar dimensions was constructed from solid copper wire to al-
low measurements on equivalent solid and litz coils at 300 K and
77 K to test the theory outlined in Section 2.1. The solid coil was
wound from 19 turns of 1 mm diameter copper wire with inner
and outer diameters of 55 mm and 120 mm and an inter-turn spac-
ing of approximately 0.9 mm to reduce proximity effect losses [16].
The solid coil was also fixed to a 5 mm-thick G10 fibreglass sub-
strate with cyanoacrylate adhesive to give similar dielectric losses
to the litz coil.

Each coil’s 4-terminal DC resistance was measured first at room
temperature and then immersed in liquid nitrogen (at 77 K), by
feeding with a constant current from a stabilised power supply
(EX354D, Thurlby-Thandar Instruments Ltd., UK) and measuring
the voltage drop. Next, the coils were tuned over a range of fre-
quencies from 130kHz to 6 MHz using standard polystyrene
capacitors (LCR Capacitors Ltd., UK). Q-factors were recorded, again
at both temperatures, by placing the coils between 1 cm diameter
wire loops, one driven by a variable frequency RF source (33120A,
Hewlett Packard) and the other connected to a high impedance
preamplifier and oscilloscope. The Q-factors were determined,
using Eq. (13), from the 3 dB points of the recorded resonance
curves, taking care that the drive and pick-up loops did not load
the coils under test, and coil inductances were calculated from
the resonant frequency and capacitance value. The frequencies
and Q-factors of the solid and litz coil’s self-resonances, without
additional tuning capacitance, were also recorded to allow the con-
tribution from dielectric losses to be assessed.
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Fig. 3. The conduction-cooled receiver coil and fibreglass liquid nitrogen cryostat.

3.2. Liquid nitrogen cryostat

During imaging the litz coil is cooled with a liquid nitrogen
cryostat made from G10 fibreglass, with a 2.5 L liquid capacity
(Fig. 3). The coil is fixed to the lower face of the liquid nitrogen res-
ervoir in the vacuum space, and so is cooled by conduction rather
than direct immersion in liquid nitrogen. Mounting the coil like
this increases the maximum outer winding diameter from the
98 mm available in the liquid reservoir to 113 mm and also re-
duces the coil-sample spacing from 17 mm to 10 mm when cooled,
both of which help to improve magnetic coupling with the sample.
The cryostat is evacuated to a base pressure below 0.02 mbar, and
the pressure is further reduced by a charcoal cryo-pump fitted
around the reservoir, which becomes active once the cryostat is
filled [17]. In addition, approximately 10 layers of polyester fabric
are wrapped around the reservoir to prevent residual gas mole-

cules from transferring energy directly from the 300 K outer cryo-
stat wall to the coil.

Before imaging, the temperature achieved with conduction
cooling was compared with the value from direct immersion in li-
quid nitrogen at 77 K, using 4-terminal DC resistance measure-
ments of the winding. After the liquid reservoir was filled the
conduction cooled resistance fell approximately exponentially
with time towards the direct immersion value until, after about
20 min, the resistances were identical, indicating that conduction
cooling had successfully achieved a base temperature of 77 K.

The coil is parallel-tuned using polystyrene capacitors with a
combined value of 2.8 nF (LCR Capacitors Ltd., UK), mounted close
to the windings in the vacuum space to minimise losses. The signal
is carried to a vacuum feed-through at the top of the cryostat via a
pair of litz signal leads in good thermal contact with the liquid
nitrogen reservoir, and then to the room temperature FET pream-
plifier. The litz coil’s 425 kHz Q-factor was recorded at 300 K and
77 K once the cryostat and leads were assembled, using the
method described above for the isolated coils.

3.3. JFET preamplifier and noise measurement

When cooled, the litz coil’'s bandwidth is well below the MRI
system’s imaging bandwidth of 5 kHz and, if uncorrected, this mis-
match would result in unacceptable image intensity variations
across the frequency encoding direction. Fig. 4 shows a high input
impedance preamplifier which uses the principles described in
Section 2.2 to provide active damping of the coil’s resonance. The
input stage (Q1) is a J309 Junction Field Effect Transistor (JFET)
[26]. Transistors Q2 and Q3 provide a trans-impedance stage with
an integrating characteristic defined by C;. The active damping sig-
nal is fed back to the coil via C;, as described in Section 2.2, and Q4
buffers the output.

Fig. 5 shows an equivalent noise model of a resistive source con-
nected to this preamplifier [23]. As long as noise from the source
and preamplifier dominates that from all subsequent stages in
the MRI receiver electronics, the preamplifier’s voltage noise, V,,
can be determined by shorting the input and measuring V,; from
an image. However, using this method it would be necessary to
know the system gain, Ay, to relate the image noise to the pream-
plifier’s input voltage noise. An alternative method is to measure
the RMS image noise for a range of source resistances, R,, with a
maximum value small enough that the noise contribution (in Eq.
(10)) from V, always dominates that from I,,.

The usual way to determine current noise, I,, is to measure the
equivalent open-circuit voltage noise, Vopen (i.€. with an open cir-

180

O +12V

Q4
BC214

100n

—{—oout

1k8

Fig. 4. The high input impedance preamplifier, with active damping from the feedback capacitance C.
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Fig. 6. Measurement of the preamplifier's input capacitance using a signal
generator connected (a) directly to input and (b) via capacitance Cext.

cuit at the input). However in practice the input capacitance of the
first stage, Ci,, shown in Fig. 5 effectively shunts the source resis-
tance, Rs, at high frequencies and has to be considered as part of
the source impedance, Z, for noise measurements so that:

R

Z= 1+ jwCiR (16)
where o is the angular frequency. Cj, can be estimated using the
method shown in Fig. 6. Firstly a signal generator is connected di-
rectly to the preamplifier input and the output voltage, V4, recorded
(Fig. 6(a)). Then a known capacitor, Cey, is connected in series with
the input (Fig. 6(b)) to form a potential divider with Gy, so that a
reduced output voltage, V5, is measured. Cj, is then calculated
using:

)4
Cin = Cox (Vf;f 1) (17)

Once G, is known, Egs. (10) and (16) allow I, to be deduced
from measured values of Vopen and Vi, It is not possible to measure
Vopen directly because the preamplifier requires a certain shunt
resistance to supply bias current to the JFET gate. However, an esti-
mation can made by plotting the mean-squared image noise versus
source conductance, G = 1/R. In contrast to the determination of V,,

Table 1
Inductances, DC resistances and self-resonance characteristics of pancake coils wound
from solid and litz wire at 300 K and 77 K.

Solid coil Litz coil
Number of turns 19 21
Inner/outer diameter (mm) 55/120 55/120
Inductance (pH) 36 46
Rpc at 300 K (m€) 146 251
Rpc at 77 K (mQ) 17.7 31
Self-resonance, f; (MHz) 13.1 8
Q-factor at f; and 300 K 81 61
Q-factor at f; and 77 K 561 153

described above, the source resistances, R, used to measure current
noise need to be sufficiently large to yield measurable noise contri-
butions from I, in Eq. (10).

4. Results

The frequency dependence of the solid and litz coils’ Q-factors
were recorded at 300 K and 77 K and the JFET preamplifier’s noise
contributions were measured. The cooled litz coil and preamplifier
were then used to acquire low field magnetic resonance images.

4.1. Q-factors of solid and litz coils at 300 K and 77 K

Eq. (7) was used with tabulated data [15] to calculate the resis-
tance ratios, F, for the solid-wire coil between 100 kHz and 10 MHz
at both 300 K and 77 K. These values, and the coil’s actual DC resis-
tance and inductance recorded in Table 1, were used to calculate
the Q-factor over the same frequency range and at both tempera-
tures. The results of this simulation are shown in Fig. 7 together
with data measured from the solid-wire coil. Likewise, Eq. (8)
was used to predict the frequency dependence of the Q-factor for
the litz wire pancake coil at both temperatures, and the simulated
and measured data are shown in Fig. 8.

Losses in the solid-wire coil are dominated by the skin effect at
low frequencies, so that the Q-values shown in Fig. 7 increase with
f12 as indicated by Eqgs. (3) and (4). The measured points for the so-
lid coil are in reasonable agreement with the simulation at low fre-
quencies but begin to deviate as the coil’s self-resonance is
approached. However, once dielectric losses are included in the
simulation, using values deduced from the Q-factors at self-reso-
nance, f;, shown in Table 1 and the f dependence predicted by
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Fig. 7. Q-factors of a 120 mm diameter, 19 turn solid wire pancake coil at (a) room
temperature and (b) 77 K showing simulated curves without (continuous) and with
(dashed) dielectric losses, and the measured points.
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Fig. 8. Q-factors of a 113 mm diameter, 21 turn litz wire pancake coil at (a) room
temperature and (b) 77 K showing simulated curves without (continuous) and with
(dashed) dielectric losses, and the measured points.

Eq. (9), there is much better agreement with the real data so that
the model correctly predicts Q-factor maxima at approximately
2.5MHz when used at 300K (Fig. 7(a)) and 4 MHz at 77K
(Fig. 7(b)).

The simulations of the litz coil without dielectric losses (Fig. 8
continuous curves) predict Q-factor maxima of 1270 at 2.5 MHz
when used at 300 K (Fig. 8(a)) and of 1270 at 300 kHz when used
at 77 K (Fig. 8(b)), which arise from the different frequency depen-
dences of the skin and proximity effects described in Section 2.1.
The real data differs from the simulation at room temperature,
with a maximum Q-factor of 730 at 1.1 MHz, but shows similar
behaviour to the simulation when cooled to 77 K, with a maximum
cooled Q-factor of 1100 at about 300 kHz. Once dielectric losses are
included (dashed curves in Fig. 8) there is much better agreement
between simulation and measurement for the litz coil at room
temperature, with a maximum predicted Q-factor of 820 at
1.1 MHz, and the model correctly predicts that when the coil is
cooled, dielectric losses have a negligible effect on Q-factor at the
intended 425 kHz operating frequency.

In a well-designed litz coil without dielectric losses, DC losses
exceed the skin effect at low frequencies, so the Q-factor, given
by Eq. (2), scales with f. The Q-factor increases until proximity ef-
fects within the wire, which scale as f?, equal the DC losses, corre-
sponding to F=2 in Eq. (6). Above the maximum the Q-factor
scales approximately as 1/f. The continuous curves in Fig. 8(a)
and (b) show that cooling the litz coil does not change the maxi-
mum achievable Q-factor from the room temperature maximum,
but reduces the optimum frequency by approximately the same
factor as the reduction in the conductor’s resistivity. The dashed
curves show that when dielectric losses are included, both the va-
lue and frequency of the maximum Q-factor possible with this type

of litz pancake coil are reduced at room temperature, but there is
little change in the behaviour when the coil is cooled.

The “working” Q-factors for the litz coil at 425 kHz, in the fully
assembled cryostat with signal leads attached, were 425 at 300 K
and 1022 at 77 K. These values are slightly lower than those for
the isolated coil shown in Fig. 8 (446 and 1070, respectively), pre-
sumably as a result of losses in the signal leads and vacuum feed-
through. The working values are used in the following sections to
estimate the preamplifier’s noise factor and the expected SNR gains
when the coil is cooled.

4.2. Preamplifier’s voltage noise, current noise and time constant

As described in Section 3.3, provided that the preamplifier is the
dominant noise source in the imaging system, its voltage and cur-
rent noise contributions can be estimated from images acquired
with fixed resistors in place of the RF coil. For these measurements
noise data, demodulated at 425 kHz by the MRI receiver electron-
ics, were sampled with 12-bit resolution at 128 points using a
5 kHz readout bandwidth and with 128 repetitions. Data were con-
verted to 128 x 128 pixel noise images using a standard 2D FT rou-
tine, with an effective pixel noise bandwidth of 0.305 Hz, found by
dividing the readout bandwidth by the total number of pixels.
Average pixel intensities, P, of the resulting noise images were re-
corded in units of the least significant bit (LSB) from centrally
placed regions of interest.

The preamplifier’s voltage noise, V,,, and the system gain, Asys,
were determined by plotting the mean-squared image noise, P?,
against R for five resistance values between 91 Q and 2 kQ, as
shown in Fig. 9. The fitted line shows good agreement with the
points (?>0.999) and intercepts the x axis at R=—95 Q which
can be thought of as the “negative” resistance which would com-
pensate for the noise contribution from the preamplifier. Eq. (1)
shows that an equivalent noise resistance of 95 Q would produce
a Johnson voltage noise with an RMS value of 1.25 nV/Hz'2, and
this is taken to be the amplifier voltage noise V.. The overall system
gain, Asys, can now be estimated from the y-intercept value of
85 LSB?, which is the image (output) noise that would result from
a shorted input. Dividing by the pixel bandwidth of 0.305 Hz yields
a normalised image noise intensity of 16.7 LSB/Hz'/? and this is
then divided by V;, calculated above, to give a value for Agys of
13.4 LSB/nV.

The current noise, I, was estimated by plotting the mean-
squared image noise, P2, versus source conductance, G=1/R, for
source resistances between 91 kQ and 1 MQ. Fig. 10 plots the re-

20001
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-
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= 10001
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Fig. 9. Graph of mean square pixel intensity versus source resistance from images
recorded at 0.305 Hz pixel bandwidth, used to determine the JFET preamplifier’s
voltage noise.
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Fig. 10. Graph of mean square pixel intensity versus source conductance from
images recorded at 0.305Hz pixel bandwidth, used to determine the JFET
preamplifier’s open-circuit noise.

sults and, again, the fitted line shows good agreement with the
measured points (r*>0.999). The y-intercept in Fig. 10, of
177 LSB?, corresponds to the output noise at 425 kHz with an
open-circuited input. Dividing by the pixel bandwidth gives a nor-
malised image noise intensity of 24.1 LSB/Hz'/? and then division
by Asys estimates that the open-circuit noise referred to the pream-
plifier’s input, Vopen, is 1.8 nV/Hz'/2. The preamplifier’s input capac-
itance, G, was estimated using the method shown in Fig. 6 and Eq.
(17) gives a value of 15 pF * 0.8 pF, with the uncertainty governed
by the 5% tolerance of Cey. Eq. (16) is used to estimate an input
impedance |Z;,| = 1/wC;, of 25 £ 1.3 kQ at 425 kHz which, in turn,
allows I,, to be calculated from Vopen and Vy,. It is not known to what
extent V;, and I, in Eq. (10) are correlated. Completely correlated
sources would give I, =(Vopen — Vi)/Zin while, for un-correlated
sources the result would be I = (Vopen? — Via2)!2/Ziy [20]. For this
reason I, is estimated to lie somewhere between 22 fA/Hz'? and
51 fA/Hz'/%. The amplifier’s optimum source impedance, for which
its noise figure is minimum, equals V,/I, and so lies somewhere be-
tween 24 kQ and 57 kQ.

The integrating time constant, 7, of the preamplifier shown in
Fig. 4 was calculated from Eq. (14) by measuring the magnitude
of the transfer function, |T(w)|, between the gate of Q1 and the col-
lector of Q2 but without a feedback capacitor, C;, connected. The
measurement was repeated for a range of frequencies between
200 kHz and 1 MHz and then 1/|T(w)| was plotted against w. The
gradient of the fitted straight line through this graph gave a value
for 7 of 31 ns. The phase shift between these points in the circuit
was +90° over the range of frequencies tested, in agreement with
the constant phase shift predicted by Eq. (14).

4.3. Preamplifier’s noise figure with the cooled litz coil

Eq. (12), the data in Table 1 and the working Q-factor of 1022 at
77 K predict that when cooled, the litz coil has a dynamic resis-
tance, Ry, of about 120 kQ at resonance. The preamplifier’s noise
figure, NF, is then estimated to lie between 0.07 dB and 0.32 dB
(NF =logo(N) where N is given by Eq. (11)) depending on the ac-
tual current noise level. To see how the noise figure degrades away
from resonance, the coil’s frequency response is assumed to fit a
Lorentzian. Then the magnitude of the coil’s parallel impedance,
used to calculate the current noise contribution in Eq. (10), reduces
from 120 kQ at resonance to approximately 10 kQ at the edges of
the 5 kHz imaging bandwidth, whereas the real part of the imped-
ance, used to calculate the source noise in Eq. (10), reduces from
120 kQ to 830 Q at the edges. Fig. 11 simulates the frequency
dependence of the preamplifier’s noise figure, assuming the high-

2.0

NF (dB)

0.0
422.5 425 4275

f (kHz)

Fig. 11. Simulated frequency dependence of the preamplifier’s noise figure for the
cooled litz coil.

est estimated current noise value of 51 fA/Hz'/2, when coupled to

a coil with parameters given in Table 1 and a working Q-factor of
1022 at 77 K. It is seen that the noise figure rises from a minimum
of 0.32 dB at resonance to 1.8 dB at the edges of the image.

4.4. Low field MRI with the cooled litz coil

Imaging experiments were carried out in a horizontal field,
0.01 T MRI system based on a resistive, Helmholtz magnet. The
transmit field was generated by a 30 turn, 7 cm long, 24 cm diam-
eter saddle coil with a Q-factor of 25. The coil was driven by a
10 W, gated MOSFET amplifier and passive decoupling diodes were
used to prevent noise currents during signal acquisition.

The un-damped litz receiver coil exhibits Q-factors of 425 at
300K and 1022 at 77 K, with associated bandwidths of just 1 kHz
and 0.42 kHz, respectively, both significantly below the MRI sys-
tem’s 5 kHz acquisition bandwidth. Therefore a damping capaci-
tance, C, was added to the preamplifier, as shown in Fig. 4,
calculated to give a damped bandwidth of approximately 6 kHz
and a corresponding Q-factor of 70 at both temperatures. Eq. (12)
shows that the coil’s dynamic resistance at resonance, Ry, would
then equal about 8.5 kQ compared to its un-damped values of
51 kQ at 300K and 120 kQ at 77 K. This reduction requires an
additional resistance of approximately 9.5 kQ in parallel with the
coil. Eq. (15) shows that the feedback preamplifier generates an
equivalent damping resistance equal to 7/C so, from the measured
7 of 31 ns it follows that a damping capacitance of about 3.2 pF is
required. In practice the nearest available value, 3.3 pF, was used
for both temperatures, and damped Q-factors were measured of
68 at 300K and 73 at 77 K, in close agreement with the intended
value of 70.

First a pair or images were acquired to measure the SNR
improvement on cooling. A phantom comprising a 3 x 3 array of
25 mm diameter plastic bottles filled with CuSO4 solution
(Ty=45ms and T,=44 ms) was positioned directly below the
cryostat base. Fig. 12 shows transaxial spin echo images, accumu-
lated from 16 averages, (a) with the receive coil at room tempera-
ture and (b) with it cooled in liquid nitrogen. SNR values for each
image were calculated by measuring the ratio of pixel intensities
between a region in the centre bottle in the top row and a back-
ground noise region below the bottom row of bottles, and applying
the accepted correction factor [27]. The SNR of the coil was found
to be 11.4 at 300 K and 34.0 when cooled to 77 K. Fig. 13 shows a
coronal spin echo image of a volunteer’s palm acquired with the
cooled litz coil, in which the bones are clearly resolved. During
acquisition the base of the cryostat was initially cool to the touch,
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Fig. 12. Transaxial spin echo images of a bottle phantom acquired at 0.01 T with the
litz receive coil (a) at room temperature and (b) cooled to 77 K (TE =20 ms,
TR = 200 ms, 128 pixel?, 16 averages, FOV = 15 cm, slice thickness = 2 cm).

but soon warmed up to body temperature, confirming that there
was a low heat leak across the 10 mm coil-sample separation.

5. Discussion and conclusion

Measurements of phantom images acquired with the litz coil at
300K and 77 K show that the SNR in the centre of the top row of
imaged bottles increases by 3.0 when the coil is cooled. The SNR
improvement results both from the coil’s lower temperature and
increased Q-factor (Egs. (1) and (2)) and is in practice reduced by
the preamplifier’s noise factor. Neglecting preamplifier noise, Egs.
(1) and (2) can be combined to show that the expected SNR
improvement is:

SNR;; Q47300 K a8)
SNR3go |/ Q30077 K

where SNR77, SNR30, Q77 and Qs are the coil’s SNR and un-damped
Q-factors at these temperatures. Using the working Q-factors for the

Fig. 13. Coronal spin echo image of hand acquired at 0.01 T with the litz receive coil
at 77 K (imaging parameters as for Fig. 12 except TR = 400 ms).

coil mounted in the cryostat of 425 (at 300 K) and 1022 (at 77 K),
respectively, Eq. (18) predicts an improvement factor of 3.1.
However, when additional noise from the preamplifier is included
this reduces to 3.0, in good agreement with the measured value.

The existing theory [15,18] has been combined with estimates
of dielectric losses, deduced from measurements at the self-reso-
nance, to simulate the frequency-dependent Q-factors of pancake
coils wound from solid and litz wire at room temperature and
77 K. There is general agreement between the frequency depen-
dences of simulated and measured Q-factors for both coil types
and temperatures, and particularly good agreement for the litz coil
at 77 K (Fig. 8(b)). Solid coils are shown to give higher Q-factors
above a few MHz but, for cooled operation below 1 MHz, litz wire
coils with the correct strand diameter are better. The results in
Fig. 8 illustrate that there is an optimum frequency range for each
particular litz wire that depends on the number, diameter and
temperature-dependent resistivity of the strands. Our surface coil
used commercially available litz wire and was optimised for use
at 425 kHz and 77 K, but there is scope for further work on the
optimisation of litz coils for other frequencies and temperatures.

The cooled litz coil has been used to image a hand at 0.01 T with
a total imaging time of 14 min. The same SNR could have been
achieved without cooling the coil by additional averaging, but this
would have taken 2 h 6 min.
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