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Abstract

Microcoil probes enclosing sample volumes of 1.2, 3.3, 7.0, and 81 nanoliters are constructed as nuclear magnetic resonance (NMR)
detectors for operation in a 1 tesla permanent magnet. The probes for the three smallest volumes utilize a novel auxiliary tuning inductor
for which the design criteria are given. The signal-to-noise ratio (SNR) and line width of water samples are measured. Based on the mea-
sured DC resistance of the microcoils, together with the calculated radio frequency (RF) resistance of the tuning inductor, the SNR is
calculated and shown to agree with the measured values. The details of the calculations indicate that the auxiliary inductor does not
degrade the NMR probe performance. The diameter of the wire used to construct the microcoils is shown to affect the signal line widths.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Microcoil; SNR; Permanent magnet
1. Introduction

A variety of experiments in nuclear magnetic resonance
(NMR) benefit from the miniaturization of the detector
coil. When samples are mass-limited, reducing the detec-
tion volume to match the sample size offers enhanced sig-
nal-to-noise ratio (SNR) performance, and significant
efforts have been undertaken to perfect high-resolution
spectroscopy in very small coils [1–9]. The integration of
NMR with separation techniques such as liquid chroma-
tography (e.g., [10]) or capillary electrophoresis [11,12] pro-
ceeds more naturally when the NMR detection volume can
be made compatible with the very small sample volumes
and fluid handling tubing typical of the separation step.
Researchers have also sought the integration of NMR with
microfluidic lab-on-a-chip devices, in which case the NMR
detector coil is often formed in a lithographic-type process
[13,14]. Very small coils have also been recognized as
potential platforms for studying or imaging extremely
small objects, even single cells [15–19]. All of the above
applications are typically implemented on traditional,
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high-field superconducting NMR magnets. The small size
of a microcoil detector also offers a different opportunity:
the miniaturization of the magnet (and indeed the entire
NMR apparatus) [20–23] and the application of NMR out-
side the confines of the traditional NMR research lab. Pro-
gress has been made in developing NMR detectors and
systems that could find their way onto the factory floor
or could be readily transported to where they are needed
(e.g., [24,25]).

A fully miniaturized NMR device would be based on a
very small permanent magnet. Modern permanent magnet
designs [26] result in compact (<1000 cm3), lightweight
(<10 kg) devices with negligible fringe fields. However,
the relatively low-field (1–2 tesla) of the permanent magnet
presents a number of challenges. First, the signal-to-noise-
ratio (SNR) in NMR is usually proportional to
x7=4

0 ¼ ðcB0Þ7=4, where x0 is the NMR frequency and B0

is the field strength [27]. SNR is already at a premium for
micro-scale sample volumes, so detector circuits and elec-
tronics must be optimally efficient. Second, at low frequen-
cies the electrical skin depth is no longer small compared to
wire diameters, a regime in which optimal NMR SNR per-
formance has not been explored experimentally, to our
knowledge. Third, a low field and correspondingly low
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NMR frequency presents a new challenge for microcoil
developers: the construction of an electrically resonant
LC probe circuit from the very-low-inductance sample coil.
We have recently proposed and implemented [28] a solu-
tion to this problem that introduces a large, fixed-value,
auxiliary inductor to eliminate the need for a very large
tuning capacitance, which would be awkward to use and
would be inconsistent with the design goals of a practical
compact system. Understanding and meeting the particular
challenges of operating very small NMR detector coils in
low-field permanent magnets is a crucial step toward the
realization of very small, simple, and inexpensive NMR
systems that are capable enough to enable new
applications.

Our initial results in the development of such systems
[28] indicate that performing NMR using micro-scale coils
in compact permanent magnets will be feasible. For a
264 nL sample volume (400 lm diameter, 2.1 mm long cyl-
inder of water) we achieved a single shot SNR of 137 and a
line width of 2.5 Hz (56 ppb). However, a number of ques-
tions remain after these first measurements. Our first coil
was manufactured by a novel but complicated process
(focused ion beam milling) which is incompatible with
the rapid fabrication of inexpensive sensors. Development
of a simpler coil manufacturing technique that achieves
high SNR and line width performance is required. Our first
coil had a large resistance and hence sub-optimal SNR per-
formance. Improvements in the SNR performance should
be made, as these will allow reductions in sample volume
and aid further miniaturization. Although our novel tuning
circuit produced an adequate signal, we need to confirm
that it does not degrade SNR.

In this study, we measure and analyze the performance
of a series of very small copper wire-wound coils of various
sizes. We describe our methods for constructing the coils
and detector circuits, including a method for designing
appropriate auxiliary inductors. We demonstrate that the
SNR performance of our detectors can be accurately calcu-
lated (without adjustable parameters) and that the auxil-
iary inductors enhance the implementation of microcoil
detectors without degrading their performance. We use
the quantitative understanding of the SNR performance
of our initial set of detectors to discuss the design of an
improved detector.

2. Construction methods

2.1. Winding coils

As our goal is to construct small portable NMR systems
at reasonable cost, we seek a method for manufacturing
microcoils that is significantly simpler than the focused
ion beam techniques used to construct the coil for our first
experiments. The classic coil construction method is
‘‘hand-winding’’ using standard (usually enameled) wires.
A simple gear-synchronized device for accurately winding
very small coils on pulled pipette tips has been previously
described [17]. The main requirements of any such device
are methods for holding the sample tube and rotating it
and for controlling the position of the very fine wire as it
is taken up on the tube. We find that these requirements
are readily met through the use of a miniature lathe [Micro
Lathe II, Taig Tools, Chandler, AZ] in conjunction with
optical fiber chucks [Newport, FPH-S and FPH-J] appro-
priately sized to hold micro-capillary tubes [Vitrocom,
e.g., CV1017]. The tube is mounted to the headstock of
the lathe using the fiber chuck. One end of the wire is taped
to the fiber chuck while the other is taped to a support
whose position is controlled by the saddle and cross-feed
of the lathe. A 7· to 30· dissecting microscope is used to
visually monitor the coils as they are wound by gradually
turning the headstock and repositioning the cross-feed of
the lathe by hand. The capillary tubes are very flexible,
and their deflection while winding aids in maintaining the
proper tension on the wires [typically 50 gauge enameled
copper, California Fine Wire]. When finished, the coil is
secured to the tube using standard five-minute epoxy
(Locktite ‘‘Quick Set’’). With minimal practice, coils can
be wound in about 15 min.

The key to this rapid coil construction lies in our choice
to close-wind our coils. Generally, NMR practitioners
assume that coils should be wound with some space
between the turns [27,29] in order to avoid strong proxim-
ity effects that can increase the high-frequency resistance of
the coil windings, leading to excess electrical noise. How-
ever, we are operating our coils at rather low frequencies,
low enough that the diameter of our wire is only about
2.5· larger than the radio frequency (RF) skin depth. Fur-
thermore, the enamel layer on our wire is about 6 lm thick,
yielding a measured 37 lm turn-to-turn spacing. (The
diameter of 50 gauge bare copper wire is 25 lm.) Under
these conditions, the RF resistance is enhanced over the
DC resistance by 4% due to the skin effect and only an
additional 4–11% due to the proximity effect [1]. On the
other hand, a close-wound coil has the highest possible
pitch and hence the highest signal detection sensitivity.
The high performance of close-wound microcoils has been
demonstrated experimentally [17]; the SNR was found to
be maximal for minimal turn spacing. The practical benefit
of close winding is that it greatly reduces the need to accu-
rately control the wire during coil construction.

We chose our coil lengths to match the tube inner diam-
eter (except for the largest coil) so that the sample volume
aspect ratio is close to unity. This choice is guided by our
goal of detecting single magnetic beads [28]. The ratio of
outer to inner diameter is very similar for the smaller cap-
illary tubes, so that the coils wound on these tubes and the
sample spaces are essentially equivalent up to an overall
scale factor.

2.2. Designing the probe circuit

In our earlier work with microcoils, we introduced the
counterintuitive idea of using a large, fixed-value auxiliary
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inductor in the resonant circuit of the probe. While not
strictly necessary for the ‘‘large’’ (550 lm diameter) coil
in our earlier work, such an auxiliary inductor is a practical
necessity for smaller coils operating at low frequency.
There are at least two benefits of the auxiliary inductor.
Very small sample coils cannot be resonated at the low
operating frequencies typical of permanent magnet based
NMR devices without the use of very high capacitances.
Either a physically large variable capacitor (contrary to
the goal of miniaturization) or a large amount of fixed
capacitance in parallel with a variable capacitor (which
reduces the tuning range, awkward given the field drifts
of permanent magnets) would be required. Furthermore,
it is difficult to construct a resonant circuit for a microcoil
without introducing paths for circulating currents whose
inductances are larger than the branch of the circuit that
contains the microcoil. This is especially true for circuits
that contain more than one tuning capacitor in parallel.
Under such conditions, the circuit as a whole may well res-
onate at the desired frequency, but the current paths in this
resonant mode will largely avoid the branch of the circuit
containing the sample coil. An auxiliary inductor, placed
in series with the microcoil, both forces the resonant cur-
rent to flow through the sample coil and reduces the need
to include numerous capacitors and their multiple, compet-
ing current paths.

The auxiliary inductor raises the Q of the probe circuit.
For high-resistance microcoils, the resulting Q is still
modest (�10–20), rendering the electrical resonance easy
to detect without presenting difficulties with respect to
probe stability or excessive ring-down. As we show below,
the presence of the tuning inductor does not influence the
SNR performance of the NMR detector. Q is changed
without altering SNR, highlighting the fact that Q is
not a fundamental figure of merit for NMR detection
circuits.

Proper design of the auxiliary inductor insures that it
does not degrade the SNR performance of the probe over
what theoretically could be achieved without the auxiliary
inductor. The key idea is that the auxiliary inductor
should not contribute to the resistance of the resonant cir-
cuit. It is stray resistance that degrades the performance
of NMR circuits, not stray inductance [29]. Once the
microcoil has been wound, its RF resistance can be mea-
sured or calculated, and this value serves as the starting
point for auxiliary inductor design. Ideally, the RF resis-
tance of the auxiliary inductor should be much less than
that of the microcoil. If the inductor adds 10% to the cir-
cuit’s RF resistance, the SNR will be reduced by 5%. To
minimize its resistance, the auxiliary inductor is wound
using large diameter wire. For our probes, we typically
choose 14 gauge copper wire (diameter = 1.63 mm). Given
that the current will be carried only at the outer surface of
the wire, we can calculate the longest piece of such wire
(=lwire) consistent with our goal of low resistance. Starting
from the standard approximation for the inductance of a
coil of n turns [27]:
L ¼ n2r2
coil

25lcoil þ 23rcoil

ð1Þ

and substituting the approximate expressions lcoil @ nkdwire

(dwire is the diameter of the wire, and k is usually 1.3 so that
there is a gap from turn to turn) and n @ lwire/(2prcoil), one
can show that the maximum inductance that can be con-
structed from a wire of length lwire is achieved with a coil
of radius:

rcoil ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
25lwirekdwire

46p

r
: ð2Þ

Our microcoils have RF resistances that are typically 0.2–
1.0 X at our operating frequency (44 MHz), and the calcu-
lated auxiliary inductors are conveniently sized (radius 0.3–
0.6 cm, 2–4 turns).

With the auxiliary inductor properly constructed, we
build the remainder of our NMR probe circuit using very
simple techniques. A small rectangle of acrylic sheet (roughly
4 · 3 · 0.7 cm) serves as a mechanical support. Small pieces
of adhesive-backed copper foil are cut and placed on the
acrylic block so that the sample coil, auxiliary inductor,
and tuning and matching capacitors can all be mounted on
the block. The capillary tube on which the sample coil is
wound is glued into two lengths of flexible tubing (we have
used PEEK and Radel) using standard five-minute epoxy.
This structure is in turn glued to the acrylic block so that
the fragile capillary tube is isolated from mechanical shocks
transmitted along the flexible tubing. The auxiliary inductor
and capacitors (Murata Electronics, TZ03 series) are sol-
dered to the copper foil, and the acrylic-block-mounted
module is then installed in a shielded probe body (we have
used cast aluminum boxes, or plastic boxes covered with cop-
per foil). A photograph of one of the detector modules is
shown in Fig. 1. As we show below, these very simple and
crude probe construction techniques yield NMR detectors
that achieve optimal performance.

3. Results

Using the methods described above, we have wound a
series of microcoils of different sizes, as detailed in Table
1. All of these coils were wound with 50 gauge wire. We
designate the capillary size with two numbers, the outer
diameter and inner diameter of the tube, in micrometers.
The length of the coil is calculated from the number of
turns and measured total wire diameter of 37 lm. The sam-
ple volume is calculated from the tube inner diameter and
the coil length. The inductance is calculated using Eq. (1).
The three smallest coils were built into probe circuits that
contained an auxiliary inductor: three turns of 14 gauge
bare copper wire with a 14.5 mm diameter (calculated
inductance 150 nH). The probe circuit for the largest coil
did not employ an auxiliary inductor.

To determine the SNR, we performed a single-pulse
experiment and acquired a single two-channel free induc-
tion decay (FID) signal. For all of our experiments, we
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Fig. 1. The microcoil probe module. The top panel is a schematic
arranged in the same way as the actual circuit. The bottom panel shows
the circuit as mounted on an acrylic block. The microcoil itself is in the
lower middle of the picture, centered over a round hole in the acrylic. The
capillary tube (330 lm OD, 200 lm ID) is glued into the two sections of
flexible tubing which exit the picture to the right and left, and are glued to
the acrylic block. The three turn auxiliary inductor is at the upper right.
The two round objects with crosses at their centers are the matching and
tuning capacitors, respectively.
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used a 1.04 tesla permanent magnet with a 5 cm clear gap
equipped with linear gradient/shim coils. This is hardly a
portable magnet; however it has the same field as our
0.6 kg 1 tesla magnet, and the much larger gap facilitates
rapid detector prototyping. The NMR console was a com-
pact imaging system from MR Technology (Japan). The
pre-amp (Digital Signal Technology, Japan, model
LNA1-42.58M) has a noise figure specified as <1.5 dB
and a 50 dB gain. The sample fluid was Magnevist(Gd)-
doped water (T1 � 430 ms) delivered by syringe though
the tubing attached to the capillary. To determine the
SNR, the detected signal was corrected for baseline offset
and then mathematically adjusted to be on resonance with
all of the signal power in one of the channels. The resulting
‘‘on-resonance’’ FIDs are shown in Fig. 2. The noise value
Table 1
Microcoil probe parameters

Capillary OD/ID (lm) Turns Length (lm) Calculated in

170/100 4 148 3
250/150 5 185 7
330/200 6 222 13
550/400 17.5 648 120
was taken to be the standard deviation of the data in the
baseline region, the last 50% or so of the data set. The sig-
nal was determined by extrapolating the FID back to zero
time. Extrapolation was necessary because our narrow
bandwidth filters ring for a significant time after the RF
pulse. (Our console, designed for imaging, is not optimized
for operation at our narrow bandwidths and is not
equipped with a adjustable receiver muting circuit.) The
measured SNR values are given in Table 2 and have an
estimated uncertainty of 10%, which comes from both the
extrapolation and from the uncertainty in the standard
deviation of the baseline data. When empty of fluid, the
coils generated no detectable NMR signal.

We calibrated the overall spectrometer gain by driving
the transmit/receive switch input of the console with a
�130 dBm signal from a HP8640B RF source. The noise
we detect from our probe corresponded to �145.3 dBm
at the input to the console, 1.7 dB above the expected ther-
mal noise from a 50 X resistor at room temperature (in a
band width of 500 Hz). We attribute the 1.7 dB of excess
noise to our preamp; our noise measurements are therefore
20% higher than the noise actually produced by our probe.
We have multiplied our measured SNR values by 1.2 to
correct for this excess noise.

The minimum achieved line width (FWHM of a
Lorentzian fit to the Fourier Transform of FID data) is
also given in Table 2. The probe was carefully positioned
in the most homogeneous location in the magnet, and the
linear shims were adjusted to maximize the lifetime of the
FID (and optimize its shape). The shims typically provided
a 2–5-fold reduction in the line width. The line widths
reported in Table 2 are the narrowest we achieved, and
the resonance peaks are displayed in Fig. 3. Typically, care-
ful placement of each probe into the same position in the
magnet allowed the line width to be reproduced to within
20%. The FID data were time shifted by 28, 10, 10, and
6 ms (smallest coil to largest) in order to avoid distortions
due to filter ringing. Transforming without the time shifts
gave the same line width values; the lines are well-fit by
Lorentzian peaks. Deionized water was used as the sample
fluid to avoid lifetime broadening. Hence, the FID data
used to determine minimum line widths were not the same
as those used to determine maximum SNR.

The DC resistance of the microcoils, given in Table 2,
was measured with a benchtop DMM (Fluke 8840 A/AF)
operating in two-wire mode. The resistance of the microcoil
together with the leads connecting it to the rest of the probe
circuit was measured. The DMM lead resistance of
0.040 ± 0.005 X was subtracted from the measured values,
ductance (nH) Sample diameter (lm) Sample volume (nL)

100 1.2
150 3.3
200 7.0
400 81



Fig. 2. Single-shot FIDs from each of the four microcoil probes described
in Table 1. The complex time domain data were frequency- and phase-
shifted so that all of the signal appears in the real-part of the data set,
which is plotted here. The zero of the vertical axis is indicated by the
horizontal line in each panel. The receiver bandwidth was ±250 Hz for all
probes. The SNR value was determined from the extrapolation of the
signal-to zero time (as indicated by the arrows) and the rms value of the
variations in the baseline.
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Fig. 3. The best line shapes observed in each of the four microcoil probes
described in Table 1. The spectra shown are the Fourier Transforms of
single FIDs (i.e., no signal averaging). These were not the same FIDs as
shown in Fig. 2. To avoid the influence of distortions of the early-time
data due to filter ringing, the FIDs were time shifted before transforma-
tion. No zero-filling or apodization methods were applied. The resonance
frequency was 44.4 MHz. (The spectrum for the 330/200 probe has higher
resolution because twice as many data points were acquired for this probe,
giving a two-fold increase in the length of the data acquisition window.)
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which have an overall uncertainty of about 0.01 X. The
right-most column in Table 2 gives the RF power required
to produce the 100 ls p/2 pulse in our experiments. This
power was determined by measuring the peak-to-peak volt-
age of the pulse seen by the probe circuit by routing this
pulse to a 50 X-terminated oscilloscope. The uncertainty
in the measurement comes from the roughly ±10% uncer-
tainty of reading the oscilloscope screen.
4. Discussion

4.1. Comparison to original microcoil results

We have achieved an SNR of 485 ± 50 with the 50 gauge
wire-wound 550/400 microcoil using a detection bandwidth
of ±250 Hz. To facilitate comparison to our previous
focused ion beam (FIB) coil result, we re-analyzed the previ-
ous data using the method described above. (Henceforth, we
Table 2
Measured performance and resistance of microcoils

Probe Observed SNR
(±10%)

Detector bandwidth
(Hertz)

SNR/p
Hz

170/100 10.3 ±250 0.46
250/150 46 ±250 2.1
330/200 76 ±250 3.4
550/400 540 ±250 24
refer to this coil as the ‘‘FIB-coil.’’) The re-analyzed SNR
value for the FIB-coil was 38 ± 2 in a detection bandwidth
of ±5000 Hz. At this bandwidth, our wire-wound coil should
give an SNR of 108 ± 12. To account for the different lengths
of the sample volumes, we note that extending our wire-
wound coil to the 2.1 mm length of the FIB-coil would
enclose 3.24· more volume while increasing the resistance
by the same factor. We therefore scale the SNR by

ffiffiffiffiffiffiffiffiffi
3:24
p

and calculate that a wire-wound coil of the same size as the
FIB-coil should yield an SNR of 194 ± 20. Hence, the
wire-wound coil achieved a 5-fold (5.1 ± 0.8) improvement
in SNR performance over the FIB-coil. The DC resistances
of a wire-wound coil that is the same length as the FIB-coil
would be 5.22 X, compared with the 5.42 X of the FIB coil.
The pitch of the wire-wound coil is two times finer than the
FIB-coil. These two differences account for a factor of two
improvement in the SNR. The FIB-coil’s probe circuit con-
tained other sources of resistive losses, including the 45 cm
quarterwave cable and the long (10 cm) leads between com-
ponents in the two shielded boxes. These resistances are elim-
inated in the present design, which helps account for the
observed 5-fold improvement in SNR.

In our previous paper [28], we speculated that the
narrow line achieved in the FIB-coil was due to the high
Line width (Hertz)
(±10%)

Resistance (X)
(±0.01 X)

Power (lW)
(±15%)

1.5 0.43 7.6
1.5 0.44 14
2.8 0.57 20
5 1.61 25
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cylindrical symmetry of that coil. Due to the following
experiments, we now believe that the main influence on line
width is the amount of copper in the coil winding, rather
than its detailed geometry.

Before winding the 550/400 coil described in Table 1, we
wound a 20 turn coil with 40 gauge enameled copper wire
on a 550/400 tube. This coil was 1.5 mm long and con-
tained a sample volume of about 190 nL. The turn–turn
spacing was �80 microns, nearly the same as the FIB-coil,
while the volume was about 3/4 of the FIB-coil’s sample
volume. However, the narrowest line achieved in this
40 gauge probe was 1 ppm, nearly 20· worse than the
FIB-coil. Since a narrower line had been achieved over a
larger sample volume in the FIB-coil, homogeneity of the
background magnetic field could be ruled out as a factor
limiting the line width. A series of modifications were made
to this 40 gauge probe in order to ascertain the source of
the excess line broadening. Guided by the original FIB-coil
probe, in which no piece of the probe circuitry or support
structure came within 3 mm of the sample volume, new ver-
sions of the 40 gauge probe were constructed in which the
support structures, electrical circuitry, and fluid handling
tubing were all moved well away from the sample volume;
no improvement in the line width was observed. The final
modification was to replace the 40 gauge with 50 gauge
wire. This 50 gauge coil achieved the much smaller line
width given in Table 2.

The 550/400 coil wound with 50 gauge wire yielded a
line width a factor of two worse than our original FIB-coil
result, while the 40 gauge coil was a factor of 10 worse than
the 50 gauge coil. These line width differences correlate
very well with the cross-sectional areas of the wires in each
of the these coils, 4900, 490, and 325 lm2 for the 40,
50 gauge, and FIB-coils, respectively. (The wire-wound
coils were copper. The FIB coil was gold, 3· more diamag-
netic than copper, over a very thin chromium layer, which
would compensate for the gold to some extent.) Due to the
skin-depth effect, only the outer surface of the 40 gauge
wire carries current (the ‘‘effective area’’ is 250 lm2), so
most of the copper in that wire is ‘‘wasted.’’ This excess
copper, although it would not affect the SNR performance
of the coil [1], affects the homogeneity of the field in the
sample volume. It appears that the presence of copper near
the sample volume should be minimized in order to achieve
the highest resolution, indicating that wires much larger
than the skin depth should be avoided. Of course, suscep-
tibility matching techniques [3,6] may be employed to over-
come the distortions of the field due to the wires, but these
would complicate our device.
Table 3
Calculated resistance and SNR performance of microcoil probes

Capillary RDC (X) Skin depth factor Proximity factor RRF (X)

170/100 0.43 0.040 0.039 0.45
250/150 0.44 0.040 0.044 0.47
330/200 0.57 0.040 0.050 0.61
550/400 1.61 0.040 0.114 1.82
4.2. Performance of smaller coils

As shown in Table 2, the resolution achieved in the three
smallest coils is extremely good, approaching 30 ppb using
only linear shims. Furthermore, the SNR is high enough
that the FID is visible in a single shot, even in the smallest
coil’s �1 nL volume. It is clear that our probe circuit design
and simple, fast, inexpensive construction methods pro-
duce useable NMR detectors. However, we may ask if
these detectors are performing optimally.

The SNR value we expect from these coils and probe cir-
cuits can be calculated using [29]

SNR ¼ k0ðB1=iÞtsNc�h2IðIþ 1Þx2
0=3kBTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBTRDf
p ð3Þ

Note that reference [1] has an extra factor of
ffiffiffi
2
p

in the
denominator. k0 is a constant that accounts for geometric
effects associated with irregularity of the B1 field produced
by the finite solenoid as well as non-uniform excitation of
the spins in the sample volume, vs. (B1/i) is the efficiency
of the coil in generating B1, and for a solenoid it has the
value l0n, where l0 = 4p · 10�7 Tm/A and n is the turns
per unit length. N = 6.7 · 1028/m3 the number density of
hydrogen nuclei in our water samples, c = 2.675 · 108 radi-
ans/s/T is the gyromagnetic ratio for hydrogen nuclei,
I = 1/2 for hydrogen, x0 = 2.78 · 108 radians/s for hydro-
gen nuclei in our field, T = 297 K, R the high frequency
resistance of the LC resonant circuit, and Df the detection
bandwidth. k0 is the only parameter that cannot be mea-
sured or calculated easily. It should have a value close to
but less than 1.0, and should not differ substantially for
our probes because they all have similar coil and sample
geometries. Our detectors differ mainly in their sample vol-
umes and resistances.

To calculate the expected SNR, we need to know the RF
resistances of each element of the LC resonant circuit. The
other parts of the probe, including the matching capacitor,
the connections to ground, etc., play a much smaller role in
contributing to losses in the circuit because the currents
flowing in these sections of the probe are much smaller
than in the resonant loop itself. We can calculate the resis-
tances for each element of the resonant circuit by measur-
ing their physical dimensions and considering that current
will only flow in the region within a skin depth (10 lm in
copper at our frequency) of the surface. For the 50 gauge
wire, we measure the DC resistance of the microcoil and
its leads; this value is given in Table 2 and repeated in
the 2nd column of Table 3 for convenience. We convert this
Auxiliary inductor (X) Total (X) Calculated SNR (k0 = 1) k0

0.047 0.50 13 0.57
0.047 0.52 36 0.92
0.047 0.66 67 0.80
None 1.82 474 0.81
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DC resistance to a calculated RF resistance by using Figs. 2
and 4 in Peck et al. [1]. The RF resistance of the leads is
raised by the skin depth effect, the strength of which may
be found using Fig. 2 of Peck et al. The factional enhance-
ment to the DC resistance is about 4% for our coils, as
shown in the third column of our Table 3. For the wires
in a coil, the proximity effect also plays a role. The strength
of the proximity effect depends on the number of turns and
the coil aspect ratio, and can be calculated using Figs. 2
and 4 in Peck et al. The 4th column in our Table 3 gives
the fractional enhancement to the DC resistance due to
the proximity effect in each of our coils. The 5th column
in our table is the total RF resistance, calculated by apply-
ing the enhancement factors to the measured DC resis-
tance, with the proximity effect applied only to the
fraction of the wire length in the microcoils. The calculated
RF resistance of the auxiliary inductor is given in the 6th
column, and the total RF resistance of the LC circuit is
given in the 7th. We find that the copper foil and the tuning
capacitors contribute negligibly to the resistive losses.

One is faced with a number of definitional questions in
linking measurements of absolute SNR to the theory
[30,31]. Johnson’s measurements were single-channel inco-
herent measurements of sub-megahertz voltage signals.
Our NMR spectrometer processes the signal from the
NMR coil to yield two channels of voltage data, each
derived from a coherent combining of the NMR voltage
signal with a local oscillator. In order to make the most
direct connection with the older measurements, we process
our two-channel signals by frequency– and phase–shifting
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Fig. 4. Calculated SNR versus measured SNR. The calculations were
made using Eq. (2) and setting the one unknown parameter, k0, to unity.
The uncertainties in the calculated values come from the 10% uncertainties
in the measured DC resistances upon which the calculations are based.
The uncertainties in the measured values are estimated from the
uncertainty of the extrapolation of the FID data to zero time and the
uncertainty in the rms value of the baseline.
them so that the entire signal appears in one of the chan-
nels. From this point forward, we treat this single channel
as our entire signal, measuring the signal level from its
amplitude at zero time and calculating the noise as the
standard deviation of the values in the baseline, as
described earlier.

A second consideration applies to the definition of the
bandwidth Df. In Nyquist’s treatment, the rms voltage
noise is white (that is, it has equal powers in every fre-
quency interval Df). The number 4 in the denominator of
Eq. (3) is appropriate for an ideal filter that passes (without
any weighting) only frequencies within the bandwidth Df

and excludes all others. Our filters are eighth order, so they
closely approximate the ideal filter. For a detector band-
width of ±250 Hz, Df = 500 Hz.

Table 3 gives the calculated values of SNR assuming
k0 = 1. A graphical comparison between the calculated
and measured (and corrected) values is given in Fig. 4.
The solid line corresponds to complete agreement
(y = x). We determine experimental values for k0 by tak-
ing the ratio of measured and calculated values. These
values of k0 are given in the last column of Table 3.
These values lie between 0.57 and 0.92, with an uncer-
tainty of �15%. These values are consistent with the
homogeneity of the RF magnetic field expected in short
solenoids such as ours.

It is also possible to relate the SNR performance of the
system to its characteristics in transmit mode [29]. If the
current i that gives rise to B1 flows through the resistance
R responsible for the loss, then the power dissipated is
P ¼ 1=2i2

peakR and Eq. (3) may be recast in the form:

P ¼ 1

2

Ak0tsB1

SNR

� �2

ð4Þ

with A = 3.27 · 1014 watt1/2 m�3 T�1 (for Df = 500 Hz). A
100 ls p/2 pulse corresponds to BRF = 0.59 G =
5.9 · 10�5 T. NMR measurements of BRF pick out only
half of the linear field, since only the component rotating
in the direction of the precession contributes. Hence,
B1 = 2BRF. Using Eq. (4), the sample volumes ms from Ta-
ble 1, the measured k0 values from Table 3, and the mea-
sured SNR values from Table 2, we calculate expected
RF power requirements of 3.0, 3.1, 4.0, and 10 lW for
our four probes. The calculated values, although the same
order of magnitude as the measured values given in Table
2, are all lower. We do not currently have a explanation
for this.

Table 3 shows that our auxiliary inductor does not
decrease the SNR performance unacceptably. We see that
in the probes tested, the auxiliary inductor accounts for
about 10% of the resistive losses, leading to a 5% decrease
in the SNR that might be achieved without it. Removing
the inductor therefore will not make a very large improve-
ment in the SNR performance of these probes. However,
without the auxiliary inductor, the probe circuit will be
much more difficult to construct and operate.



Table 4
Contributions to the resistive losses in the microcoil probe circuits

Capillary (X) Microcoil (X) Leads (X) Total (X) ‘‘Measured’’ total (X) Auxiliary inductor (X)

170/100 0.097 0.35 0.44 0.45 0.047
250/150 0.17 0.22 0.39 0.47 0.047
330/200 0.26 0.29 0.55 0.61 0.047
550/400 1.29 0.31 1.60 1.82 None
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4.3. Building and testing a better probe

The agreement between the observed and calculated
SNR in our first set of probes indicates that we have a good
quantitative understanding of the factors contributing to
the SNR performance. We now ask if we can improve
the SNR.

This is equivalent to asking if there are stray resis-
tances that can be removed. The first set of coils had
rather long connections between the microcoils themselves
and the remainder of the probe circuit, in order to avoid
the homogeneity-degrading effects of large conductors too
near the sample. Since these connections are made with
the narrow gauge wire, they contribute substantially to
the resistance (and hence noise) in our detector, without
contributing signal. We have measured the lead lengths
of our coils and then used the results of Peck et al. [1]
to calculate the separate contributions of the microcoils
and the leads to the resistance of the LC circuit. The val-
ues are given in the 2nd and 3rd columns of Table 4. The
4th column gives the total calculated RF resistance of the
coil and its leads, while the 5th column gives the value of
this same quantity that we calculated based on the mea-
sured DC resistance (see Table 3). The last column gives
the calculated RF resistance of the auxiliary inductor, also
from Table 3.

Table 4 indicates that we should build probes with
shorter leads in order to achieve higher SNR performance.
Shortening the leads requires that we bring larger conduc-
tors closer to the sample volume. Given our experience
with the 40 gauge wire and the 550/400 coil, we expect that
we will eventually degrade the resolution as larger amounts
of copper are placed closer to the sample volume. A com-
promise between resolution and SNR, informed by the
requirements of the measurements to be performed, will
govern the optimization of the probe circuit design. Work
toward finding the best compromise is underway.
5. Conclusions

We have shown that very small microcoils can readily be
operated as NMR detectors in the low magnetic fields of
permanent magnets, a new size and frequency regime for
miniaturized NMR detectors. The close agreement in the
measured SNR and the values calculated based on a
detailed analysis of the sources of resistive losses in our
NMR probes indicate that the very simple construction
methods we employ yield nearly optimal probes. In
particular, the SNR performance confirms that our novel
auxiliary ‘‘tuning’’ inductor does not degrade SNR perfor-
mance. The detailed analysis of the resistive losses also
points the way toward available improvements in SNR per-
formance: reduction of the leads connecting the microcoil
to the remainder of the probe circuit. However, reduction
of these lead lengths must respect the fact that bringing
more metal closer to the sample volume can readily
degrade the field homogeneity. The understanding of probe
performance will also guide the full miniaturization of the
probe circuit, necessary to fit the NMR detector coil into
our 5 mm gap permanent magnet.
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