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1 INTRODUCTION

From the early days of NMR, the word probe (or probe-head) has been used to refer to the com-
plete piece of equipment intimately associated with the sample (except the sample tube). For the simplest
experiments, the probe consists of the mechanical structure required to hold the sample in the ‘sweet spot’
of the magnet, a coil surrounding the sample, a tuning capacitor, and an rf transmission line. However,
most chemical problems of interest require control over the sample environment (temperature, electro-
magnetic irradiation, field gradients, pressure, orientation, and rotation), and apparatus associated directly
therewith becomes a part of the NMR probe.

The modern NMR probe is a complex piece of apparatus designed to accommodate all of the en-
vironmental requirements of the NMR experiment. The radiofrequency (rf) portion often includes (a) an
rf ‘observe’ channel optimized for highest signal-to-noise-ratio (SNR, or S/N, also called sensitivity) at
the X-nucleus frequency, (b) a less efficient rf channel for heteronuclear decoupling (usually 'H, except
for indirect detection), and (c) another low-efficiency channel for magnetic field lock (usually *H). Vari-
able temperature (VT) control is achieved with a resistive heater in a gas stream that flows over the sam-
ple. In high-resolution liquids probes, slow sample spinning (10-200 revolutions per second, Hz) about
the By axis to average out azimuthal inhomogeneity in By is usually accomplished with a pneumatic sys-
tem external to the probe, but high-speed sample spinning apparatus (200-50,000 Hz) for solids averaging
techniques is an integral part of a solids probe.

One of the most demanding technical aspects of liquids probes is the requirement of extremely
high B, field homogeneity (often better than one part per billion), but sometimes it is advantageous to be
able to deliberately spoil the field homogeneity over precise time periods by applying field gradients.
When very high gradients and fast switching are required, as in diffusion measurements or some micros-
copy magnetic resonance imaging (MRI), the gradient coils must be as small as possible and incorporated
into the probe. However, for most MRI work, especially with samples larger than 40 mm, the gradient
coils are external to the probe.

Another challenging technical requirement is often that of minimizing NMR background signals
from construction materials that contain trace amounts of the nuclide of interest, particularly for highly
sensitive proton (‘H) experiments. Other technical complications may stem from provisions for optical or
microwave irradiation and operation at extreme temperatures. Automatic sample eject/load capability has
been standard for more than three decades in liquids probes, and it is recently becoming available in sol-
ids probes. Addressing the often conflicting requirements of high sensitivity, high resolution, large spec-
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tral bandwidth, low background signals, wide VT range, high-speed sample spinning, high-power de-
coupling, auto-sample exchange, and pulsed field gradients requires careful attention to a number of prob-
lems in materials science, physics, electrical engineering, and mechanical engineering.

The progress in increasing the performance of NMR probes over the past decade has exceeded
the earlier expectations of many. The most significant, generally applicable contribution to increasing
S/N in the past decade has been the introduction of cryoprobes (for liquid samples) in which the sample
coil and capacitors are cooled to about 25 K while the sample may be near room temperature. Undoubt-
edly, significant advances in NMR probe technology will continue for quite some time.

2 GENERAL CLASSES OF NMR PROBES
2.1 Liquids Probes

Approximately 80% of NMR experiments are performed on high-resolution liquids probes de-
signed for samples in axially aligned glass tubes in superconducting magnets using saddle-shaped rf coils
or slotted resonators for signal reception.” They are often required to achieve spectral resolution of about
one part per billion,? ® perhaps on slowly spinning samples. A small fraction of their usage has been for
in vivo experiments on small living animals or ex Vivo or in Vvitro experiments on surgically removed tis-
sues kept alive for short periods of time by perfusion with nutrients in saline solutions furnished by a flow
system in the probe. Most multinuclear liquids probes prior to the early 1990s provided proton decoup-
ling with multinuclear observe and deuterium lock, but since then the majority have been designed for
inverse experiments (proton detection with X-nucleus decoupling). At present, high-resolution liquids
probes are commercially available for experiments from -180°C to +500°C.

Most liquids probes today are supplied with a B, gradient coil, which is beneficial for measure-
ment of diffusion coefficients, for solvent suppression, or for selection of specific coherences.* Their us-
age has grown rapidly in the past decade, especially because of the time savings they provide in two-
dimensional NMR. Usually, this coil is capable of producing a gradient only along the z axis and of
rather high magnitude. Such probes are often denoted Pulsed Field Gradient (PFG) probes.

Recently, cryogenic cooling of the sample coil and the critical capacitors in Cryoprobes have
yielded S/N gains of up to a factor of four for low-loss samples near room temperature.” Most of these
probes have utilized magnetically compensated aluminum-foil coils, cooled to about 25 K, as high-
temperature superconductors (HTS) have presented numerous challenges, especially in resolution, that
outweigh any advantage in conductivity compared to cold, high-purity aluminum. Cryoprobes, like their
conventional predecessors, are available for triple resonance experiments with gradient coils at fields up
to 21 T. (See also Probes for High Resolution.)

2.2 Solids Probes

The original (and simplest) probe for NMR of solid samples is the wideline probe, which is nor-
mally characterized as being able to generate 90° pulse lengths less than 3 ps (spectral excitation band-
widths greater than 80 kHz), sometimes by withstanding peak rf coil voltages in excess of 3 kV. Often
they are double-tuned (DT) to permit cross polarization (CP) with high-power decoupling for increased
sensitivity and resolution. Proton decoupling in solids often requires rf field strengths in the range of 50-
150 kHz, an order of magnitude higher than normally possible in liquids probes, and this leads to severe
rf heating of the sample in high-field magnets unless special ultra-low-E-field coils are used.’

Most solids probes today include high-speed Magic Angle Spinning (MAS) of the sample, pri-
marily for line narrowing of spin-1/2 nuclei ’ and for removing broadening from bulk susceptibility varia-
tions in inhomogeneous semi-solid systems such as tissues. Rotational rates in the range of 2000 to 7000
“Hz” (revolutions per second) are generally sufficient for the mobile components in semi-solids, but spin-
ning rates up to 70 kHz are needed for improved narrowing of 'H lines in some solids. High-speed sam-
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ple spinning technology has advanced steadily over the past two decades, and 4 mm silicon-nitride rotors
are now routinely and safely spinning over 26 kHz with samples of moderate density.

Dynamic Angle Spinning (DAS) and Double Rotation (DOR) have been provided for quadrupo-
lar nuclei, though these techniques have largely been supplanted with high-power multi-pulse techniques.
When sufficiently large single crystals of the sample can be grown, high-resolution spectra and the
chemical shift tensor can be obtained using a single-crystal probe that includes a suitable goniometer and
crystal orientation mechanism. (See also Solid State NMR Probe Design.)

2.3 Microimaging Probes, Coils, Resonators, Platforms, and Modules

Microimaging (UMRI) probes began very much like conventional liquids probes with the addition
of a 3-axis gradient coil. Nowadays, most microimaging is done in horizontial-bore magnets, as the vast
majority of the applications involve small animals, and their handling is much easier in the horizontal
bore. The 3-axis gradient coil is considerably more complex and expensive that the rf “coil”, so there is
strong motivation to use a single-size gradient coil with a variety of interchangeable, specialized rf coils,
especially in horizontal-bore magnets.

The MRI 1f “coil” seldom bears any resemblance to a coil in the original sense of this word, but
the name survives from historic origins, as the first rf detectors were solenoidal coils. Today, most MRI
rf resonators are birdcages ® or modified, segmented saddle coils,® often with paralleled conductor foil
paths with insulated cross-overs, known as “litz coils”, from analogy to litz wire.!> The combination of
the rf resonator and animal handling apparatus is often called a “platform” if it is a rather open structure,
or a “module” if mostly enclosed, but both are also known simply as “coils” to many users and “probes”
to others. Microscopy in vivo probes often include surface coils for improved localized signal reception.
Phased Arrays, which have been widely used for more than a decade in whole-body MR, are also begin-
ning to find applications in pMRL™ and cryogenically cooled MRI surface coils are beginning to be
evaluated for mouse brain.*? (See also Radiofrequency Systems and Coils for MRl & MRS, and Surface
and Other Local Coils for In Vivo Studies.)

3 HISTORICAL PERSPECTIVE ON NMR PROBES

Through the late 1960's ‘NMR’ implied ‘proton NMR of liquids’ unless specifically stated other-
wise, and multinuclear probes were unheard of. There was a rather widespread misconception that sensi-
tivity increased linearly with coil inductance, even though the early classic treatments.’ * were sound.
High-inductance solenoids (1-50 uH, compared to 30-200 nH for modern probes) wound around the sam-
ple tube could be used for efficient reception in the transverse field of the electromagnet, and audio field-
modulation coils were needed to shift the detection frequency above the 1/v noise region of the phase-
sensitive video detector. The orthogonal Helmholtz transmit coils could be driven with low-power
(milliwatt) oscillators for most continuous wave (CW) techniques, and the transmit/receive coils were
carefully isolated using Faraday shields and tuning paddles. Since low-impedance preamplifiers with low
noise figures were not available, it was best to include the first stage of the preamplifier in the probe and
match it (usually 300-2000 Q) directly to the receive coil.

Although many time domain pulsed NMR experiments were performed in the first two decades of
NMR for relaxation studies, the explosion of NMR techniques awaited the application of Fourier Trans-
form (FT) by Richard Ernst in 1966 to the time domain data to obtain the complete frequency domain
spectra in a single free induction decay (FID). The increase in sensitivity was comparable to the ratio of
the total spectral width to the narrowest line in the spectrum - often two or three orders of magnitude.* *°
(See also Fourier Transform Spectroscopy.)

Field shimming (homogenizing) was extremely crude and tedious prior to Golay's development
of the theory and practice of orthogonal shim coils.!” (The name comes from the original homogenization
technique of placing small pieces of metal foil, shims, under the edges of the magnet pole caps.) With the
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advent of FT NMR came more incentive to obtain higher resolution because of its dramatic impact on
sensitivity. Ultra-high purity (99.999%) copper receive coils with precision magnetic compensation *°
and Varian's sample spinner mounted on top of the probe quickly became standard. An external lock em-
ploying a sealed sample and separate coil (usually tuned to '°F or *H) beside the sample coil was used to
stabilize the field."® (See also Shimming of Superconducting Magnets.)

The probe rf circuitry was also quickly impacted by FT NMR. To excite the entire spectral width
with large Helmholtz coils at 60 MHz required 10-100 watts and generated several kilovolts across the
coil, so impedance matching to the transmit circuit became important. The increase in sensitivity from FT
NMR opened up the field of multinuclear NMR, especially °C and *'P.*® The advantages in resolution
and sensitivity provided by proton decoupling required double resonance circuits, which made it more
difficult to use separate transmit/receive coils, and double-tuned single-coil circuits with transmit/receive
duplexers began to appear.”® It is fair to say that modern NMR probe technology was ushered in by
David Hoult in 1976 with his transparent analysis of SNR based on the obscure concept of reciprocity.”
Today, separate transmit/receive coils survive only in single-resonance MRI where the high rf homogene-
ity afforded by a large transmit coil is beneficial and small surface coils are optimum for reception.

4 RF ENGINEERING - BASICS

Basic rf engineering has been treated in a number of excellent texts,?? % but the probe engineer
also needs a working understanding of some of the more advanced concepts in electromagnetic field the-
ory.* ® NMR signal reception is different from (and simpler than) antenna theory in that antennas are
designed to receive electromagnetic waves in the far-field limit whereas NMR probes are designed to
sense magnetic fields in the near-field limit. While the rf circuits in NMR probes can usually be ap-
proximated with simple circuits and analyses, the critical importance of the probe to the total spectrometer
performance justifies a level of detailed field and efficiency analysis seldom encountered outside of NMR
probes. At least one text book ?® and a number of articles ® 2 2% have presented excellent treatments of
general NMR probe design issues over the past three decades. A summary of basic NMR probe electron-
ics follows.

4.1 Capacitance

Capacitance (farads) is defined as electric charge per volt (Q/V), and capacitive energy storage is
equal to CV?/2. Stray capacitance can often be estimated to sufficient accuracy from the expression for
the parallel-plate capacitor C,, of area A (m?), separation distance d (m), and dielectric constant Kg,

Kq&oA
C, =42 1
p d ( )
or from the expression for the low-frequency capacitance of a coaxial capacitor 2 of length h, dielectric
outside diameter d,, and dielectric inside diameter d;,

_ 27nkye,(h+d,)

" Ind,/d,) @

where ¢ is the permittivity of free space, 8.84 pF/m. Parallel capacitors add linearly (Cr=C, +C, +...),
while series capacitors add reciprocally (C;'=C['+C;'+..).



4.2 Inductance

The simplest definition of inductance L (henrys) comes from Faraday's law of induction — the
induced voltage divided by the rate of change in current, di/dt. For inductance calculations, the most
practical ‘definition’ follows from the energy equation

U=ifL/2 3)

where U is the total energy in the magnetic field (the integral of B%/24 over all space) and iy is the cur-
rent at the pair of terminals generating the magnetic field B. (We follow popular usage of denoting the
magnetic flux density or induction field B (T) as the ‘magnetic field” and H = B/, as the field intensity
(A/m), where u is the relative permeability of the material.) For all NMR probes, u is always unity. The
permeability of free space 1 equals 4 x 10”7 H/m.

The inductance of the finite, multiturn, single layer rf solenoid of Figure 1 with constant pitch,
integral number of turns, and high surface coverage is given in nH, for dimensions in mm, by the follow-
ing expression:
4n*r*(1-10.2/n)

L = [mixed] (4)

h+1.2r%

Figure 1 A five-turn solenoid

where n is the number of turns (Figure 1 has five turns), h is the overall axial length, and r is the effective
inside radius, which for round wire is approximately equal to the inside coil radius plus 10% of the wire
diameter. The last term in the numerator corrects for the fact that the helix makes the effective coil length
a little less than the overall length. The above expression is usually correct to within several percent for
h/r >0.2. For the loop-gap resonator **! (a single-turn solenoid, also called a split ring), the helix correc-
tion term is dropped, and the coefficient changes to 3.9 to correct for current concentrating at the ends of
the ring. Higher order corrections for multi-turn coils with low surface coverage can be added.

Lead (parasitic) inductance may be estimated by calculating the inductance of a loop-gap resona-
tor having length equal to the diameter of the lead wire and r’=Ac/r, where Ac is the area enclosed by the
loop formed by the leads. Sometimes lead inductance is better estimated from the expression for the in-
ductance L of a coaxial transmission line:

Hoh ¢ d,
Le znmm (5)
Clearly from equation (5), series inductors add like resistors (Lt = L; +L, +...); likewise, parallel inductors
add reciprocally (LT'l =L, T+L,! +...)



4.3 Single Resonance Circuits
4.3.1 Power

Figures 2 and 3 illustrate the basic RLC series and parallel circuits respectively. The losses in the series
RLC circuit of Figure 2 are best represented by the total effective series resistance Rs (from the coil, ca-
pacitor, leads, etc.). For the parallel circuit of Figure 3, the losses may be represented more conveniently
by a total effective parallel resistor R,. In both cases, the basic equations from AC circuits apply for rms
power P and peak power Pp. (Power is assumed to be rms unless denoted otherwise.)

P iRy Ve
2 2 2R

P= (6)

p

Power ratios are often expressed in dB, 10 log(P,/P;), and power is often expressed in dBm, defined as dB
relative to a milliwatt:

dBm = 10 log(1000P) (7

R,

L € Ry

Figure 3 Parallel RLC circuit

In practice, peak-to-peak voltages (2Vp) are usually measured on an oscilloscope, and the meas-
urements are significantly influenced by harmonic distortion, VSWR (Voltage Standing Wave Ratio),
loading, and oscilloscope bandwidth. Most conventional liquids probes are excited with ~100 W pulses
of 10-80 us at the observe frequency at duty cycles below 0.1% while they are driven with ~10 W at the
decouple frequency at duty cycles below 50%. Solids probes typically see LF pulses of 200-400 W with
duty cycles up to 1% while irradiating with HF power of 50-300 W at duty cycles below 30%. Whole-
body MRI probes are usually driven with 1-5 kW at duty cycles below 0.5%.

4.3.2 Resonance

Since charge (q) equals CV and i=dg/dt, a capacitor reaches a steady-state (monochromatic) reac-
tance Xc (analogous to resistance, V/i) of 1/jwC after several RC time-constants, where j is the imaginary

unit, J-1. Likewise, since V=-Ldi/dt, an inductor has time constant L/R and reactance X; =joL. For the
normal high-Q condition, resonance occurs when the inductive reactance X, plus the capacitive reactance
Xc equals zero. (Often the phase is omitted for convenience, but it must be remembered that the voltage
phase in the inductor leads by 90° while in the capacitor it lags by 90° relative to that in the resistor.)
Hence,
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vJLC
At resonance, the series impedance of the series RLC circuit is R; (since Xp + Xc= 0) and the par-
allel impedance of the parallel RLC circuit is R, [since (Xp Xc)/(XL +X¢) = «]. For the isolated (un-

matched) LC circuit with lossless capacitors and a coil of quality factor Qq, the following relationships
are readily derived:

Rp = QoL XL ©)
Rs = XL/QoL = Rp/QOL2 (10)
4.3.3 Matching, Qr, Qr, and Qu

Since X is typically 20-200 Q, Rg is usually less than 1 Q and Rp is generally greater than 2000
Q. For efficient coupling to the transmitter (and preamplifier), the resonant circuit, transmission lines,
preamplifier, and transmitter must all be matched to approximately the same impedance, although mis-
matches of up to a factor of two are often unimportant and deliberate mismatching is sometimes ex-
tremely beneficial.** The most common impedance is 50 Q (except in the television industry, where it is
75 Q). Figures 4 and 5 illustrate two basic methods of impedance matching: shunt inductor and series

capacitor.

r-\C

e

Figure 4 Shunt inductive matching circuit

The inductive matching technique has the advantage of not requiring a second high-voltage ca-
pacitor, but the matching range is limited by the difficulty of adjusting very small inductors. The required

shunt inductor (for R, >> Z,) is
Ly = L; /ﬁ (11)
Ry

where Lt is the total series inductance (Ls +Ly + leads) and Z; is the transmission line characteristic im-
pedance — normally 50 Q. The resonant frequency is calculated from Lt and C. A similar expression
may be derived for shunt capacitive matching.*

The series capacitive matching circuit simplifies multinuclear (broadband) tuning requirements,
as high voltage (HV) variable capacitors are readily available. The required match capacitance (again, for

Rp >> Z;) has reactance Xcv given by
Xem = \/szo (12)

and rms current equal to that in the transmission line, \/P/Z, . In practice, some combination of capaci-

tive and inductive matching is often used, and capacitive voltage division is often employed to reduce the
demands on the matching variable capacitor.*” Properly ‘pruned’ transmission lines can also be used to
transform impedance ** (see also, Probes for Special Purposes).

It is important to be more careful about the definition of Q than has often been the case in the
NMR, MRI, and EPR literature — a factor-of-two matters! The early tradition in these fields was to report
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the isolated Q, for a resonator — i.e., the value obtained with extreme under-coupling, as obtained in the

limit of a very small series match capacitor or a very small shunt match inductor. One can define a Qr for

the isolated tank circuit consisting of a coil with losses according to eq. (10), a capacitor with losses simi-
. 6,33

larly described by Qc, and a sample with losses defined by Qs:
L = L + L + L . (13)
Qr Q¢ Qo Qs

When the tank circuit is impedance matched to a transmitter or preamp, the circuit Q is halved, as
the preamp or transmitter impedance, for the parallel tank case, is transformed to an impedance equal to
Rp and in parallel with it, and similar reasoning applies to the series tank. This matched tank Q is now

customarily denoted Q;, and it is equal to Qr/2. Outside the NMR, MRI, and EPR literature, it has been
customary for quite some time to equate “Q” with Q_:

QL= 0/Awn; =Qr/2, (14)

where Ams is the -3dB width of the S11 response for the matched circuit. Qr is also given by w/Aw,
where Aw; is the -7dB width of the S11 curve for the matched circuit.”® A reflectance bridge may be cali-
brated experimentally for Qr measurement with a 21 Q or a 119 Q load, as these have an S11 of -7dB for
a 50 Q line.”® There is an increasing tendency to report Q; in the NMR and MRI coil literature, and Qy is
sometimes used to refer to Qp for the matched tank without a sample. (Note that Q. no longer means
“sample-loaded Qr”, as it did in the early days.)

For the hi-Q solenoid (heavy wire, high surface-coverage, h~4r), Qo is found to be given ap-
proximately (in mixed units) by

Qu~12ry/f [MHz"”mm] (15)

for frequencies far below self resonance. (The dependence on h/r is rather small.) In practice, Qr is
likely to be about half of the above limit, and the difference between heavy round wire and closely spaced
flat wire is small.®

5 SIGNAL-TO-NOISE RATIO AND B;
51 Magnetization and the NMR Signal

The NMR voltage signal S from a sample with susceptibility y, with nuclear spins precessing at
angle ¢ in magnetic field B, at angular frequency , detected by a coil that generates a circularly polar-
ized (rotating) transverse field B,(r), over the sample volume Vg for current i, may be shown from the
principle of reciprocity % to be

S = xByo

[ sin ¢B, (r)dV (16)
S

Hol

- Cm

=
-
ANV
~
oy
Ayl
[A!
N

Figure 5 Series capacitive matching circuit
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Simply put, the receiver coil need only be analyzed as a B, transmitter. For a uniform B, generated by
current i, immediately following a 90° pulse,

B,oB\V
S = X Oa)-l S (17)
Ho!
The equilibrium magnetization M, is given by ***°
M, = 2B 7L (1, < DB, (s

Ho 3kBTs

where ng is the number of spins at resonance per unit volume, y is the magnetogyric ratio, Iy is the spin
quantum number, Kg is Boltzmann's constant, Tg is the sample temperature, and # = h/2z where h here is
Planck's constant.

5.2 Thermal Noise

The Johnson (thermal) rms noise voltage N from a resistor Rg for filter bandwidth Av (not v/Q)

-.13,14
1S

N = (4R kT, Av)'"? (19)

where T, is the temperature of the resistor. (For Rz =50 Q, N = -168 dBm Hz %) The effective series
resistance of the loaded circuit is often best determined from Xo/Qr. Other noise sources (interference,
triboelectric, spurious, shot, microphonic, radiation, preamplifier) can usually be made negligibly small
with careful engineering.”® We return to the subject of noise in a little more detail after calculating S/N.

The preamp also often adds significant noise, as its noise figure (NF) is often about 1 dB, corre-
sponding to a noise temperature Tp of 75 K.?° This is most easily handled by adding its noise temperature
to the resistor noise temperature in eq. (19).* When the total noise comes from multiple losses at differ-
ent temperatures, the various noise powers add.

53 The Rotating B;

A linearly polarized oscillating magnetic field 2B; (as in a solenoid) may be decomposed into the
sum of two oppositely rotating circularly polarized fields, each of magnitude B;. One of these compo-
nents can be used to drive NMR precession within a bandwidth approximately equal to its magnitude (in
Hz) if it is transverse to By; the other has no effect on NMR precession, as its frequency in the rotating
frame is -2®. From the Biot-Savart law, ?* B, at the center of a solenoid is given by

B, = Hol (20)
2hJ1 + 4(r / h)>

Using equations (3), (6), and (10), it may be shown that U=PQ+ /w; and B, may be expressed as follows
for the infinite solenoid:

1/2
B, = {&QL} (1)

V¢

where V¢ is the coil volume. [Adding the term 1 + 4(r/h)? in the denominator inside the brackets of equa-
tion (20) improves accuracy for short solenoids.]

Saddle coils (commonly, but incorrectly, called Helmholtz coils; ** more properly they could be
called Ginsberg *® or Golay '’ coils) and slotted resonators * ° are better suited for liquids NMR in super-
conducting magnets, as they generate a transverse B, while allowing axial access. Moreover, their axial
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symmetry makes it easier to obtain high B, homogeneity. Their Q is usually about half that of a solenoid
of similar volume, and possibly even lower for orthogonal double resonance operation.

For any coil in which sample dielectric resonances are not significant, average B, in Gauss over
the usable volume may be expressed in mixed units by the following;:

7ePQr

Ve
where fis a dimensionless function of coil geometry, fis in MHz, V¢ is in ml, and 75 is the rf efficiency
— the fraction of power delivered to the rf sample coil and sample.”® The rf efficiency 75 is usually
greater than 0.9 for single-resonance circuits at low fields, but it may be less than 0.2 for triple resonance
at high fields.® The above equation may become slightly more accurate if 7 is defined as the fraction of
power dissipated just in the sample coil and Qg is used in place of Qr, but these parameters are more dif-
ficult to determine accurately, except possibly with well validated full-wave numerical methods. °

(B) = p [mixed] (22)

For very lossy samples, optimum h/r is the largest permitted by space constraints, and £ = V10
for the infinite solenoid. For MAS, the optimum h/r is often ~4, and Sthen is ~2.2 when the coil is at the
magic angle. For saddle coils and slotted resonators, £ ranges from 0.8 to 1.5, depending on surface cov-
erage, subtended angle, and the ratio of height to diameter; and it is typically between 1 and 2 for the
birdcage.®

A magnetic filling factor 7 may be defined by:

[ Brdv

#U

where the integration is over the sample volume Vs. Note that this is the ratio of the energy in the positive
rotating circularly polarized field to the total magnetic energy, and B, is a constant field, not an oscillating
field, a point that has previously caused some confusion.® From equations (3), (10), (22), and (23) comes
a useful relationship:

ny = (23)

B> Vs
=2 24
T 50 Ve @4

There is a simple method for experimentally measuring magnetic filling factor.”> " If a small
metal sphere of volume V), is introduced into a homogeneous circular polarization sample region of vol-

ume Vg, the magnetic filling factor is given simply by:

n, =3V (25)
3f,V,,

where f; is the shift in resonant frequency f,. > The expression is accurate only when the test ball is in a
uniform transverse magnetic field with low electric fields and negligible axial magnetic field. Even with
these caveats, our experience is that the above expression tends to overestimate mean 7; by ~20%.

5.4 SNR

From the above, the SNR from a single 90° pulse with an optimum filter [1/(tAv) = T, , the effec-
tive transverse relaxation time, and Av < 0/21tQL] can be shown to be:

R R e o

T
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A factor of 2 in the denominator arises because S is the initial peak signal voltage that decays with time-
constant T, and N is the rms noise voltage. The numerical coefficient in eq. (26) differs from a previously

published expression by 2 because of the changed definition of Q.. The product of the two bracketed
terms is 6.6E-5 (s/m)*? for protons in water with T, =1 s, Ts=300 K, and (T,+Tp) = 370 K.

A very useful simplification of equation (26) is the following for given NMR conditions (sample,
v, Bo, Ts, T»", method) in probes with sample coils at room temperature and negligible preamp noise:

V
S/N o S 27
790\/E
where 7y is the mean 90° pulse width obtained over sample volume Vs with power P applied to the probe
from the same point where the preamp is connected. However, it is important to note that the above,
which has been called a practical definition of the principle of reciprocity,” is not sufficient in evaluating
either cryoprobes or preamp-decoupled phased-array coils, and it is seldom as simple as inserting

JT, + T, into the denominator of eq (27).*° (See also, Sensitivity of the NMR Experiment.)

55 Minimizing Losses

For small samples, the Qr is usually dominated by coil resistance. However, above 400 MHz it
may be dominated by capacitor losses in many solids and liquids NMR cases unless care is taken in their
selection, and it may be necessary to parallel several low-value capacitors for sufficiently low capacitor
losses. (Qc is usually approximately proportional to C **f ') Very recently, finite element software has
developed to the point that it can accurately calculate surface current distributions and all losses (conduc-
tor surface, sample, radiation, shields, capacitors, etc.) in the most complex coil and sample arrangements
in a reasonable period of time — perhaps several hours. *** This has rendered obsolete much of the earlier
analytical and approximate methods, though many contain valuable insights and data.*®

For large, lossy samples, Qt and T, are dominated by sample losses. Dielectric losses from E
fields in the sample can often be reduced by decreasing the coil inductance and increasing the capaci-
tance,™ as this reduces the so-called conservative electric field, the part that does not come from dB,/dt.

When conservative electric fields are fully minimized, a useful estimate of Qg for cases well be-
low dielectric resonances (i.e., when the product of frequency and sample diameter is below 10 MHz-m)
is given by

32xEV
Qs ~ £V

~——2 C (28)
Hy UEUﬂszSZ

where o is the sample conductivity and & is the mean flux path length in the sample.” (A typical mean
tissue resistivity is ~2 Qm, which is similar to 50 mM saline at high fields.) The above equation is ap-
proximately equivalent to more specific expressions given by Carlson and Macovski. > ** A precise cal-
culation of the power Pg dissipated in the sample is possible using advanced, full-wave software:

P, = [oE%dV (29)

The ratio Qu/QL has frequently been used as a figure-of-merit for coils in MRI, but this has lim-
ited utility when the conservative E field is not fully minimized or when rf fields have substantial magni-
tude in lossy sample material beyond the homogeneous region of interest. Equation (27) provides a much
better figure-of-merit.

The ‘birdcage’ resonator of Edelstein et al. made quadrature coils practical for generating a single
rotating B,.% > Liquids and solids NMR find few applications for quadrature rf coils, often because coil
losses dominate or because of the susceptibility matching challenges in liquids NMR probes. However,
in MRI, when inductive sample losses dominate, quadrature coils offer up to a 40% improvement in SNR.
For an advanced treatment of the birdcage resonator, the reader is referred to the article by Tropp.*® (See



12

also Birdcage and Other High Homogeneity RF Coils for Whole Body Magnetic Resonance, and Ra-
diofrequency Systems & Coils for MRI & MRS.)

6 DOUBLE RESONANCE

Two saddle coils, rotated 90° about the B, axis provide a convenient method of doing double
resonance NMR with good isolation. However, only the innermost coil can have optimum filling factor,
and sometimes it is beneficial to have the same spatial distribution of the two rf fields, B; and B,. Also,
triple- or quadruple-resonance NMR experiments are often useful. Thus, it is often desirable to double-
tune or triple-tune a single sample coil.

The number of modes in a resonant circuit will generally be equal to the number of unique induc-
tors or capacitors, whichever is fewer. (Transmission lines may count as either.) It is sometimes neces-
sary to add additional inductors or capacitors to improve isolation or to achieve balance at the frequencies
of interest, although this can complicate tuning and produce extraneous modes.>> *°

A common double-tuned circuit, shown in Figure 6, has been analyzed by several authors.
It has an HF parallel mode and an LF series mode. The efficiency at the HF is increased by decreasing
Ls/Ly, where Lg is the sample coil inductance and Ly is the HF tuning coil inductance. On the other hand,
efficiency at the LF is increased by increasing Ls/Ly. In principle, if the losses in Ly and the tuning ca-
pacitors can be made vanishingly small compared to sample losses, efficiency can approach 100% at both
frequencies.”® Rise time, however, will be degraded (because Qr must increase), but this is seldom sig-
nificant for in vivo. Efficiencies at HF and LF are typically 30-40% and 60-80% respectively.

28, 29, 57

c4 ¥s C5
LF=-©—)} 110 & HF
)}
Ly
Gy 6 :]:CH
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Figure 6 Double resonance circuit

From equations (22) and (26), B; and S/N are degraded only as the square root of the efficiency,
but this is still quite significant. It becomes even more significant in high-field triple resonance, where
efficiencies on two of the three channels may be below 25% °. It has recently been shown that in such
cases cryogenic cooling of the critical tuning elements (coils and capacitors) external to the sample coil
can increase effective “efficiencies” (from a S/N perspective) by more than a factor of two, as both the
resistances and the noise temperatures of these losses are reduced.*

While the insights provided by simplified circuit analyses are valuable, the task of analyzing and
optimizing efficiency in complex circuits at high frequencies is best addressed using linear circuit simula-
tors, such as ARRL Radio Designer, SPICE, GENESYS, or Ansoft Designer.59 All component leads
more than a few millimeters in length are usually modeled individually as short transmission lines of ap-
propriate propagation factor, attenuation constant, impedance, and length. The coils are modeled with
appropriate, frequency-dependent Qqr, and the capacitors may be modeled with appropriate self induc-
tance and frequency-dependent series resistance without too much difficulty. (For example, a 1 kV 10 pF
TEMEX CHB chip capacitor would be modeled as an ideal 10 pF capacitor in series with a 1 nH inductor
having Qo =30 at 400 MHz and this Q. proportional to f12) 1t can be shown that, for a given sample
coil, the S/N at each frequency is optimized by maximizing the voltage across the sample coil for a given
excitation voltage (or power) at the matched port at the respective frequency, irrespective of the complex-
ity of the circuit, when all the losses are at the same temperature.®* When some losses are at significantly
different temperatures, the various resistors (losses in the coils, capacitors, sample) must be scaled in pro-
portion to their absolute temperatures.*® ©°
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7 DECOUPLER HEATING

RF heating of the sample during 'H decoupling has long been recognized as a challenge to be
dealt with in saline liquids NMR, especially with larger samples at higher fields; and the Alderman/Grant
coil has been the gold-standard for liquids NMR at high fields for nearly three decades.®® More recently,
several approaches have been pursued for double and triple-resonance solids MAS applications, where
sample volumes are usually much smaller but decoupling field strengths are much higher.

The “scroll coil” ® appears to have about one-fifth the dielectric heating of a typical, small MAS
solenoid, but its extra low inductance (as needed to limit the self resonance) leads to lower S/N in multi-
tuned coils, though it is ideally suited for single resonance. The “cross coil” *> % (XC) appears to offer
approximately another factor of two drop in dielectric heating for the 4 mm case.® In this approach, the
XC is used for 'H only, and an outer solenoid is double tuned for the mid-frequency and low-frequency
channels. This approach has also been shown to have additional useful attributes for triple-resonance
high-field MAS, especially if axis re-orientation is desired for auto sample eject.

8 CONSTRUCTION MATERIALS AND TECHNIQUES

Although B, homogeneity specifications sound frighteningly stringent, the capability of orthogo-
nal shim systems is such that only in the immediate vicinity of the sample is magnetic susceptibility criti-
cal. Austenetic stainless steels (with SI volumetric susceptibility yv = 1 - 1 ~ 0.003) can often be used for
thin-walled dewars surrounding the sample region and for dewared transfer lines, although glass is pre-
ferred if space permits. It is, of course, desirable to minimize the amount of shimming effort required
when the probe is changed, so low-susceptibility construction materials and thin sections are preferred.
The magnetic susceptibilities of the components immediately above and below the sample region (in the
B direction) are more significant, and axial and azimuthal symmetry are both helpful.> "

The specified iron limit in the common high-purity copper grade C10100 (also commonly called
OFHC) is 10 ppm, and it seems to typically be ~4 ppm. The solubility of iron in copper at 200°C is 13
ppm, ® so precipitation into ferromagnetic inclusions at grain boundaries is improbable. However, cut-
ting copper with steel tools often leaves enough iron contamination worked into the surfaces to cause se-
rious ferromagnetism. Hence, it is important to use ceramic cutting tools when working on sample coils.

The common aluminum alloys ®" 6063-T6 (0.7% Mg, 0.4% Si, up to 0.3% Fe) and 6061-T6 (1%
Mg, 0.6% Si, 0.3% Cu, 0.3% Cr, up to 0.7% Fe) are usually acceptable for thin shield cylinders and sup-
port structure since the iron is usually in a non-magnetic phase (FeAl; or Fe,Al,),% but they often present
acoustic ringing problems below 15 MHz.*® The iron content in the readily available tin bronzes (more
often called phosphor bronzes, as they may contain a trace of phosphorus), such as C51000 [94.8% Cu,
5% Sn, 0.2% P, 0.1% Fe (max.)] does not usually present a problem, as the iron is bound up in a tin-rich
phase which is not ferromagnetic.> However, zinc brasses must be checked carefully if they are to be
used within r,/3 of the sample, where I}, is the bore radius, as they are likely to have ferromagnetic inclu-
sions; and aluminum bronzes are usually best avoided.

The critical importance of high-integrity ground connections throughout multiple-resonance
probes cannot be overemphasized. Welding, press-fits, and solder joints are preferred over silver-filled
epoxy and silver paint.®® The external shield cylinders are often tin or chromium plated or anodized for
an aesthetically pleasing finish that also helps eliminate variability in grounds. Figure 7 illustrates three
NMR solids probes: a narrow-bore MAS probe compatible with limited cryogenic cooling, a wide-bore
SAS probe and a wide-bore high-temperature MAS probe (from left to right respectively).
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Figure 7 Three NMR Solids probes

Quartz is usually selected for coil forms in high-field magnets because of its lower dielectric loss,
even though its magnetic, mechanical, and acoustic properties are inferior to those of pyrex. Acoustic
ringing in quartz, macor, and ceramic capacitors may cause problems at frequencies up to 50 MHz. Zir-
conia has often been used in MAS probes for rotors and stators because of its superior mechanical and
magnetic properties. Silicon nitride, Si;N,, has been a promising material for three decades, but the tech-
nical difficulties in producing it with low defects have given it a checkered history. Recently, a new
process has been developed by Kyocera that seems to be consistently producing a high grade material
(Kyocegg SN-240) with very low defects, high fracture toughness, low dielectric loss, and very low mag-
netism.

One of the best engineering thermo-plastics is polyetheretherketone (PEEK) because of its low
dielectric loss and excellent chemical, thermal, and dimensional stability at modest cost, but other insulat-
ing materials (kel-f, teflon, macor, torlon, vespel, zirconia) are often chosen for specific background or
thermal considerations. Fiberglass reinforced composites are also widely used, but they must be cleaned
well after machining to remove traces of steel from the tools, and the glass fibers may produce aluminum,
silicon, and fluorine background signals. Excellent epoxies are available for securing components and
mounting coils, such as Epo-Tek H54,% 353ND,® and H74F from Epoxy Technology, Inc., Billerica,
Massachusetts. Several brands of kel-f and heat-shrink teflon have sufficiently low hydrogenous content
for critical proton applications, but experimentation and careful control are necessary. (See Solid State
NMR Probe Design for more detailed data on probe materials.)

9 THERMAL ENGINEERING

Linewidth and lineshape are often dependent on temperature control and stability.”” Most com-
mercial probes are intended to operate from -100 to +120°C, but special liquids probes are commercially
available for operation from -170 to +500°C, and solids probes are available to cover the range from 90-
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1020 K. Temperatures are usually regulated by using a DC resistive heater (designed for minimal mag-
netic interaction) to heat a gas stream that is directed past the sample.

First-order heat transfer calculations and simple power balance analysis are often sufficient in the
probe design. The heater power Py required to increase the temperature of the gas by ST with specific
heat C,, (1041 J/kg K for N,) and flow rate G (typically 1-2 g/s for MAS probes) is

P, = GC, T (30)

The gas temperature is usually measured with a copper-constantan thermocouple shortly before it
reaches the sample, but optical sensors have also been used. Platinum resistors (RTDs) are better in the
range from 30-80 K and above 700 K, but in the intermediate range they are not as accurate as the ther-
mocouple unless magnetic-field-dependent corrections are made. They are sometimes used to sense the
heater temperature for protection in the event of inadvertent loss of gas flow. The control problems are
more difficult than usually encountered elsewhere because of the requirement of precision temperature
control of a stream of low specific heat that may encounter large fluctuations in flow rate. Standard PID
(proportional-integral-derivative) control algorithms are standard. Dynamic control stability can be fur-
ther improved by adding a power estimate that is a function of temperature and flow rate. Lead shot has
occasionally been used for a thermal ballast because of its high volumetric specific heat, even at low tem-
peratures.

Heat transfer calculations based on simple conduction calculations through thin sheets are often
sufficient:

Pr = krAST/d 1)

where Pr is the thermal conduction power (W), Kr is the thermal conductivity (W/m) of the material, A is
the area perpendicular to the direction of heat transfer, 6T is the temperature difference between the two
surfaces, and d is the thickness in the direction of heat transfer. The other common conduction problem is
through a thick-walled tube of length h:

_ 2zkshoT
T 1n(do/di)

The high Reynolds numbers (often greater than 10°) that are seen in dewared transfer lines result in very
high heat transfer through the bare glass or metal joints unless they are lined internally with plastic tubing,
in which case the above equation can be used to estimate these losses.

The extreme temperatures that are sometimes desired "*"® can make differential thermal expan-
sion responsible for stresses that exceed the rupture limit of one of the components in the probe if not
properly designed. However, most of the materials used in NMR probes have high strength. The excep-
tions, macor and glasses, tolerate high compressive stresses. Hence, even these materials can often be
used with plastics in properly designed situations even though their thermal expansions differ widely.
Macor is the only commonly used material that may rupture from internal steady state thermal stresses, as
its maximum thermal stress temperature (Tt =S/br E, where S is tensile strength, br is thermal expansion
coefficient, and E here is Young's modulus of elasticity) and thermal conductivity are both very low.

(32)

10 GRADIENT NMR PROBES

By applying magnetic field gradients in three orthogonal directions (0B, /X, oB,/dy, 0B,/dz), it is
possible to use NMR to image macroscopic structures, and indeed this has made clinical Magnetic Reso-
nance Imaging (MRI) an important medical diagnostic technique. Obtaining spatial resolution below 0.5
mm on liquid-like samples requires gradients above the 20 mT/m available in most clinical MR machines.
Higher gradients are easily obtained by reducing the size of the gradient coils or improving their effi-
ciency. MR microscopy sometimes involves incorporating the gradient coils into wide-bore or narrow-
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bore probes along with small rf coils, though most small-animal MR applications are done in horizontal
bore magnets.

Single-axis gradients (0B, /0z) based on Maxwell pairs (sometimes called anti-Helmholtz coils)
are much easier to implement in small spaces and are very useful for diffusion experiments using Pulsed
Field Gradients (PFG).”* Similar probes (but with lower gradient strength) are commonly used for most
multi-dimensional liquids NMR applications.

Rapid switching of large gradient coils requires high-power audio amplifiers (up to 500 kW in
high-field whole-body gradients). Hence, switching efficiency 75is very important:
_a’dg hg

#ol
where « is the gradient gain (T/Am), dg is the sample diameter, hs is the sample length, and L is the gradi-
ent coil inductance.” (The gradient “gain” is sometimes called ‘efficiency’, but the above dimensionless
definition of switching efficiency is more consistent with other efficiency definitions.) The ‘fingerprint’
design of Schenck et al ® achieves much higher 7 than earlier Golay coils.

Image linearity has often been described in terms of field linearity — the relative difference be-
tween the gradient field and a linear field at the edge of the sample. A better definition for image accu-
racy is rms local deviation of the gradient from its mean value throughout the sample volume. This has
also been called differential linearity. Local deviations below 10%, or field non-linearity below 3%, are
generally desired.

When the gradients are switched, eddy currents are induced in the cold radiation shield of the
magnet that have long decay times (often many seconds) because of the ultra-low resistivity of copper
below 40 K. Active shielding of the gradients greatly reduces the external fields generated by the gradi-
ents and permits rapid pulse techniques without excessive decay times or cryogen boiling.”” Acoustic
resonances in the gradient coils may limit gradient recovery time, particularly at very high fields, but
novel coil geometries and ceramic formers are useful in addressing this issue.” " (See also Gradient
Coil Systems, and Field Gradients and Their Applications.)

(33)
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Figure Captions

Figure 1. A 5-turn solenoid.

Figure 2. Series RLC circuit.

Figure 3. Parallel RLC circuit.

Figure 4. Shunt inductive matching circuit.

Figure 5. Series capacitive matching circuit.

Figure 6. Double resonance circuit.

Figure 7. Three typical NMR probes.
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