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Switched angle spinning (SAS) experiments can be used for generating isotropic-anisotropic correlations
in oriented samples in a single experiment. In order for these methods to become widespread, specialized
hardware is required. Here we describe the electronic and mechanical design and performance of a dou-
ble-resonance SAS probe. Unlike many previous SAS probe implementations, the focus here is on systems
where the dipolar couplings are partially averaged by molecular motion. This probe has a moving double
saddle coil capacitively coupled to the stationary circuit. Angle switching is accomplished by a steam
engine-type pneumatic mechanism. The speed and stability of the switching hardware for SAS experi-
ments are demonstrated using spectra of model compounds.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

NMR spectroscopy of solids and oriented media is character-
ized by the trade-off between obtaining isotropic spectra and
retaining the structural information contained in the anisotropic
interactions. Magic angle spinning (MAS) [1] is the standard
method for removing broadening in solids due to magnetic sus-
ceptibility differences, chemical shift anisotropy, and dipolar cou-
plings. Heteronuclear and homonuclear dipolar couplings are then
selectively reintroduced using one of a large number of recou-
pling pulse sequences [2]. Much of the success of MAS is due to
the development of commercially available spinning hardware.
Probes are readily available with extremely stable sample spin-
ning at speeds of 20-30 kHz, and specialized systems can spin
at 60 kHz or higher [3]. Switching of the spinning axis as a part
of a pulse sequence has found many applications in solids, but
is not yet routinely implemented. SAS experiments have most of-
ten been used in the context of quadrupolar systems, as the sec-
ond order quadrupole coupling is a fourth rank spatial tensor that
does not average to zero under MAS. Spinning the sample about a
time-dependent angle is capable of removing both the first and
second order interactions [4-7]. Although the multiple quantum
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MAS (MQMAS) experiment introduced by Frydman and Harwood
[8] made it possible to obtain high-resolution specta for half-inte-
ger spin quadrupolar nuclei under MAS, this experiment cannot
replace the switched angle or double-rotation techniques com-
pletely. For example, it cannot provide high-resolution spectra
for nuclei with integer spins [7].

The 2D SAS experiment disentangles the isotropic and aniso-
tropic portions of the spectrum by a 2D Fourier transform in
which the direct dimension contains the isotropic spectrum, and
spins evolve under anisotropic interactions during the arrayed
time t;. Measuring the chemical shift anisotropy (CSA) was the
first application for this type of SAS [9,10]. A modification of
the pulse sequence introduced the dipolar couplings [11]. As with
MAS, in SAS of solids faster spinning results in better resolution,
as demonstrated in an updated SAS experiment using a modified
Doty probe capable of spinning up to 20 kHz [12]. SAS experi-
ments have also been used to isolate the spectra of components
in mixtures [13]. In a 2D experiment where spin-diffusion occurs
at zero angle and the signal is detected at the magic angle, spin-
diffusion cross peaks appear only between spins belonging to the
same component in a heterogeneous mixture [14]. SAS-type
experiments where neither angle is the magic angle have also
been used to obtain narrow lines in samples with correlated inho-
mogeneities [15].

The fast spinning that is an asset in solids, where the dipolar
couplings are very strong, is not necessary or desirable in
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membranes or other oriented systems. Here, molecular motion
partially averages the dipolar couplings, while fast spinning causes
instability in the samples. The hardware we describe is optimized
for oriented media, with the long-term goal of examining small
molecules and proteins in membrane systems. In this case, the
spinning is used primarily to align the liquid crystal with the rotor,
scaling the dipolar couplings. Liquid crystals in a static sample will
align in a strong magnetic field because of their magnetic suscep-
tibility anisotropy Ay. In Variable Angle Spinning (VAS) of liquid
crystals, the alignment is dominated by the shear forces produced
by spinning; the molecules align parallel or perpendicular to the
spinning axis depending on the sign of Ajy. This method simplifies
the spectra obtained, allowing information about structure and
even chirality to be extracted [16-18]. A proof-of-principle SAS
COSY experiment on chloropentafluorobenzene in a nematic liquid
crystal (I52) [19], showed that splittings due to the dipolar cou-
plings can be correlated with the isotropic chemical shifts in a
2D spectrum. Oriented phospholipid bicelles [20] of the type often
used in solution-state NMR structure determination [21] have also
been used in SAS [22] and VAS [23,24], giving measurements of
dipolar couplings intermediate between those of solids and weakly
oriented liquids. The ability to scale the couplings to any degree is
especially valuable when dipolar couplings of different magnitude
are present in the sample, and when the sample has an inherently
strong orientation [25]. While these first experiments illustrate
that SAS and VAS on membrane systems and other strongly ori-
ented samples have great potential, there are still technical limita-
tions to be overcome before these methods become widespread.

2. Apparatus
2.1. Contactless resonator with double saddle coil

The central challenge of building an SAS probe is the need for
the moving sample coil to be connected to the stationary RF circuit
without sacrificing essential aspects of the performance expected
from a modern MAS probe. Previously reported strategies include
placing the whole spinning assembly inside a stationary coil
[26,27], or using a moving coil attached to the rest of the circuit
by flexible leads or sliding contacts. These methods are successful
to different degrees depending on the application. However, for
experiments on oriented membrane samples, the filling factor
must be maximized to use the small samples available and the pos-
sibility of breakage or instability in the leads must be minimized
during long experiments with many points in the indirect dimen-
sion. The increased stringency of these requirements is somewhat
compensated for by the decreased necessity for high excitation or
decoupling fields. While solids applications necessitate maximiz-
ing B; amplitude for decoupling strong dipolar interactions or
exciting the entire bandwidth of a broad quadrupole resonance,
samples in oriented media are partially decoupled by molecular
motion and field strength is not as important a consideration.

Our probe uses a contactless resonator that is capacitively cou-
pled to the rest of the circuit [28]. The RF coil is connected to the
two inner plates of the cylindrical coupling capacitor while the
outer plates of the capacitors are fixed and permanently soldered
to the tuning network, a tuning tube design [29]. Although tradi-
tional MAS probes use a solenoid coil in order to maximize decou-
pling power, this is not practical for SAS because the direction of
the B, field precludes effective RF pulses at small angles. Two com-
monly-used transverse coils are the slotted tube resonator and the
saddle coil. An early single-tuned transverse coil was designed to
reduce dielectric heating of conductive samples, [30] and modified
versions that can be tuned to multiple frequencies are still widely
used for this purpose. Although coils of this type have intrinsically

less sensitivity than a solenoid of the same size [31], their field
direction and homogeneity make them attractive options for appli-
cations where a transverse resonator is needed.

The motivation for using a saddle coil in this case is that the
slotted tube resonator is a single-loop coil with inherently low
inductance. This type of resonator performs best at higher frequen-
cies, so it is well-suited to being used in the 'H-channel of cross-
coil designs [32]. One consequence of using it in a double-tuned
configuration is low-power delivered on the low frequency chan-
nel. The first capacitively coupled probe built in our laboratory
using a slotted tube resonator showed good 'H-channel perfor-
mance and excellent RF homogeneity on both channels, but poor
13C sensitivity, [28], indicating that a higher inductance is neces-
sary for carbon-detected experiments. The required higher induc-
tance can be provided by a saddle coil. The basic version has two
pairs of vertical legs connected by semicircular arcs. Double or
even triple saddle coils can be made [33], increasing the induc-
tance and improving the field homogeneity. The calculated induc-
tance of a double saddle coil 0.345” (8.76 mm) long and 0.176”
(4.47 mm) in diameter is approximately 70 nH, as compared to
98 nH for a 7-turn solenoid and 9.2 nH for a slotted tube resonator
of the same dimensions. The choice of the coil in this probe is a
compromise between the low frequency and high frequency per-
formance. The current probe was designed to deliver a constant
RF field strength independent of spinning angle in order to allow
for maximum flexibility in testing sample preparations and exper-
iments for SAS in oriented systems. This trade-off may be opti-
mized in future triple-resonance versions by using a cross-coil
design with a slotted tube resonator for the proton channel situ-
ated orthogonal to either a double-tuned saddle coil or solenoid
for the middle and low frequency channels, depending on whether
alignment above or below the magic angle is desired.

Fig. 1 shows a diagram of the coil used in our implementation.

2.2. Pneumatic angle switching

Most previous SAS probes have switched the angle using a step-
per motor, with switching times ranging from ~1 s in early models
[10,9] to less than 30 ms by the 1990s [26,34]. The primary advan-
tage of a stepper motor or servo motor is the flexibility of control.
The angle switching can be pre-written into a program for the mo-
tor, achieving a high level of complexity for the motion of the spin-
ner. This includes multiple angle settings and even precise control
over the acceleration, maximum speed and deceleration of the unit
[27]. Ideally, the precision of the angle setting depends only on the
minimum step length of the motor. The disadvantage of motor-dri-
ven systems is the necessity of locating the magnetic motor far

Fig. 1. (a) Double saddle coil made of 22 gauge (0.64 mm diameter) wire. Vertical
legs are placed at 0.096” (2.4 mm) from the spinning axis, at +45° and +15° from the
desired RF field axis. (b) Because a self-supporting wire gives poor field quality and
is prone to misalignment that impairs spinning, the coil radii are supported on the
top and on the bottom by machined Kel-F tablets. The vertical coil legs run in the
grooves on the outside of the support, as close to the rotor as possible. The inner
diameter of the ceramic piece must provide enough room for free rotor spinning.
The coil support orifice is 0.136” with a 0.015” wall thickness. A 0.030” deep slot in
each support tablet provide room for bearing air exhaust.
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enough from the superconducting magnet. The time required to
change the spinning axis includes the time to move the mechanical
parts plus the time necessary for the spinning rotor to stabilize. To
our knowledge, the best switching time so far was achieved with a
pneumatic mechanism [14]. Using pneumatics makes it possible to
place the switching mechanism close to the spinner module, or
even to mount it directly on the spinner. Solenoid valves replace
the motor, and are positioned outside the magnet and the mechan-
ical lines and gears are replaced with pressurized air. All the mov-
ing parts are located close together in the probe head. The use of
air-driven pneumatic cylinders is complicated by factors such as
the compressibility of air and slow propagation of pressure waves.
However, detailed numerical simulation and modeling of these
systems, [35] as well as practical strategies for their implementa-
tion [36] have been described.

Here, the angle switching is performed by a steam engine-type
pneumatic mechanism, as shown in Figs. 2 and 3. The steam engine
mechanism has a geared connection between the piston and the
spinner module, making the position of the swinging assembly
fully controlled by the position of the piston. An overview of the
apparatus is shown in Fig. 2a. The cylinder is mounted between
the base plate and the middle plate of the probe body. The vertical
position of the cylinder is adjusted through a worm drive. The pis-
ton trip is set between the bottom of the cylinder and a separate
brake disk, which moves inside the cylinder. It is connected to a
threaded rod outside the cylinder through a clip. The brake adjust
rod is secured to the base plate and to the middle plate, and also
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Fig. 2. (a) Overview of the pneumatic SAS probe with the outer can and RF channels
removed for clarity, showing the stator and the positioning and actuating
mechanisms for the steam engine design. (b) Stator detail showing the fiber optic
path. Each fiber has a stationary and a moving part. The moving part of the fiber is
stripped of clad and passes through a hole in the side wall of the spinner. Outside, it
bends towards the rotor cap, which is 0.085” in diameter. With the 60° angle
between the cables, this means that the fiber holes bypass the center by 0.015". (c)
Y-shaped connectors allow for placing fibers in the drive and bearing air lines
without causing air leakage.
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Fig. 3. (a) Linear motion of the piston is converted into the angle switching of the
spinner through a rack-and-pinion gear. Molded nylon 14 1/2° pressure angle spur
gears and 56-teeth 48-pitch pinion were used. The rack is mounted on a Delrin
support rod attached to the piston rod. Its axial alignment is maintained by holes in
the base plate and in the top lid of the probe. The top opening is semicircular,
preventing rotation of the rack support. (b) The pneumatic cylinder, supported by a
3/8" Delrin rod, can be moved up or down by an actuator with a 10-24 thread on
the bottom. To keep the rod from rotating, it has a 1/8” slot on the side that
accommodates a 4-40 screw in the middle of the copper plate. This combination of
the gear pitch diameter and the thread pitch of actuator rods for the cylinder and
the brake disk makes the angle adjust 4.1° per knob turn for 0;, and 3.1° per turn for
0. (c) Stator detail showing the coupling capacitors, coil, spinning hardware (Varian
3.2 mm pencil system), and the removable bracket for the Hall effect sensor. In MAS
probes, the Hall sensor is usually mounted directly on the stator [37] and calibrated
by recording the voltage when the stator is at the magic angle, measured by
maximizing the sidebands of KBr [38]. In an SAS probe, the sensor cannot be
mounted on the spinner module during an experiment. Thus, the sensor is attached
to the stator by a removable bracket and calibrated, with the Hall voltage recorded
for a range of angles.

serves as an additional support to the cylinder. To set 6; (smaller)
and 0, (larger), we adjust the vertical position of the pneumatic
cylinder and of the brake disk, respectively. The piston is a Rulon
disk screwed onto a threaded Delrin rod. Rulon is used because it
withstands higher shear stress than Teflon without much increase
in friction. The cylinder and the brake disk are machined out of
Delrin. The brake disk clip and the adjust rod are brass: due to geo-
metric constraints, a higher tensile strength material is required for
these parts.

As in most MAS probes, the rotor spinning speed is measured by
an optical tachometer. However, because switching puts strain on
the fibers, possibly breaking them or slowing the switching mo-
tion, the optical fibers are inserted in the sides of the stator
through the drive and bearing air lines as shown in Fig. 2b. Each fi-
ber is separated into a stationary and a moving part, with the ends
meeting in the air channels entering the side of the stator. The fiber
is passed into the air channel and secured in a holder mounted in
the center of the side supports, coaxial with the coupling capaci-
tors. The fiber path is laid out so that the holes in the main body
and the top of the stator are in the same plane, and the mouths
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of these holes are then filled to increase the bend radius. The two
cuts and the turns reduce the signal transmission efficiency,
requiring use of the brightest transmitter and the most sensitive
receiver in the line of available Avago HFBR products compatible
with our spinner box (Agilent/Varian). A nonmagnetic Vishay Spec-
trol precision potentiometer is used to adjust the transmitter
brightness. Inserting the optical fibers into the air lines enables
measurement and control of the spinning frequency at any angle,
although fluctuations are observed during a switch from one angle
to another.

The SAS pneumatics are actuated by two three-way 12V DC
solenoid valves (ASCO model number 83279041). The pressure
valves are synchronized with the Chemagnetics CMX Infinity spec-
trometer using a TTL pulse written into the pulse program. The
output of the TTL channel is 0 volts during the pulse, and +3 V
otherwise. Each valve is connected through a TIP-50 transistor,
while a D flip-flop alternates the valves. When a valve is being
switched off, the EMF produced in the valve solenoid is shorted
through a diode. We estimate the time lag due to the finite speed
of sound to be 10-20 ms, depending on the length of the tubing.
The valves themselves cause another delay: switching a valve re-
quires no less than a 20 ms pulse. These delays can be accounted
for in the pulse sequence by sending the TTL pulse earlier. The
switching speed also depends on the compressed air pressure, with
higher pressure generally giving faster switching. The work cycle of
the steam engine mechanism consists of alternating pressure and
vacuum applied to the cylinder. The implementation of the pres-
sure line and vacuum pump is diagrammed in Fig. 4. Before the
FID collection, an applied pressure pulse rapidly switches the spin-
ning angle to 0,. The stator is returned back to 0; by vacuum ap-
plied to the cylinder after the spectrum has been collected.
Because vacuum takes more time to build up, this step is slow
and is therefore performed during the recycle delay.

3. Results and discussion
3.1. RF performance

In its standard configuration, this probe resonates at two fre-
quencies corresponding to the 'H and '3C frequencies in a
500 MHz (11.74 T) magnet. A tunable trap consisting of an open
quarter wave transmission line segment is used to provide a
ground path for 500 MHz on the low-frequency side of the coil.
The quality factors at the 'H and '3C frequencies are approximately
100 and 250, respectively.

- + vacuum
(7 pump
valve
. valve
pneumatic o
cylinder L -
4 - ‘ ressure

Fig. 4. The SAS motion is controlled by alternating pressure and vacuum. The
pneumatic cylinder of the steamer mechanism is connected to a valve box placed
outside the magnet via 1/4” diameter plastic air tubing. Two separate solenoid
valves connect the pneumatic system to the vacuum pump and to the external
pressure source.

To characterize the RF performance of this probe, we measured
the transverse magnetic field B; induced in the sample by a unit
current. The ratio I'y=Bq/peak input current gives a measure of
the probe’s ability to produce a B, field at a given frequency. The
peak input current is /2 - P;,/50Q. This is normalized to factor
out the gyromagnetic ratios since B; = wq/yx for nucleus k. For
the double saddle coil, I'=0.28 mT/A at 500MHz and
I' =1.13 mT/A at 125 MHz. For comparison, a modified commercial
HXY MAS probe with a 7-turn solenoid produced I'y=1.30 mT/A
and 2.16 mT/A at the high and low frequency, respectively. The
maximum field strength for the proton channel is 47 kHz with an
input power of 380 W, and for the carbon channel it is 76 kHz with
an input power of 1000 W. For comparison, a modified commercial
probe with a 7-turn solenoid delivered 132 kHz on the proton
channel and 87.0 kHz on the carbon channel with the same input
powers. Although the maximum 'H decoupling field is quite low
compared to a typical MAS probe, it is sufficient for oriented sam-
ples where the dipolar couplings are partially motionally averaged.
The most common RF failure mode for both channels is arcing of
the coupling capacitors. The problem can be minimized by ensur-
ing that the Teflon dielectric fits tightly and protrudes slightly from
between the conductive cylinders, leaving no air gap or exposed
sharp edges that could induce a corona discharge. If higher fields
are applied for prolonged periods of time, breakdown of the Teflon
dielectric inside the capacitors can be observed.

One measure of RF homogeneity is a comparison of the signal
intensity from a 810° pulse to a 90° pulse from a long nutation ar-
ray. This value reflects the dephasing of the signal due to field
inhomogeneity, as well as the phase inhomogeneity due to the
length of the coil. Nutation curves were measured for both chan-
nels using a sample of natural abundance adamantane restricted
to the homogeneous region of the coil (0.125” or 3.175 mm). In this
probe, the 810° to 90° ratio is 92% at 125 MHz and 73% at 500 MHz.
Fig. 5 shows the B, profile of the double saddle coil. This plot was
obtained by connecting the probe to a frequency sweeper and mea-
suring the tuning change due to a small conductive ring placed in-
side the coil [39]. As expected for a saddle coil, the magnetic field is
reasonably homogeneous close to the center of the coil, and rapidly
falls off closer to the edges. A region of 0.160” (about 4 mm) long
within the rotor corresponds to a resonance deflection within
90% of the maximum.

The S/N obtained using this probe is lower than but comparable
to the MAS probe with the same diameter solenoid coil on both
channels. Comparisons were made with a 0.125 mm long adaman-
tane sample, using a one-pulse experiment for 'H, and a direct
polarization with 'H decoupling for '3C. For the 'H experiment,

1.01 95%
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A0 /A®

0.4 1

—e—"H (500 MHz)

021 —e—13C (125 MHz)

0.0
0 2 4 6 8 10 12 14 16
distance (mm)

Fig. 5. Field homogeneity of the double saddle coil along the z-axis. The usable
sample length is ~4 mm.
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the 90° pulse widths were 5.5 s for the SAS probe and 1.9 ps for
the MAS probe, and 4 scans yielded a S/N of 161 for the SAS probe
and 169 for the MAS probe. The double saddle coil SAS probe has a
broad 'H background from the Macor coil support. The carbon 90°
pulse widths were 3.25 ps for the SAS probe and 2.9 ps for the MAS
probe and the S/N ratios obtained with 16 scans were 8.2 and 11.6.
A cross-polarization match array, demonstrating double-resonance
performance is shown in Fig. 6. Experiments to characterize the
cross-polarization efficiency at different spinning angles and to
optimize low-power cross-polarization performance are under-
way. The best '3C linewidth achieved so far using this probe was
for adamantane with a rotor speed of 18 kHz. The full width at half
maximum was approximately 5.6 Hz, while the width of the base
is about 35 Hz. Based on variations observed with slightly different
coils, coil construction appears to be one factor limiting the line-
width. This linewidth is not ideal, and there is room for improve-
ment in coil construction. However, in practice the spectral
resolution of our SAS experiments is usually limited by other fac-
tors, such as truncation in the indirect dimension or the difficulties
associated with shimming at only one of the two angles used.

3.2. SAS performance

This probe makes use of a 3.2 mm diameter pencil rotor system.
Rotors, bearings and drive hardware (tips and brass stator) are pur-
chased from Agilent (Varian), Walnut Creek, CA. The sample vol-
ume with standard o-ring plugs is 22 pL. The outer stator (rotor
housing) is a homebuilt variation of the commercial design. The
important modifications include making the sides flat to accom-
modate the capacitive coupling rings and drilling holes for the fiber
optics and temperature sensor. With this system, stable MAS is
achieved up to 18 kHz. Spinning performance is maintained in
SAS experiments at rotor speeds up to at least 5 kHz. Since the
probe is designed for liquid crystal and membrane systems where
fast spinning is not desirable because of sample limitations, it has
not been tested with switching at higher rotor speeds. During the
approximately nine months that the final version of this probe
has been undergoing testing and modifications, only one failure
of the switching mechanism was observed. The failure was due
to the teeth of the rack-and-pinion gear slipping. Reliable function
was restored by strengthening the support rod such that the rack
was pressed more firmly against the gear.

The switching speed was measured using a 1-pulse experiment
preceded by an angle switch, shown in Fig. 7. The experiment
starts with the sample spinning at 0°. A TTL pulse triggers the angle
switching mechanism. After a delay time tgyich deiay, We apply an H
90, pulse, and collect the 1-dimensional proton spectrum. The line-
width and -shape gives an indication of whether the sample was
spinning at the magic angle, off the magic angle, or if the spinning
axis was moving during the acquisition time. The angle switch

15.3 19.4 241 28.8 34.1
'H RF field (kHz)

Fig. 6. Cross-polarization match array on adamantane illustrating double-reso-
nance performance. Acquisition parameters: carrier frequency =125.75 MHz
decoupling frequency = 500.09 MHz, spinning speed =5 kHz, °C field strength is
constant at 24.1 kHz, number of scans = 8, pulse delay =3 s.

switch recycle
delay delay
RF t— "
TTL | | | -
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pressure
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rotor
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Fig. 7. SAS pulse sequence: a 1-pulse experiment is preceded by an angle switch,
with the delay between the switch and the 90° pulse arrayed. The spinner is set to
01 before the beginning of the pulse sequence. To switch the angle, the spectrometer
sends a TTL pulse. The pulse opens the pressure valve, and the spinner switches to
0,. The second TTL pulse is sent after the FID collection. This pulse opens the
vacuum valve, returning the spinner to the original angle. The second pulse is
longer, to give enough time for the vacuum to build up.

time depends on the pressure applied, with higher pressure result-
ing in faster switching. A side effect is that the vacuum pump needs
more time to pump out the air for the reverse trip. To observe the
dynamics of the probe, the delay between the TTL pulse and the
spectrum collection (switch delay) is arrayed. For a long switch de-
lay the recorded spectrum should look like a standard 1-pulse 'H
spectrum. As the delay time becomes shorter, the proton spectrum
is collected while the spinning angle is being switched, yielding a
broad and distorted line-shape. For even shorter delay times, the
spectrum is collected before the sample begins to move from its
original off-magic angle position. An example of such an array
for 75 psi driving pressure is shown in Fig. 8. The three regimes
are clearly distinguishable. The stator does not start to move until
after 12 ms after the valve was closed, then it speeds up and
reaches the maximum speed by the 20th ms. By the 26th ms the
sample is spinning at the magic angle, as revealed by the spinning
sidebands. Another time step is necessary for the spinning to stabi-

g

UL

0 10 20

0
time (ms)

Fig. 8. 'H adamantane spectra acquired with different switching delays, illustrating
the motion of the stator. At short delay times, the sample is spinning off the magic
angle during acquisition. At intermediate delay times, the stator is moving during
acquisition, while longer delay times are needed for it to reach the magic angle and
stabilize. The long lag time in the beginning represents the time it takes for the
pressurized air to reach the piston, and this delay can be avoided by sending the TTL
pulse sooner. Spectra were acquired on a Chemagnetics CMX Infinity spectrometer
operating at 500 MHz 'H frequency, with the following acquisition parameters:
Carrier frequency = 500.09 MHz, spinning speed = 5.2 kHz, spectral width = 50 kHz,
acquisition time = 41 ms, number of scans = 4, pulse delay =4 s.
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lize. The time it takes between when the valve opens and the pis-
ton starts moving is due to the finite speed of sound; it takes 12 ms
for the pulse of air to travel though the tubing to the piston. This
can be compensated for by sending the TTL pulse 12 ms earlier.

Fig. 9 shows the time-domain signal of KBr for different values
of the switching delay. With t =0 counted as when the stator be-
gins to move (12 ms from the closing of the valve), it takes 14-
16 ms for the stator to reach the magic angle and another ms for
the spinning to fully stabilize. The minimum time required for
the angle switching with 75 psi input pressure is thus 17 ms,
including the time for the spinning to stabilize. Given that the 'H
longitudinal relaxation time T, is about 0.8-1.2 s for a typical hy-
drated solid protein sample, this is sufficient for performing the de-
sired experiments. Higher pressure can be used, making the
switching faster but at the possible expense of reduced stability.
Furthermore, this is the time required for switching from 0° to
the magic angle; in order to obtain manageable coupling values,
real experiments are likely to require a smaller change in angle.
The minimum recycle delay needed to return to 0° from the magic
angle is 1 s. Since this is shorter than the recycle delays used for
many NMR experiments, the experiment time is not extended by
the switching.

The switching speed is also affected by the eddy currents result-
ing from moving conductors in a magnetic field. Ideally, the cou-
pling capacitor should be designed to maximize capacitance, but
in practice the outer diameter (OD) of the conductive rings is lim-
ited because increasing their size will also increase the retarding
force due to eddy currents. With the gap between plates much less
than the diameter, capacitance is nearly proportional to the inner
diameter (ID):

_ 2meoe - length _ 2meqe - length - ID
In () gap ’

¢ (1)

17 ms

16 ms

14 ms

0ms

0 1 2 3 4 5 6
time (ms)

Fig. 9. Time-domain 7°Br signals of KBr as a function of switching time. Here t = 0 is
counted as the time when the stator begins to move, 12 ms after the TTL pulse
signaling the closure of the valve. No rotational echoes can be seen at t =0, as the
sample is spinning at 0°. 14 ms later, the sample is moving toward the magic angle.
At 16 ms, the sample has reached the magic angle, but takes an additional ms to
fully stabilize, as can be seen by comparing the small rotational echoes near the end
of the acquisition time. 16 scans were taken to confirm reproducibility. Experi-
mental parameters: Carrier frequency = 125.3 MHz, spinning speed = 5.7 kHz, spec-
tral width = 80 kHz, acquisition time = 6.4 ms, pulse delay =4 s.

When the inner plate of the coupling capacitor moves in the
field of the magnet, charge carriers get deflected due to the Lorentz
force, and eddy currents slow down the switching. Eddy currents in
a rotating conductor have a complex dependence on the shape and
speed of the conductor, the conductivity of the material, and its
magnetic susceptibility. The simple shape closest to the moving
part of our capacitor is the hollow cylinder. According to the ana-
lytical solution for the case of an infinitely long hollow cylinder
[40], the heat dissipated per unit length of the conductor increases
approximately linearly with the outer radius of the cylinder and
with the speed of rotation.

The other limiting case for the finite cylinder is a ring (an infi-
nitely short cylinder) with radius r, radial thickness w and axial
thickness h. An approximate expression [41] shows cubic depen-
dence of the dissipated heat on h, and linear dependence with re-
spect to the other geometrical parameters. The authors performed
a numerical simulation in order to improve the accuracy of the pre-
dictions, but their results are not directly applicable to this geom-
etry because they considered a wire loop. The geometry of the
cylindrical capacitors is intermediate between these two limiting
cases. Even in the absence of a detailed numerical analysis, the
eddy currents can be reduced in practical terms by making the
pieces as thin as possible, and using Kel-F inserts to provide
mechanical rigidity. Copper cylindrical shells with thicknesses of
0.005-0.010” (0.15-0.20 mm) can be made using conventional
machining equipment.

Power dissipation in a conductor due to the eddy currents scales
as the square of the external magnetic field [40]. Assuming the
same coil dimensions, the capacitance in the contactless RF cou-
pling decreases as flz where fj is the resonance frequency of the nu-
cleus. The size of’ the inner plate of the capacitor is reduced
accordingly, thus partially alleviating the increase in the dissipated
heat. The sizes of other conductive parts of the probe do not change
with the field strength. These include the connections between the
coil and the moving plate of the capacitor, as well as the drive plate
of the spinning system. The contribution from these pieces will
grow with the strength of the field, but this contribution is not sub-
stantial compared to the coupling capacitor.

4. Conclusion

A TH-13C double-resonance SAS probe was built using a capac-
itively coupled double saddle coil. The double saddle coil offers a
stable transverse RF field and a good compromise between high-
frequency and low frequency performance. The RF characteristics
of this coil were characterized, and double-resonance operation
was demonstrated.

A pneumatic switching system eliminating the need for a mag-
netic motor was built and tested for this SAS probe. Factors affect-
ing the switching speed include the dynamics of the pressure and
vacuum used to switch the angle, and the eddy currents generated
upon moving conductive pieces in a magnetic field. The pneumatic
switching was found to be fast and reliable, with switching and
stabilization of the rotor complete after 17 ms, as confirmed by
measuring the rotational echoes in KBr. As the switching time
achieved here is short compared to the typical T, of a peptide sam-
ple (about 1.5 s), this probe can be used for homonuclear and het-
eronuclear SAS experiments on small molecules and peptides in
oriented systems.
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