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INTRODUCTION

The majority of solids NMR experiments today are driven by biological applications in rigid mac-
romolecules, where even the most advanced liquids methods are limited by the spectral resolution they
can achieve.! Obtaining detailed structural information from NMR of solid samples is often more techni-
cally demanding than for liquids because of the absence of molecular tumbling in solids to average line-
broadening interactions; hence, much greater probe bandwidths are required.>* A wide array of line nar-
rowing techniques have been developed over the past twenty years for solid samples that greatly extend
the earlier capabilities.

The original solids probe, the wideline probe, usually has spectral excitation bandwidth greater
than 80 kHz (i.e., able to generate 90° pulses less than 3 us). To do this, it normally must withstand peak
rf voltages in excess of 2 kV — possibly up to 5 kV. Often wideline probes are double-tuned (DT) to per-
mit cross polarization (CP) and high-power decoupling for increased sensitivity and resolution. Multiple-
pulse line-narrowing techniques may be used to remove dipolar broadening, especially if /2 pulse
lengths below 2 us can be generated. At very high fields, this is more readily achieved in single-
resonance probes, where coils of very low inductance can be used effectively.

The Cross-Polarization/Magic Angle Spinning (CPMAS) probe adds high-speed sample spinning
at the Magic Angle to the other capabilities of the DT wideline probe for effective averaging of suscepti-
bility broadening, chemical shift anisotropy, and often dipolar broadening, thereby greatly improving
resolution for most spin-1/2 nuclei.” The 3D spectral capabilities of a triple resonance probe, especially
'H/C/*®N, are extremely useful in solving structures of larger molecules. Hence, the triple-resonance
MAS probe is quickly becoming the most commonly used solids probe in macromolecule applications.®
In many cases, spinning rates above 20 kHz, decoupling field strengths above 100 kHz with low rf heat-
ing of the sample, very high sensitivity on all three channels, high spectral resolution, and wide variable
temperature (VT) range with stable control are important. In some cases, it is also desirable to be able to
apply a B, gradient at the magic angle and have automatic sample exchange capability. The combination
of these features makes such a probe a technically challenging instrument.’

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,® which is similar to a wideline
probe but includes a goniometer and crystal orientation mechanism for rotating the sample, possibly about
three perpendicular axes. Related methods may be applied to the study of membrane proteins that are
highly oriented by any of a number of different techniques, and such studies have recently become more
widely used, especially using the PISEMA technique.’

Naturally, some of the solids NMR techniques that seemed quite promising 10 to 20 years ago
have been superseded, but novel applications continue to be explored for many of the specialized tech-
niques, such as Magic Angle Turning (or ultra-slow MAS), Dynamic Angle Spinning (DAS), Double Ro-
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tation (DOR), and single crystals. However, the primary thrust of current solids NMR probe development
is improved S/N with small samples (2-60 pL) of biological macromolecules. To this end, current probe
developments include (1) cryogenic cooling of tuning elements other than the sample coil in triple-
resonance MAS with 2-4 mm rotors in narrow-bore magnets,'® (2) cryogenic cooling of all coils and ca-
pacitors in triple-resonance 3 mm MAS in wide-bore magnets,*! (3) 1.3 mm MAS with up to 70 kHz
spinning rate,? (4) SAS at very high fields in narrow-bore magnets,*® and (5) higher power triple-
resonance probes for oriented samples with minimal decoupler heating.* Unlike in MRI and low-field
liquids NMR probes, the performance of state-of-the-art solids probes is usually significantly limited by
the capacitors.® 1115

2 HIGH-POWER CAPACITORS

The special requirements of capacitors for NMR probes include the following: ultra-low mag-
netic susceptibility, high Q, high voltage, high current, ultra-low piezoelectric effects, high stability with
temperature changes, and dielectrics devoid of unwanted NMR background signals. Losses in rf capaci-
tors at a given frequency may be indicated by a capacitor quality factor Q., an effective series resistance
[ESR=(wCQ.) "], a loss tangent (tand = #/Q.), or a loss factor, kq tans, where kg is the dielectric constant
(relative permittivity). Direct current (DC) losses may be specified by a leakage resistance, but this usu-
ally has no relationship to Rp (the effective parallel resistance of a tuned circuit) above ~5 MHz.

Solids probes are usually designed for peak rf voltages of 2 to 5 kV, compared to 1 to 2 kV for
most liquids probes. Voltage breakdown strengths often tabulated for dielectrics are best ignored unless
two important parameters are also specified: test material thickness and frequency. The frequency de-
pendence is not easily characterized, but DC ratings of rf capacitors are typically four times the short-
pulse rf ratings at 100 MHz. For very short pulses where heating is not much of a factor, the voltage rat-
ing at 10 MHz is typically only twice that at 500 MHz, but with long pulses the voltage often derates as
the 3/2 power of frequency above a cutoff that is a function of Q/C. Table 1 shows typical rf breakdown
voltages, Vg, for several thicknesses of low-k and high-k dielectrics at 30 MHz. Above 50-100 V, Vg is a
square root function of thickness and shows relatively little variation within the two classes of rf dielec-
trics listed.’® Dry air has ionization Vg comparable to that of high-k dielectrics, but arc voltage in mona-
tomic gases (He, Ne, Ar) is less by a factor of at least five (more for large gaps) because of the absence of
low-energy rotational and vibrational relaxation modes.” The additional rotational modes in polyatomic
gases usually increase the breakdown voltage, except in the case of ionic gases such as H,O.

Table 1 Typical Dielectric Breakdown Voltages at 300 MHz

Thickness (mm) Vg, for ky> 30 (V) Vg, for ky <10 (V)
0.1 500 1000
0.5 1200 2200
3.0 3000 5400

2.1 Ceramic Capacitors

The stable COG (ceramic oxide glass) rf capacitor specification (type NPO) requires temperature
coefficient less than +30 ppm and tand below 0.001 for the range -55 to 125°C. For moderate-power ap-
plications up to 300 MHz, the COG formulation often consists of fine-grained baria-neodymia-titania sys-
tems or magnesium titanate prefired with 6 mol% calcium titanate, but they are also made from mixtures
of neodymium carbonate, titania, and barium titanate.’* A two-stage firing is generally required for mul-
tilayer capacitors so that the final firing temperature can be kept below 1120°C (preferably even below
1070°C) to allow the use of Pd-Ag electrodes.’® The ceramic precursors are prefired at high temperature,
then re-ground and mixed with a powdered glass binder with matched thermal expansion such as 36%
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CdO, 23% Bi,0s, 25% PbO, 5% ZnO, 5% B,03, 5% SiO,, 1% Al,05.% Alternate layers of ceramic/glass
and metallization slurry are built up by a screening or spraying process.

Porcelains (mostly magnesium-aluminum-silicates with up to 10% glass phase) are often used in
the UHF range for high-power capacitors below 15 pF. Corning Pyroceram 9606 consists mostly of cor-
dierite (2MgO-2Al,0s- 5Si0,), with lesser amounts of cristobalite and various magnesium titanates. Its
low thermal expansion can cause problems with the metallization. Forsterite (2MgO-SiQ,) is electrically
almost as good as pyroceram, easier to produce, and easy to metallize, but has poor thermal shock resis-
tance. These ultra-low-loss formulations typically have a positive temperature coefficient (the capaci-
tance increases ~90 ppm/°C), which can exacerbate spectral artifacts in some 2D indirect-type experi-
ments demanding ultra-stable phase, Q, and matching.

UHF high-power capacitors above 30 pF are often based on strontium titanate, which is not pie-
zoelectric but may contain piezoelectric barium titanate impurities. High-power rf capacitors are often
coated with a sealing glass such as 2PbO-SiO, (550°C) to keep out moisture,? as it facilitates silver mi-
gration in the presence of an electric field. A number of manufacturers (including JFD, ATC, TEMEX,
Murata, and Johanson) offer 3-kV multilayer ceramic rf capacitors in roughly a 3.5 x 10 x 11 mm? pack-
age. The JFD and Murata capacitors usually have the highest Qc, but the differences are small. A rea-
sonable estimate of the quality factor of a low-loss ceramic capacitor of capacitance Cp picofarads at f,
MHz is given by the following:

Qc ~1.5E07 C°% ™% (1)

For example, the Qc of a 10 pF capacitor at 600 MHz is typically about 350. However, there is usually a
substantial spread (often +25%) in Q¢ within a batch, and it can be worth the effort to select capacitors for
critical applications using a special test fixture.

Perhaps 1% of new capacitors may initially be noisy in a high-power double resonance circuit,
possibly as a result of micro-gaps between the electrodes or terminations and the dielectric,* and perhaps
another 0.5% will become noisy within the first few hours of high-power operation. Premature break-
down may be initiated by surface tracking and moisture in solder rosin.

The magnetic properties of ceramic capacitors are unpredictable, as many ceramics are slightly
diamagnetic (bismuth compounds are very diamagnetic), palladium is extremely paramagnetic, and fer-
romagnetic nickel barriers are used in the standard terminations, though Pd-Ag and sometimes copper are
available on special order. The ceramic formulations continue to evolve, and many of the variations have
included paramagnetic and ferromagnetic additions.*® %

A number of manufacturers are by now somewhat familiar with the requirements of NMR/MRI
capacitors and offer “non-magnetic” chip capacitors (no nickel) with 500-1500 V rating in a 2.2-3 mm
cube, but it is always necessary to screen them for magnetism using a small magnet (a 2-mm cube of
high-energy neodymium-boron-iron) suspended from a string. However, this is not sufficiently sensitive
to detect bulk volumetric susceptibility  (in SI units) below ~80 ppm — an order of magnitude beyond
what is sometimes acceptable, even in a solids probe, if located within ~8 mm of the sample coil. For
example, we have recently found (by NMR testing) the bulk susceptibility of some Cornell Dublier MCN
non-magnetic capacitors to be 32 ppm. The current ATC 700B series (NPO) chip capacitors (termination
TN, “non-magnetic™) have bulk susceptibilities in the range of 20-25 ppm for capacitors ranging from 2.7
pF to 13 pF respectively. The magnitude of the bulk susceptibility of the TEMEX CHB series (tempera-
ture coefficient of 90 ppm/°C), which have slightly better voltage handling and loss characteristics, seems
to be below 3 ppm for a similar range of values. However, the ATC 700B series are often preferred be-
cause of their improved thermal stability and reliability at high temperatures.

2.2 Piezoelectric Acoustic Ringing

While acoustic ringing is seldom a problem in liquids probes because of the longer T,s and the
effectiveness of the acoustic suppression sequences, acoustic ringing of capacitors can obscure signals in
solids probes requiring very short recovery times.** % Subjecting a capacitor with ferroelectric impurities
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to a DC electric field in excess of 1 kV/mm, as may occur in a voltage withstanding test or from asym-
metric rf breakdown, causes domain alignment and imparts a net crystallographic piezoelectric orientation
to the ceramic. The ferroelectric is said to be "poled”, and may exhibit acoustic ringing, even at zero
field. The polarization of ferroelectrics can be annealed out by heating above the Curie temperature (130
OC for BaTiOs; 180-300 °C for lead-magnesium-niobates), but they can easily become poled again.

Grain size is usually under 4 um for rf power COG capacitors in the 10-30 pF range, in which
case Raleigh scattering will normally keep acoustic decay times under a few ps above 30 MHz. How-
ever, grain size may exceed 100 um in high-voltage (HV) capacitors above 150 pF and occasionally in
low-valued capacitors, resulting in reduced acoustic absorption and acoustic decay times greater than 10
us at surprisingly high frequencies.

Virtually all high-performance ceramic rf capacitors available today are specified by the manu-
facturer as having zero piezoelectric effect — but that does not mean they will not exhibit acoustic ringing
at some surprisingly high frequencies in high magnetic fields. The Lorentz interaction is seldom a prob-
lem in driving acoustic modes in bulk metals (other than aluminum) above 15 MHz.** However, the Lor-
entz interaction can fairly often drive acoustic modes in multi-layer ceramic capacitors. While our ex-
perience is that acoustic modes in capacitors are uncommon above 50 MHz, Gorkov et al have reported
some ATC 100B capacitors ringing for as much as 200 ps at 60 MHz in a 14 T field."™ It is probably
hopeless to attempt to explain these acoustic resonances in detail (but the acoustic wavelength at 30 MHz
is ~0.1 mm, and electrode thicknesses may be comparable to lambda/2). The ringing is generally elimi-
nated by changing the offending capacitor to one from a different series or perhaps to two in parallel. The
difficulty can be in identifying the culprit.

2.3 Variable Capacitors

The XVT CPMAS probe shown in Figure 1 illustrates the use of two common types of variable
capacitors, quartz dielectric and pressurized gas, in an MAS probe with Magic Angle Gradient (MAG)
coils around the spinner assembly.

Figure 1 An MAS probe with a magic angle gradient coil (Doty Scientific, Inc.)

Perhaps the single component most synonymous with solids NMR probes is the Jennings
CHV1N-45 gas variable capacitor — with its 22-mm diameter ceramic cylindrical insulator.”® The capaci-
tor is pressurized with about six atmospheres of gas (probably mostly SFg, which has 8 times the dielec-
tric strength of air) in its minimum capacitance position and may be adjusted from 1.5 to 45 pF using a
pushrod mechanism. They come with rated peak voltage breakdown Vg up to 7.5 kV, though we’ve
never confirmed more than ~4.5 kV near the low-end of the capacitance range, where the gas is less com-



pressed. The ceramic-to-metal seals are slightly magnetic, but this is seldom a problem as they are nor-
mally more than 20 mm from the sample. These variables have been used successfully for tuning pur-
poses at least up to 220 MHz. They are usable from -20°C to 100°C and generally tolerate repeated over-
voltages. However, if the external mechanical stop is not set properly, they may be easily damaged by
pushing the adjustment rod beyond the specified limit. Also, they may leak slowly and thus go bad over
time, and we have seen some fail initially at low voltages even without evidence of a loss of pressure
(possibly from internal burrs).

The Johanson 5000-series nonmagnetic, air-dielectric, trimmer capacitors are commonly used in
liqguids NMR probes, and they can also be used on the high frequency (HF) channel in solids probes with
capacitive voltage division. This capacitor consists of an alumina ceramic housing supporting several
concentric, silver plated brass cylinders at the ‘hot’ end; a precision screw mechanism adjusts a similar
intermeshing arrangement at the mount end. The minimum radial air gap is under 0.1 mm, and break-
down occurs at 500-700 V when new. With use, alignment deteriorates, and the voltage rating decreases.
Care must be taken to avoid dissolving the internal lubricants (which are essential for acceptable lifetime)
with cleaning solvents. The capacitors may be sealed, but this is inconvenient; hence, their voltage rating
also decreases with altitude and humidity or high concentrations of monatomic gases. These variable
capacitors are manufactured using 290°C Pb-Sn-Ag solder between the alumina and brass body parts, and
they tolerate repeated over-voltages without permanent damage.

The 2.5-kV rf capability of the IMC 7584, quartz-dielectric, 0.8-10 pF, variable capacitor (one is
partially visible on the left side in Figure 1) usually allows more than an order of magnitude more tuning
range than the small 1-10 pF air variables, as tuning range is often proportional to CV2 Defective silver
plating on the piston or sleeve has occasionally been found to produce noise at lower voltages in double-
resonance circuits.”* Impurities in the brass base and piston of the JMC capacitor may not be controlled
as carefully as in a similar capacitor by Voltronics, but the JMC capacitor is mechanically much more
robust,”> which simplifies certain capacitive voltage division arrangements,?® and the magnetism is not
significantly different from the Voltronics version. These capacitors have been used successfully (at the
lower end of their adjustment range) up to 500 MHz, even though their series inductance is 8-12 nH, de-
pending on how they are mounted. Moreover, it is not difficult to disassemble and shorten them (reduc-
ing their range to 1-7 pF) so that they work well up to 600 MHz. They may lock up at high temperatures
from the piston expanding or at low temperatures from the lubricants freezing, but the beauty of this ca-
pacitor is that, like the air and gas capacitors, it is usually not damaged by breakdown during a short
pulse.

Teflon variables with low magnetism are available from Polyflon and Voltronics in a variety of
sizes and ratings similar to the three described above, but teflon does not tolerate the brief, inadvertent
over-voltages which are unavoidable in most laboratories using solids NMR probes. However, teflon tun-
ing slugs in transmission lines have proven quite effective as long as the voltage limits are respected.®

3 SAMPLE COILS FOR SOLIDS

Prior to 1997, almost all solids probes used a single, transverse, solenoidal rf coil, irrespective of
the frequency and number of channels, as the solenoid has considerably higher Qs , where 7 is the fill-
ing factor, over a very wide range of conditions.?’ In larger coils, optimum space between wires is half
the wire diameter,?” though in microcoils it is much less.”® An enamel coating does not usually cause a
background problem with carbon experiments, but it should be removed using warm sulfuric acid if pro-
ton experiments are planned.

High-Q circuits are usually preferred — except in some wideline applications. Coil length-to-
diameter ratio is not critical, but values between 1.4 and 2.5 are usually best. Coil forms help stabilize
tuning but reduce both filling factor and maximum voltage before the onset of arcing. If used, they
should be of low-permittivity dielectrics to minimize arcing problems.

Special or custom wire may be obtained from MWS Wire Industries, Westlake Village, CA.



Gold flash (0.3-um plating) is often applied to prevent copper sulfates and chlorides (which have large
positive susceptibility due to antiferromagnetism) from forming on the wire surface, but it is critical to
specify that the common practice of first applying a nickel strike (to minimize diffusion into the copper)
be omitted or the wire will be very magnetic. The gold flash degrades the Q by about 1%. Silver plating
does not improve Q (because of unavoidable defects) and does not provide the same degree of protection
against corrosion — even when the plating thickness is increased to 3 um.

Applications for high-resolution MAS of semi-solids began to appear in the early 1990°s,% and it
became clear that the much more attention needed to be given to improving B, homogeneity in solids
probes.***? Copper coils in high-resolution liquids probes are often plated with the proper thickness of
palladium or rhodium to cancel the diamagnetism of copper,® and the required plating thickness is thin
enough that Q is not degraded enough to matter. However, a better approach for heavy wire, as is needed
in high-power solenoids for solids, is aluminum-core copper wire. This is available from a probe manu-
facturer in a range of sizes with bulk susceptibility below 3% that of pure copper.®* Triple-resonance
high-power MAS probes using such wire have demonstrated under 0.5 Hz linewidth with Lorentzian line-
shape on CHCl,.*

Increasingly, solids probes are being used for biological applications at high fields, and in
these applications it is extremely important to minimize rf sample heating during high power decoup-
ling.” *** To this end, it is critical to minimize E/B,, as relative dielectric heating is proportional to the
square of this ratio.” The conservative electric field (the part that does not come from dB; /dt) in a sole-
noid is often more than three times the minimum achievable E field at a given B;. The E/B; ratio is re-
duced by a factor of 2-3 in the “scroll coil”, but its extra low inductance (as needed to limit the self reso-
nance) leads to lower S/N in multi-tuned coils.®

The “cross coil” " ¥ (XC), a numerically optimized derivative of the Alderman-Grant and Litz
coils,* " appears to offer about another factor-of-two drop (compared to the scroll coil) in dielectric heat-
ing 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 (MF) and low-frequency (LF) channels. A related, inverted approach (with
the solenoid as the inner coil and the saddle coil as the outer coil) has also been demonstrated in a
PISEMA application.* Both approaches eliminate the problem of achieving high B, homogeneity from a
solenoid above its self resonance,® *° but the latter approach may not be compatible with MAS at high
fields.

1,6, 9

Both experiments and simulations show that the best resolution that can normally be obtained in a
conventional wide line (non-spinning, or “static”) probe using a heavy copper solenoid (with typical at-
tention to filling factor, and shimmed for reasonable lineshape) is ~0.2 ppm, with about 2 ppm line width
at 2% of peak height. As linewidths in proteins in bicelles in solutions are ~20 Hz (0.025 ppm at 800
MHZz), there is reason to believe that PISEMA experiments could benefit from high-power solids probes
designed for high spectral resolution. The usual solution to the resolution problem in microcoils is to
immerse the copper coil in a non-protonated fluid (such as 3M FC-43) of susceptibility similar to that of
copper. Linewidths under 0.01 ppm have thus been achieved with sample diameter 80% of the coil i.d.,?®
though lineshape is usually not very close to Lorentzian. However, liquid-emersion compensation meth-
ods may not be practical with large-sample, low-E, high-power probes.

Many early analytical methods for calculation of the magnetic field profile had limited accuracy,
as they often assumed uniform current distributions across the conductors, or current distributions based
on crude approximations; and calculations of E fields within the sample were seldom attempted until re-
cently. Accurate full-wave numerical methods for calculating the fields have been available in commer-
cial software (Ansoft HFSS, CST MWS, REMCOM, Vector Fields, etc.) for the past decade, and recently
at least two of these packages have been shown to calculate all the relevant losses (conductor surface cur-
rents, sample dielectric, radiation, lumped elements) with remarkable accuracy — often within 5%." *°

Table 2 lists various materials properties, some measured in our laboratory and some collected
from various sources,™ 3" ** for materials commonly found in NMR probes. The magnetic susceptibil-
ity data are at 7 T, though field dependence is usually small. The dielectric loss data are for 500 MHz and
450 K, but the rest of the data are for room temperature. Note that in some cases there are large differ-
ences between the listed loss data and the more commonly published values for 300 K, 1 MHz.



(a) Conductors

Table 2 Properties of NMR Probe Materials

Material Density Young’s Solidus  Yield Electripql Therma! Therm_al Specific Magn_et_ig
modulus Temp. strength conductivity conductivity expansion heat  susceptibility
Symbol d E Tm S o kr br Co Y
Units kg/m* GPa  °C  MPa M(@Qm)' Wm-K 10%K  JkgK 10°
Aluminum 2700 69 660 30 36.6 230 22 900 20.7
Copper 8950 122 1083 150 58.0 400 16.5 490 -9.66
Gold 19300 78 1064 20 44.0 315 14.2 128 -34.6
Hafnhium 13090 110 2227 300 29 22 59 145 65
Iridium 22500 440 2410 1200 19.8 147 6.8 130 37
Molybdenum 10200 320 2617 300 18.1 138 5.2 276 96
Palladium 12020 115 1552 250 9.3 76 11.8 245 ~1000
Rhodium 12440 330 1966 800 20.9 150 8.3 247 155
Silver 10500 78 962 100 61.4 428 19 235 -23.8
Tungsten 19250 410 3410 1000 18.4 173 3.8 133 69
Zirconium®* 6506 99 1852 200 2.3 21 5.85 295 160
Al-6061T6" 2700 69 582 214 25 180 23.6 896 20
CuNiAICr® 8900 150 1150 400 2.3 26 16 380 60
H. Cc-22¢ 8690 206 1357 400 0.9 10 124 414 590
SiNi-Bronze® 8780 115 960 550 235 36 175 380 0.6
Sn-Bronze' 8860 110 975 200 115 84 17.8 380 -10
63/37PbSn 9700 30 183 40 6.3 45 22 176 -3.5
96/3.7SnAg 7500 30 221 55 8.3 70 20 220 0.7
5S304° 8000 193 1400 300 1.4 16 17 500 3000
(b) Insulators
Material Density Young’s Yield Dielectric HT Loss Therma! Thermal Specific Magn.et_iq
modulus  Strength  constant  tangent conductivity expansion heat susceptibility
Symbol d E S kd 5" kT bT Cp y 4
Units kg/m®*  GPa MPa W/m-K 10°/K JlkgK 10°®
99.5Al1,04 3950 390 240 9.9 0.0001 35 8 780 -14
Epoxyh 1200 2.3 60 3.6 0.02 0.34 54 1400 -11.5
Kel-f 2100 1.3 20 25 0.02' 0.21 60 800 -11.6
Macor! 2520 64 80 5.7 0.007 1.7 9 750 -11.7
99.5MgO 3400 250 100 9.6 0.0001 20 135 955 -17.8
PEEK 1300 3.8 70 3.3 0.003 0.24 54 1500 -9.3
Pyrex-7070 2500 70 60 4.0 0.002° 1.3 3.3 800 -11
Quartzk 2250 74 50 3.8 0.0001 14 0.5 700 -11.8
Radel PPS 1350 2.7 60 3.0 0.007 0.35 50 1200 -9.2
Silica Foam' 770 ~20 ~5 ~15 0.0001 ~0.1 0.5 700 -3.5
Silicone™ 1080 05 7 2.8 0.008 0.3 ~30 1800 -7.5
SisN," 3250 310 800 9 0.002° 27 3.2 740 -14
Teflon 2200 04 12 21 0.0003 0.25 120 750 -10.5
Torlon5030° 1610 11 205 4.2 0.01° 0.37 16 950 ~-6
Ultem PEI 1270 2.7 90 3.2 0.0025 0.3 55 1300 -9.0
Vespel SP1P 1430 31 86 3.5 0.005 0.33 54 1130 -9.2
V-TP81691 1320 3.2 90 3.1 0.0014° 0.18 54 1100 -9
Water 997 0 0 75 - 0.6 - 4182 -9.06
Zirconia' 6050 210 700 29 0.02° 2.2 10 400 -8.8

Notes: Volume susceptibility y, in S is related to cgs molar susceptibility ym by: y, =4ady,, /(M .wt.).
a. Grade 702: 96Zr, 3Hf, 0.1Cr, 0.1Fe.



b. 97Al, 1Mg, 0.6Si, 0.3Fe.

c. Custom: 73Cu, 20Ni, 3Al, 2.5Cr, 0.5Mo, 0.01Fe.

d. Haynes C-22: 60Ni, 22Cr, 13Mo, 5W + Co.

e. Custom: 92Cu, 3Si, 2.4Ni, 1.8Sn, 0.4Pb, 0.07Fe.

f. C51000: 95Cu, 5Sn, 0.2P, 0.05Fe.

g. 68Fe, 19Cr, 9Ni, 2Mn, 1Si.

h. Epo-Tek 353ND

i. £'=0.003 at 300 K

j- Al-B-Si-Mg-F ceramic glass, Corning.

k. Fused silica, electronic grade.

I. Fused silica foam, industrial grade.

m. Clear RTV

n. Kyocera SN240

0. PAI resin, 30% glass fiber.

p. Dupont polyimide SP-1.

. Vespel TP-8169, similar to Aurum-450.
CoorsTek YTZP, 92ZrO,, 3HfO,, 5Y,0s.

. Estimate, based on data for a similar material.

w = O

4 WIDE LINE

The initial instrumentation for solids NMR borrowed extensively from radar and UHF transmitter
technology, using fixed-frequency transmission lines as circulators and magic-Ts to isolate the multi-
kilowatt transmitter from the low-noise preamplifier.*® It was soon determined that it was not usually dif-
ficult to deal with the phase transients from Q. of 40-150. (Note: See discussion of the different Q defi-
nitions in Probe Design and Construction. A very recent trend is to report (matched) Q,, which is half
the common definition of Q in earlier NMR and EPR literature.) Hence, several hundred watts were suf-
ficient except perhaps for low-y nuclei. The cost savings of moderate power transmitters and the shift
from transmission line traps to lumped elements facilitated the commercial solids probe,*” which is often
required to be multinuclear and reasonably user-friendly.

A number of accelerated ringdown schemes have been proposed, but the method seeing more use
today is overcoupling “* “° because of noise and reliability problems associated with active switching
methods. Moreover, the recent availability of linear prediction often obviates the need for active damping
(see Fourier Transform and Linear Prediction Methods). However, it is still sometimes beneficial to
dampen Q. to ~40, and one method is coating the coil with tin-lead solder.

The unbalanced, capacitively matched DT circuit (see Probe Design and Construction, Figure 6)
is often used for wideline probes to simplify multinuclear tuning. The HF tuning coil Ly (which may be a
capacitively shortened A/4 coaxial transmission line) is normally chosen to have an inductance such that
its untuned reactance would be between 25 and 60 Q2 at the HF. Lead inductance is minimized subject to
VT, high voltage, and multinuclear constraints. The total series lead inductance is then typically 20-40
nH.? Maximum B./V, where V is the maximum total circuit voltage, is obtained for sample coil induc-
tance Lg half of the total circuit inductance, but a somewhat higher value is usually selected for improved
LF sensitivity with some sacrifice in HF efficiency and a slight reduction in maximum B;.

A number of researchers have found it easier to achieve high efficiencies in high-power probes
using transmission lines in place of some of the lumped elements, especially at lower and moderate
fields,® ' and some have extended such circuits to triple resonance at high fields.® However, such cir-
cuits have not been shown to be compatible with multi-nuclear tuning at high fields and have disadvan-
tages with respect to phase transients compared to circuits not using very-high-Q resonators.’

As previously mentioned, the applications are increasingly with biological samples where it is
necessary to reduce decoupler heating. For example, in a 4 mm MAS probe based on a triple-tuned sole-
noid at 750 MHz with a biological sample, most of the *H power will be dissipated in the sample, and the
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mean sample temperature increase will be 30-60°C per watt of average rf power, depending mostly on the
rotor cooling method.” High-field triple-resonance wide-line probes are increasingly using an inner 'H
XC and an outer solenoid, double-tuned for the MF and LF, similar to the MAS case.” 1% 332

Minimum 90° pulse lengths have usually been 2-3 ps, but Hadamard NMR offers a low-power
alternative.®” > In Hadamard NMR, the spin system response to the application of a large number of
pseudorandom pulses with flip angles as small as 0.1° (MW, ps pulses) at periods on the order of tens of
microseconds can be transformed into the equivalent NMR response of a single high-power pulse. SNR
for Hadamard appears comparable to Fourier Transform (FT) under certain conditions. (See also Sto-
chastic Excitation.)

5 MAGIC ANGLE SPINNING

In 1958, Raymond Andrew showed that high-speed sample spinning at the ‘magic’ angle of 54.7°
could be an effective tool in averaging out dipolar broadening.>* However, the required rotational rates
for abundant dipolar nuclei (>35 kHz for *H) appeared impossible, and the technique was largely ig-
nored*® for nearly two decades until Stejskal and Schaefer ®> showed that more realistic rotational rates (2
to 5 kHz), capable of averaging chemical shift anisotropy and susceptibility broadening, combined with
high-power decoupling to remove the *H dipolar broadening, could be extremely effective in obtaining
high-resolution **C spectra from solid samples.

Andrew used a conical bearing/drive surface which eventually achieved speeds in excess of 10
kHz using helium gas.> This spinner was based on the classic ultracentrifuge work by Beams> and de-
pended on the Bernoulli effect to hold the sample spinner close to the drive jets. The stiffness of such a
bearing is extremely low, which results in low-frequency oscillations, precession, and instabilities.
Moreover, angular accuracy of 0.3° is sometimes required in MAS, which is an order of magnitude be-
yond the capability of the conical Bernoulli-Beams bearing. Lippmaa, Veeman, Pines, Eckman, and oth-
ers introduced the double-bearing cylindrical rotor to circumvent these problems,®” and Doty and Ellis
presented an approximate analysis of the cylindrical air-bearing optimization.®® [Note that typographical
errors resulted in equations (9) and (12) in the referenced article appearing twice.”® The second equation
in each case is correct. The first should be deleted.]

51 Rotor and Cap Materials

High-strength ceramics, where much progress has been made over the past decade,*® *° are re-
quired to obtain high sensitivity (from high filling factor) and high spinning speeds simultaneously.*’
Partially stabilized zirconia (PSZ) has usually been used in MAS probes for rotors and stators because of
its outstanding mechanical and magnetic properties. Silicon nitride, SisN,, has been the promising “mate-
rial of the future” for three decades,”® as it has the highest demonstrated strength-to-mass ratio of any
available ceramic and this allows the highest surface speeds. However, the technical difficulties in pro-
ducing it with low defects have given it a checkered history. A quartz-glass-encapsulated, hot-isostatic-
pressing process was successful in producing parts of acceptable quality for MAS rotors,* but it was dis-
continued for economic reasons. Recently, a new sintering process has been developed by Kyocera that
seems to be consistently producing a high grade material (Kyocera SN240, composition not yet reported)
with very low defects, high fracture toughness, high tensile strength, low dielectric loss, very low magnet-
ism, and acceptable cost in small batches.®® (The silicon nitride grades that are now commonly used in
the ball bearing and automotive exhaust-valve applications are too magnetic for most NMR applications,
as the “Ford-type” sintering processes require a significant iron oxide component — typically ~1400 ppm
Fe.) Even though material defects should no longer continue to be a problem in production of silicon ni-
tride rotors, they will always be much more expensive than zirconia, as the diamond tooling wear rates
and time required for internal grinding and honing are greater than for zirconia by at least a factor of five.

The press-fit turbine caps are usually machined from a high-strength plastic or composite, several
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of which are listed in Table 2b. Zirconia, silicon nitride, and macor have also been used for high-
temperature applications. Achieving the required tolerances on these components is very demanding.

5.2 High-Speed Air Bearings

The high mass of ceramic rotors requires more attention to rotor resonances than was required in
the earlier designs using plastic rotors. For stability throughout a wide speed range, it is advantageous
to have the high bearing stiffness that comes from relatively tight radial clearances. However, as the
clearance is reduced, bearing frictional heating becomes more severe; moreover, the possibility of a
‘crash’ increases. A crash may occur in a hydrostatic bearing when the rotor moves close enough to the
stator to cause extreme choking around the perimeter of the bearing nozzles on the proximal side, at
which point the stiffness changes sign and the rotor is driven into the stator. Pockets or recesses at the
orifice exit may eliminate this crash mechanism,*® ® but the reduced response time adversely affects sta-
bility at very high speeds unless the pockets are very small.®®

Highest surface speeds have probably been obtained with the 5 mm “supersonic” design shown in
Figure 2 and several similar designs (XC4 and XC5),** ® which have achieved surface speeds in excess
of the speed of sound at room temperature. (For example, 4 mm rotors now routinely spin above 27 kHz).
Half of the bearing gas exits over the ends of the rotor forming an axial thrust bearing at each end, while
half exits out the center of the stator. Allowing the gas to flow axially inward as well as outward in-
creases the bearing stiffness (by nearly doubling effective area), and this was probably the most signifi-
cant innovation in the spinner by Langer et al., which achieved a 40% increase in surface speed over pre-
vious designs.®  Extremely high surface speeds have rather recently been achieved in rotors as small as

1.3 mm diameter with rotational rates up to 70 kHz.'*®
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Optimum bearing radial clearance for controlling Taylor vortices in the air bearing at moderate
speeds is roughly proportional to (:2d/c?p?)™® where u is the gas viscosity, d is the rotor diameter, ¢ is the
velocity of sound, and p is the gas density.® Optimum clearance r. for the control of whirl instabilities
with minimum friction at high speeds fits the following empirical equation for typical NMR spinners:

r, = k1%%d% (mixed units) (2)

where T is the gas temperature (K), d is the rotor diameter in mm, and k has an approximate numerical
value of 0.0027 for nitrogen and 0.0035 for helium with units K’®® mm®®. It is necessary to take into ac-
count the strain that will occur even in ceramic rotors at top speeds: 0.1% and 0.15% for silicon nitride
and zirconia, respectively. Optimum bearing hole size is such that bearing mass flow at 0.3 MPa with the
rotor in place is 60%-85% of the mass flow with the rotor removed. Short bearing hole sizes normally
range from 0.12 mm for 3.5-mm rotors to 0.28 mm for 14-mm rotors.

5.3 High-speed Spinner Turbines and Axial Stabilization

For surface speeds above 250 m/s (without helium drive gas), it can be beneficial to use micro-
turbines in a symmetrical fashion so that axial reaction forces are precisely balanced at all speeds, since
the load capacity of the axial thrust bearings is quite limited.” The reduced-diameter radial-inflow micro-
turbines used in Figure 2 achieve much higher isentropic efficiency than the earlier Peltier microturbines
by (a) controlling flow separation over the blades, (b) operating at lower tip speed, and (c) reducing ex-
haust swirl.®® A vaneless radial-inflow supersonic diffuser may be used with the larger sizes to obtain
supersonic, non-separated flow at the rotor entrance. The microturbines on a 14-mm rotor have 28 blades
with 10-mm tip o.d. and produce 25 W shaft power each at 40% isentropic efficiency at 6 kHz. The 3-
mm o.d. microturbines on a 4-mm rotor have only 11 blades and achieve 15-20% efficiency at 20 kHz,
depending on various details. Unlike large turbines, substantial efficiency losses occur in the nozzles
(even with the 14-mm spinners) because of boundary layer effects.

A major drawback of spinner designs with shrouded drive turbines at both ends, as that of Figure
2, is that they are not compatible with auto sample eject. It is also more difficult to load rotors manually
in designs of this type. As a result, the “drop-in” spinner designs have been more popular. Substantial
progress has been made recently in improving both their spinning speed ** ® and their axial stability.** 3

Many of the drop-in designs have been somewhat similar to the Beams design *® with the im-
provements of Bartuska et al.®* In this approach, an outflow Bernoulli bearing is formed between the
conical tip on the lower end of a rotor (of included angle ~100°) and the conical stator-bearing surface (of
included angle ~90%). A number of gas-feed holes through this conical stator surface at compound angles
produce rotational outward gas flow in the clearance space. Owing to the converging nature of this coni-
cal flow space, the radial component of the flow velocity may be sufficiently high at the periphery for a
substantial Bernoulli effect, which, depending on various conditions, may exceed the hydrostatic effects
nearer the center. As a result, a reasonably stable axial bearing may be formed over a rather wide range
of spinning speeds, assuming sufficient space is available near the periphery of the conical surfaces for
the gas to exhaust with very low back pressure.

Recently, unsuccessful attempts to apply a drop-in spinner similar to that described above to a
cryogenic MAS probe with auto-sample eject stimulated the development of an inflow Bernoulli bear-
ing.*! It was shown that it appears to be theoretically impossible to achieve significant rotational drive
and good axial stability in a conical inflow bearing, but axial stability much better than normally achieved
in the Bartuska-type drive can be achieved if an inflow bearing is designed only for optimum axial stabil-
ity and the rotational drive requirement is met using a radial inflow turbine at the other end.

54 Radiofrequency Circuits

Most of the circuits that have been used in wideline solids probes, some of which were mentioned
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earlier, have also been used in MAS.% 747" %0589 70 The primary difference is that rf power levels are
usually lower in MAS because the sample is smaller, but this does not imply that voltage breakdown is
not an issue, as the spinner assembly imposes severe dimensional constraints. Another difference is that
lead inductance is usually more significant in MAS, especially if spinner reorientation for sample eject is
implemented.

Single-resonance circuits are sufficient for some purposes, such as '"H CRAMPS (combined rota-
tion and multiple-pulse spectroscopy). In such cases, very low inductance coils (perhaps only 2 turns) are
well suited, though it is more difficult to achieve high B; homogeneity with a small number of turns —
except with the scroll coil, which has distinct advantages in this respect.” *

For efficient CP at high speeds, high rf homogeneity is much more important than originally rec-
ognized, even though variable amplitude proton B, can greatly improve CP efficiency in the presence of
large rf inhomogeneity.” At high fields, even with small samples, it becomes quite important to balance
the HF channel for more predictable B, profile. Sufficiently accurate field matching at the different reso-
nances is otherwise difficult to achieve.”” In single-coil circuits, this is usually done using a small
lumped-element trap (which often accounts for a substantial portion of the *H losses), even when trans-
mission lines are used for much of the rest of the circuitry.6 In multi-coil circuits, a dedicated *H or-
thogonal coil may be more simply capacitively balanced.” ** *

Beginning with the development of the rotational echo double resonance (REDOR) technique for
accurate distance determinations from weak dipolar couplings,’ a large number of techniques have been
developed that require triple-resonance MAS probes. The circuit shown in Figure 3, or one quite similar,
has been used frequently for the LF and MF channels in triple-resonance probes in which the *H is han-
dled by an inner, segmented saddle coil, while an external solenoid handles the multi-nuclear LF and MF.
(Note that arbitrary node identification numbers, as required by circuit simulation software, are included.)
This approach has been proven advantageous at *H frequencies up to 930 MHz in narrow-bore magnets,”
primarily because of the order-of-magnitude reduction in rf sample heating from the segmented *H cross
coil, but also because the two-coil approach is much more compatible with the long leads needed for auto
sample eject.’® It has also demonstrated superior S/N on samples requiring very high decoupling power,
even when sample conductivity is low.’
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Figure 3 Doubly broadband, LF/MF circuit for the outer solenoid in a triple-resonance probe

A common characteristic of high-field, multi-nuclear triple-resonant circuits is that rf efficiencies
are not particularly impressive — often in the range of 20-40%.% ’ Hence, there is an opportunity for sig-
nificant improvement in S/N from cryogenic cooling of the tuning elements external to the sample coil. A
S/N gain of 55% on the MF channel was recently reported from cooling of the critical tuning elements to
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90 K while the sample remained at RT.*® A drawing of this probe, with the cold zone below the spinner
zone, is shown in Figure 4. Achieving this S/N gain also requires a preamp with an ultra-low noise figure
(~0.6 dB), as the improvement comes more from the reduction in mean noise temperature than from in-
creased Q.
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Figure 4 Drawing of a triple-resonance MAS probe compatible with cryogenic S/N enhancement

Gradient-enhanced spectroscopy has become a standard and powerful tool in NMR of liquids, es-
pecially for coherence selection, water suppression, and diffusion measurement. While a single z-
gradient is often adequate, applying the gradient at the magic angle can be beneficial, especially in MAS,
as it eliminates the modulation that otherwise results from off-axis gradients, which can present difficul-
ties in assignments.”* ™ Two designs for Magic Angle Gradient (MAG) coils have been published,”
and a numerical hybridization of these appeared shortly thereafter, optimized for high gradients (up to 250
G/cm) and minimum torques (to minimize vibration).”

6 VARIABLE TEMPERATURE (VT)

Many CP MAS probes operate from -120 to +160°C, but XVT CP MAS probes are available for
wider temperature ranges. The standard approach is to control the temperature of a gas stream (using a
heater and thermocouple) that flows over the surface of the rotor.

One confounding factor in MAS thermometry is that frictional heating from MAS is proportional
to the square of the surface speed,” and peak heating within the air bearing typically exceeds 80°C for
surface speeds about 90% of the speed of sound. The MAS design of Bartuska et al " provides clear
separation between the VT and the bearing gas, which significantly reduces the frictional heating of the
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sample compared to several alternative designs. At this point, it seems all recent commercial spinner de-
signs have addressed this issue adequately, though it was a serious problem in some of the earlier designs.

The other (and often more serious) complication is the effect of rf heating, as very high rf mag-
netic field strengths are often required. As noted earlier, with a 4 mm rotor, the mean sample temperature
increase will be 30-60°C per watt of average rf power deposited in the sample. One way of dealing with
this issue is to reduce the rotor size, as the peak temperature rise from rf heating is approximately propor-
tional to the fourth power of the rotor radius for a given mean decoupling field strength.” The other ap-
proach is to use novel coil designs with reduced ratio of E/B,." ** %

The enormous success over the past decade of cryoprobes for liquid samples, in which the
sample may be near room temperature while the critical electronic components are cooled to ~25 K, has
stimulated interest recently in cryogenic probes for solid samples.** 8 8 MAS has been demonstrated on
research apparatus at temperatures at least down to 16 K,*? and wideline CP experiments have been car-
ried out at temperatures down to 2 K.#* At the other end of the temperature extreme, CP MAS probes are
commercially available for sample temperature up to 750°C.*

80, 81

7 SPECIALIZED SOLIDS NMR PROBES

Quite a number of very specialized solids probes have been developed over the years for special-
ized solids applications of MAS and wideline methods (extremely low or high temperatures, or very small
or large samples, or unique combinations of frequencies), but in this section we look briefly at several
radically different approaches to obtaining high spectral resolution in solids. Three characteristics the
clever techniques reviewed here have in common are (1) they require highly specialized hardware, (2)
they are not currently in wide-spread usage, and (3) suitable probes have been made commercially.

7.1 Goniometers and Slow MAS

The earliest applications of NMR to solids involved the study of single crystals, where relatively
narrow lines are observed without multiple pulse or high-speed spinning techniques. These studies are
necessarily limited to materials that can be obtained in single crystals of sufficient size (usually several
mm?) for acceptable S/N. The method requires the ability to slowly and precisely rotate the crystal about
three orthogonal axes while observing the anisotropic chemical shift. The common method for the past
two decades has involved gluing a small crystal into a three-sided, 4-mm ‘semi-cube’.® The sample may
then be inserted into a precision holder inside the sample coil for 360° rotation about an axis perpendicu-
lar to By in small increments at which spectra are collected. The semicube is then removed and re-
inserted for rotation about a second axis, and the process is repeated again for the third axis. The crystal
orientation with respect to the semi-cube holder is determined using X-ray crystallographic techniques.

The sample holder axis may be inclined at the magic angle to permit slow MAS, which is a
method of addressing the spinning sideband problem by applying pulses precisely at 0°, 120°, and 240°.
There is renewed interest in this technique for obtaining high-resolution localized spectra from live
mice.®® (Also, see Magic Angle Turning and Hopping.) Rotation has been accomplished by a variety of
methods, including aluminum or brass bevel gears, worm gears, belts, flexible shafts, manual goniome-
ters, and stepper motors under computer control.

7.2 DOR and MQMAS

In the Double Rotation (DOR) technique for quadrupolar nuclides, the sample is placed in a small
spinner inside a larger spinner and spun about two intersecting axes simultaneously to accomplish the
time averaging needed to remove both dipolar and quadrupolar interactions.®® ® It usually comes as a
surprise to the uninitiated that such a feat would be possible at high speeds, even though most have ob-
served a football traveling through the air executing free precession — spinning about two axes simultane-
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ously with no significant external torques acting upon it. The requirement for no net torques on the inner
rotor is given by the following:

f,(1; —1,)cosé,

1:1 = 3)

Ia

where f; is the frequency of the inner rotor, f; is the frequency of the outer rotor, |4 is the axial moment of
inertia of the inner spinner (rotor, sample, caps), It is the transverse moment of inertia of the inner spin-
ner, and & is the angle of the inner rotor with respect to the axis of the outer rotor.®’

In practice, the outer rotor is always inclined at the dipolar magic angle, 54.7°, and & is 30.56°.
For stability, (a) f; must be a few percent larger than given by the above, (b) the center of mass of the in-
ner rotor must lie precisely on the axis of the outer rotor, and (c) the outer rotor must be dynamically bal-
anced when the inner rotor is removed. Rotational rates up to 1800 Hz for the outer and 18 kHz for the
inner rotor have been achieved within the constraints of a narrow-bore, 600 MHz magnet.88 However,
the technical difficulties have been such that this technique has largely been supplanted by multiple quan-
tum MAS (MQMAS) and other methods for quadrupolar nuclides.®* MQMAS probes are still demand-
ing, as they require very high rf field strengths, but these technical challenges are much more manageable,
especially with small samples.

7.3 SAS and STMAS

High-resolution NMR spectra can be obtained from quadrupolar nuclei if the sample spinning
axis can be rapidly reoriented such that the time average of the second and fourth spherical harmonic
functions vanishes.®® ® Similar hardware is also useful in the determination of residual dipolar couplings
in bicelles. When a sample containing discoidal bicelles of negative magnetic anisotropy is spun at the
magic angle, their interactions with B, vanish and their orientations becomes random. For sample spin-
ning at angles less than 54.7°, they align with their normals perpendicular to the spinning axis, while
spinning at greater angles causes their normals to align with the spinning axis.”> Dynamic control over
the spinning axis can provide protein alignment control that is useful in more effective utilization of the
bond angle information inherent in the residual dipolar coupling.”

The switched angle spinning (SAS) or dynamic angle spinning (DAS) probe allows the spinning
axis to be rapidly changed while spinning the sample at high speeds to accomplish the desired averaging
or director control. One early design used a pneumatic system to switch between two fixed angles, but a
high-performance servo motor and precision encoder are now generally used, as programming flexibility
is often needed.*®

Two basic approaches have been used: moving coil, and fixed coil. The fixed coil design used a
small spinner assembly that could be rotated perpendicular to its spinning axis inside a large rf coil that
was perpendicular to the external field and coaxial with the reorientation axis. The moving coil design
has the rf coil (or coils) mounted on the spinner stator and attached with flexible leads or sliding contacts,
and it has proven more satisfactory.”

A simplified analysis suggests high-torque, low-inertia servo motors with optimized linkage
might permit axis reorientation in under 12 ms. However, linkage compliance, structure vibrations, con-
trol limitations, and air bearing stiffness typically limit switching times to ~22 ms, and an additional 5-15
ms is required when very accurate settling is needed. Spinning rates above 10 kHz have been achieved
using a drop-in 4 mm spinner during rapid angle switching.

One of the factors contributing to the engineering difficulties is that the servo motor must be posi-
tioned well below the magnet to operate properly, which requires a rather long drive linkage that still
must allow easy insertion of the probe into the magnet. Another challenge has been getting the leads to
survive hundreds of thousands or even millions of flips. This has favored the use of sliding contacts, at
least for the LF and MF channels. A photo of a recent SAS probe is shown in Figure 5.
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Figure 5 Photo of a WB SAS probe using an XC4 spinner. A fused glass-fiber light pipe is visible com-
ing in along the reorientation axis on the near side for optical spin-rate detection. The MF/LF lead con-
nections on the opposite side are not visible in this view, but are handled in a way similar to commutator
connections in some DC motors.

Several methods for quadrupolar nuclides benefit from magic angle setting repeatability of less
than 0.01%,* and a particularly demanding method in this respect is satellite transition MAS (STMAS).%
The STMAS experiment offers an alternative approach to earlier methods such as DAS, DOR, and
MQMAS for obtaining high-resolution NMR spectra of half-integer quadrupolar nuclei. Unlike the mul-
tiple-quantum experiment, STMAS involves two-dimensional correlation of purely single-quantum co-
herences. The technique requires high stability in spinning rate control as well as extremely high accu-
racy in angle setting. Probes with auto sample exchange have generally been found to have better angle
repeatability than conventional MAS probes without this capability.® Angle repeatability of better than
0.02° has recently been demonstrated in a multinuclear triple-resonance 4 mm VT SAS probe that in-
cluded a PFG coil and optical spinning rate detection.*®

8 RELATED ARTCLES
Probe Design & Construction; Magic Angle Spinning; Extended Magic Angle Spinning; Double Rota-

tion; Dynamic Angle Spinning; Satellite Transition NMR Spectroscopy of Half-Integer Quadrupolar Nu-
clei under Magic-Angle Spinning; Advances in MQMAS NMR.
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Figure Captions

An MAS probe with a magic angle gradient coil (Doty Scientific, Inc.)

Supersonic sample spinner (Doty Scientific, Inc.)

Doubly broadband, LF/MF circuit for the outer solenoid in a triple-resonance probe.

Drawing of a triple-resonance MAS probe compatible with cryogenic S/N enhancement.

Photo of a WB SAS probe using an XC4 spinner. A fused glass-fiber light pipe is visible coming
in along the reorientation axis on the near side for optical spin-rate detection. The MF/LF lead connec-
tions on the opposite side are not visible in this view, but are handled in a way similar to commutator
connections in some DC motors.
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