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Abstract

Highly stable sample rotation is important in many solid-state NMR experiments. Whether the necessary stability is achieved is not
always clear. Typically only an average frequency over some time interval (often relatively long and unknown) is available from the
spinning speed controller readout, which is not representative of the short-term variations of instantaneous rotation frequency. The
necessity of the relatively slow measurement of spinning speed is a consequence of phase noise in the tachometer, which prevents speed
measurement to be both rapid and precise at the same time. We show that adding a lens to the tachometer, without any other changes in the
probe, reduces phase noise by nearly an order of magnitude and allows improved measurement of the spinning speed.

© 2015 Elsevier Science. All rights reserved.

MAS, spinning speed control

1. Introduction

Magic-angle sample spinning (MAS) NMR has become
routine, especially since Schaefer and Stejskal combined
MAS with cross-polarization [1-3]. Commercial probes and
spinning speed controllers make sample spinning easy, and
at moderate speeds MAS requires no more attention than
properly setting the stator angle and dialing in the desired
speed into the spinning speed controller. However, some
rotor synchronous pulse sequences, including specialized
variations of REDOR [4-6], demand extremely precise
synchronization between sample rotation and RF pulse
trains, and without good spinning speed control the
observed signal intensity can be greatly compromised [7,8].
In these cases it is particularly important to understand the
details of measurement and control of sample spinning.

Although theory and practice of frequency and phase
measurement are extremely well developed in electrical
engineering and metrology [9,10], the topic is seldom
discussed systematically in the NMR context. The stability
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of spinning speed is most often reported in the literature as
a range within which the readout of the spinning speed
controller remained while the experimenter cared to
monitor it, as this is usually the only data available to the
user. This is analogous to specifying the frequency of a
peak in an NMR spectrum without saying anything about
its width or shape. Controllers do not provide much
information about the quality of sample spinning to the
user. Usually the only information that is provided is the
average spinning speed that is determined over a relatively
long measurement interval. Although the dynamics of
feedback loops in the controller is typically faster than the
display update rate, neither is specified and even controllers
with a faster feedback loop do not display the short-term
deviations of the spinning speed. This makes comparison
between reported spinning speeds rather less meaningful,
while the actual dynamics of instantaneous rotation
frequency remains unknown.

Evidently, experiments for which standard stability of
the spinning speed is not sufficient remain, as indicated by
suggestions for improving sample spinning stability
[11,12]. At the same time, even when lack of spinning
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speed stability is suspected of causing problems, rigorous
analysis of spinning speed stability is hardly ever
attempted. Due to lack of diagnostic data on the
instantaneous spinning speed, it is generally presumed and
hoped, but seldom known with certainty, that any changes
in the speed are sufficiently slow to be unimportant for a
particular experiment.

The instantaneous rotation frequency can be determined
as a reciprocal of the rotation period, and it can be
measured, in principle, for each revolution. Unfortunately,
this is impossible to achieve in practice using current NMR
hardware. A typical MAS probe tachometer reliably
produces a pulse per rotor revolution, sufficient for the
majority of MAS NMR experiments. However, from turn
to turn the tachometer pulses correspond to slightly
different angular orientations of the rotor. While of little
importance when the rotational frequency is measured as
the number of pulses per second, this effect becomes
crippling when spinning speed estimates are attempted by
accurately timing a small number of revolutions.

When synchronization of elements of the pulse sequence
to the tachometer signal is employed [13], the jitter in
tachometer pulse timing is also a concern. In principle, the
synchronization between sample spinning and the NMR
pulse programmer reduces the problem of accurately
maintaining the spinning speed for rotor-synchronous pulse
sequences by preventing accumulation of phase error
across multiple rotor periods despite small deviations of
rotation frequency from its set point. However, the jitter
(phase noise) in the tachometer signal limits the accuracy
with which angular orientation of the rotating sample is
known. This fact has prompted development of various
techniques to “clean” the tachometer output and reduce the
amount of phase noise. These methods often include
averaging tachometer phase by using a phase locked loop
[14-16] or implementation of Kalman filtering techniques
[17,18] to optimally combine several sources of
information and produce the best possible estimate of the
rotation frequency under existing measurement noise and
uncertain dynamics of the system [19].

Here, we investigate the root cause of the problem of
why the tachometer output does not accurately represent
angular position of the spinning rotor. Then we show that
adding a focusing lens to the tachometer, without any
additional changes to the probe, provides a simple way to
reduce the phase noise by nearly an order of magnitude. To
be clear, we note that this modification by itself will not
improve spinning speed stability but what it will do is
provide a means to more accurately determine rotational
periods over a short time frame.

2. Probe Tachometer

Typical solid-state MAS probes contain an optical
tachometer to measure the rotation frequency. It

illuminates the sample rotor and measures the intensity of
light scattered back by a small area of the rotor, on which
one or more regions are painted or darkened by laser
etching. During the course of rotation of the rotor this mark
passes through the view field of the tachometer and thus
modulates the intensity of backscattered light collected by
the tachometer. The optical system is usually trivially
simple and consists of two optical fibers, one for
illumination and one for detection, with their ends a short
distance away and facing the rotor (style A), or a single,
larger, bifurcated optical fiber bundle which both
illuminates and collects back scattered light (style B). In
both cases, the backscattered light is then converted to an
electrical signal by a photodiode. A threshold crossing
detection circuit then converts the amplified photocurrent
into a train of digital pulses corresponding to changes in
intensity of the backscattered light due to rotation of the
rotor. These pulses are the output signal of the tachometer,
and they are used by the electronics in the spinning speed
controller to monitor and control sample rotation.

For each revolution, the start of the electric pulse ideally
coincides with specific orientation of the sample rotor. In
practice, noise in the tachometer electronics makes the
timing of the pulse to deviate slightly from the ideal
position as illustrated in Figure 1. The noise e, causing the
uncertainty in the time of threshold crossing At is
exacerbated by the relatively slow transition between the
“dark” and “bright” conditions caused by a relatively large
size of the area from which the back scattered light is
collected. As the blackened mark on the rotor enters the
illuminated area, the backscattered light intensity gradually
diminishes with rotation of the rotor and then returns to its
previous high intensity level as the blackened sector leaves
the illuminated area. The magnitude of the jitter At is equal
to the magnitude of the amplifier noise e, divided by the
slope of the signal edge. If the observed dark-bright
transition could be made more rapid, the time variation
would be reduced correspondingly.

3. Phase Noise and Jitter

NMR practitioners are familiar with the Fourier
transform and the connection that it provides between the
representation of a signal as a function of time and a
representation of the same signal in terms of spectral
density as a function of frequency. Deviation of any
physical process from ideal periodicity appears in both
domains; it is reflected as the repetitions of the signal being
non-identical from one time to the next and as a spectral
line shape having finite width [9, 20]. For nearly periodic
processes, the short-term non-ideal behavior is described as
phase noise (as opposed to arbitrarily longer term random
or systematic frequency drift). The phase noise
corresponds to “jitter” in the time domain, where jitter is
commonly viewed as the signal transitions deviating from
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the expected positions. In the frequency domain the same
phase noise is described as signal power density at
frequencies slightly offset from the mean value of
fundamental frequency thereby giving rise to the spectral
line shape. An adequate description of the phase noise
requires either the specification of the jitter as a function of
time delay or the power density as a function of frequency
offset.

Magic-angle sample spinning is an approximately
periodic process and, as such, is only partially specified by
its mean frequency. A more accurate description of the
sample rotation requires knowledge of the properties of its
phase noise and frequency drift. Although it is in principle
possible to monitor the “line shape” of the sample spinning
and frequency drift using a high-resolution audio-frequency
spectrum analyzer [21], a more simple and convenient
diagnostic procedure is to directly observe the tachometer
signal on an oscilloscope. The oscilloscope trace is
triggered by the rising (or falling) edge of the tachometer
signal crossing the trigger threshold, which should be set at
a fixed level at the steepest part of the edge. By design of
the oscilloscope, the position of the trigger point and the
signal trace in its vicinity will appear stationary on the
screen. Portions of the same signal that are further away
from the trigger point will however not retrace each other
on successive repetitions, generally diverging further apart
at longer time delays if the process that generates the signal
exhibits random phase and frequency variations.
(However, we note that if the frequency undergoes periodic
changes of any kind, no matter how large the amplitude of
the changes is, the average over any integral number of
periods would remain the same as long as all the periods
are identical. For example, if the drive pressure oscillates
at 30Hz, then the rotational frequency measured over any
multiple of 33.3ms will remain constant, despite large
periodic variations of instantaneous frequency.) Many
oscilloscopes have a useful feature that allows observing
the signal at a considerable delay from the trigger point,
regardless of the currently set horizontal scale; this feature
is the delayed time base on older analog oscilloscopes in
the “run after delay” mode and the simple horizontal
display offset on many newer digital models. For example,
observing the signal at a 10ms delay from the trigger point
with lus/div resolution leads to any variation of frequency
to be magnified such that a change by 100 ppm results in a
shift of horizontal position of the trace by one division of
the reticle.

By observing the signal at a gradually increasing time
delay between the trigger point and the observation region,
one can study the jitter and frequency variation as a
function of time on a time scale relevant for NMR pulse
trains. If the oscilloscope allows the digital representation
of the waveform of the signal to be saved, then the jitter as
a function of delay and its effects on the pulse sequence can
be calculated.

At short delays, the measured jitter appears to be
essentially independent of the delay, and it is dominated not
by a random walk in the NMR relevant physical phase of
the rotor, but by the aforementioned electrical noise in the
tachometer electro-optical pick-up. Only on the longer
time scale does the gradual increase in the measured jitter
start to reflect the underlying dynamics of the physical
rotation.  (If the tachometer jitter represented actual
variation in the mechanical phase of the rotor, we would
expect it to accumulate incrementally, as a random walk
and grow as a square root of time, assuming white phase
noise. Frequency drift would result in phase deviation
growing with time even faster.)

Our cursory examination of several commercial and
home-made probes, with rotors from 3.2 to 14 mm
diameter, have shown that they all exhibit a slight random
variation in the timing of individual tachometer pulses,
often on the order of 1% of the rotor period. This jitter is
annoying for several reasons and will be discussed in detail
in the following sections.

For the described above method of observing jitter to be
useful in debugging spinning speed problems on NMR-
relevant time scale, the intrinsic tachometer jitter needs to
be substantially reduced. In short, if we estimate
instantaneous rotor frequency by measuring with high
resolution the duration of a single rotor revolution, 1% jitter
results in +/-50Hz of spurious variation at 5 KHz spinning.
If the frequency is measured over multiple periods, the
variation becomes proportionally smaller for simple
measurement techniques. At a relatively long measurement
interval such as 1 second, the influence of this source of
noise becomes completely unnoticeable and is the reason
many NMR users are not aware of its existence.

4. Frequency Measurement

Jitter in the tachometer signal (measurement noise) and
the actual mechanical fluctuations of the rotation frequency
(uncertainty in the process dynamics) together set a definite
theoretical limit to the accuracy with which rotation
frequency can be estimated and controlled from the
tachometer signal. If the rotation frequency were perfectly
constant, any amount of signal jitter could be averaged out
to any desired accuracy by choosing a sufficiently long
averaging time, thereby producing an arbitrarily accurate
estimate of frequency.

As the real rotation frequency fluctuates, the
measurement time needs to be kept sufficiently short for
the measurements to represent the actual, varying
instantaneous rotation frequency. The more rapidly the
frequency changes, the greater the deviation between the
real and the estimated instantaneous frequency is for the
same measurement interval. A compromise must be made
between the desire to average jitter out by making the
measurement interval longer and the desire to reduce the
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difference between the real and the estimated instantaneous
frequency by making the measurement interval shorter.
Optimal estimation theory prescribes the optimal in the
least squares sense measurement procedure based on the
amount of noise in the measuring system, the amount of
noise in dynamics of the measured system, and the
parameters of the system dynamics [17]. Since our system
is very simple, satisfactory results are obtained by choosing
the measurement interval that makes the two factors
contribute approximately equally to the uncertainty of the
measurement. The choice of the best averaging time must
be determined using the measured parameters of the sample
spinning process.

5. Experimental

A typical probe tachometer operates on diffuse
backscattered light. By attaching a small lens to the stator,
with no other changes to the probe, we have reconfigured
the tachometer to operate with a focused light beam that
essentially converts the optical system from diffused light
to imaging mode. This principle is illustrated in Figure 2.
Specifically, we have modified the tachometer in a Bruker
4 mm MAS probe by attaching a molded polycarbonate
lens to the stator such as to focus the tachometer light beam
on the surface of the rotor containing the speed detection
mark. The stator with the lens is shown in Figure 3. The
Bruker probe uses a fiber optic bundle, with half the fibers
used for illumination and half used to capture reflected
light. Hence, the lens serves to focus the illuminating light
onto the rotor and to collimate the reflected light onto the
fiber optic bundle (see Figure 2). We used an objective lens
salvaged from a surplus HD/DVD-ROM module (model
number Toshiba PHR803T, purchased on-line for $9 at
newegg.com). The lens is plano-convex, with a molded rim
of outside diameter 5 mm and a 4 mm optical aperture; the
focal length is approximately 3.5 mm. Although the
aspherical lens is optimized specifically for HD/DVD-
ROM application, it appears to perform quite well for our
needs and is close to an ideal size and focal length to
function without any additional changes to the probe.

Addition of the lens allows the tachometer to pick up
light from a much smaller area of the rotor compared to the
original configuration. Therefore, movement of the
darkened sector produces much more rapid changes in the
detected light intensity. More rapid transitions directly
translate into smaller variation in the timing of the
tachometer output with respect to the mechanical
orientation of the rotor, as shown in Figure 1, and discussed
in the following section.

To rapidly measure instantaneous rotation frequency, we
have interfaced the tachometer to a microcontroller
(Microchip dsPIC30F2010) which allows us to measure the
absolute time of the falling edge of every tachometer pulse
with 50 ns resolution. The data were transmitted in real

time to a PC over a 1.25 Mbps serial link, and the data were
processed and visualized with a set of simple Matlab
(Mathworks) scripts.

6. Results

A comparison between the unmodified and focused
tachometer signals is shown in Figure 4. Comparison of
jitter in the tachometer signal with and without lens, is
shown as histograms in panels (a) and (b). The histogram
of the phase distribution shows a x5 improvement in the
phase noise after the addition of the lens. Corresponding
rise and fall times of the optical signal with and without a
lens are illustrated in Figure 1, which explain the observed
improvement in tachometer jitter. We further observe that:

e Frequency averaged over 1 second may remain
substantially constant despite large instantaneous
frequency deviations.

e The assumption that the rotational frequency does not
change rapidly is generally not true even for relatively
large rotors (4-5 mm) and is likely to be even less valid
for smaller, rapidly spinning rotors, making precise
synchronization of RF pulses with sample rotation
difficult to achieve without rapidly acting speed control.

e Due to the limitations of the typical optical arrangement,
the tachometer output in most MAS probes exhibits
jitter on the order of a few mechanical degrees or rotor
orientation. This affects performance of rotor-
synchronous pulse sequences. It also makes it difficult to
rapidly monitor dynamics of sample rotation.

e Adding a lens to the tachometer optics reduces jitter by
an order of magnitude and allows proportionally faster
and/or more accurate monitoring of sample rotation.

e Improved measurements allow faster feedback in the
MAS controller and correspondingly tighter control of
angular frequency and rotor phase. Faster feedback is
especially desirable when sudden disturbances are
common, such as in sample reorientation in SAS probes
[22-25].

The last bulleted note hints at a way to improve
spinning speed stability. No matter how quickly the
spinning speed is determined, there is a lag in time to
make corrections to the spinning speed. For example,
the air supply hoses connecting the probe to the
controller are typically five to ten feet long and the
control mechanism is a mechanical valve. Hence, once
a correction signal for spinning speed adjustment is sent
to the valve it still takes time for the change in drive
pressure adjustment to be effective at the rotor. We
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recently reported a way to control the spinning speed
using a heating mechanism located directly on the stator,
and this arrangement makes changes to the spinning
speed very rapidly because of its close proximity to the
rotor (effectively eliminating time lags associated with
long air hoses and mechanical valves) [26]. A
combination of using a lens to better measure the
spinning speed over a very short measurement window
with a heating element to make necessary fast
corrections in spinning speed suggests a way to better
control the spinning speed.

7. Conclusions

We have added a small lens to the tachometer in a
Bruker MAS NMR probe. The lens focuses the light in a
tighter spot and reduces uncertainty in the timing of
tachometer pulses by an order of magnitude, which allows
us to measure rotation frequency of the sample more
rapidly and more accurately. Since spinning speed can only
be controlled as precisely as it can be measured, the
improvement has direct impact on achievable stability of
MAS speed and the synchronization between sample
rotation and the elements of NMR pulse sequences.

For routine experiments, improved tachometer
performance may perhaps be only useful as an aid in
diagnosing spinning problems. For example, the
magnitude of rapid variations of instantaneous frequency
can serve as an objective diagnostic parameter similar to a
more subjective "pure tone" quality of the sound of a well
spinning rotor [21].

On the other hand, reduction in the tachometer phase
noise can be directly useful for experiments sensitive to
precision of sample spinning to RF synchronization and
achieving the necessary synchronization without using
complex tachometer signal filtering methods.

Lower phase noise also directly translates into
possibility of measuring and controlling speed more
rapidly, which may be necessary for dynamic reorientation
of the spinning sample, as in SAS [22-25].

We recommend adding a lens to the tachometer optics as
a simple means to achieve more accurate synchronization
between sample rotation and RF pulses. The combination
of using heat to control the spinning speed and addition of
the lens may offer a way to more tightly control the
spinning speed.
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Figure Captions

Figure 1. Jitter in the tachometer output. The top of the
sketch schematically shows the timing mark on the rotor
crossing the indicated view field of the tachometer. Below
it is shown the corresponding change in the backscattered
light intensity as a function of time. At the bottom is the
corresponding digital output of the tachometer. Panel (b)
shows the effect of reducing the tachometer view field with
respect to that in panel (a). For a given amount of electrical
and optical noise (e,) making the point of threshold
crossing uncertain, the corresponding jitter At is inversely
proportional to the slope of the light intensity signal as a
function of time.

Figure 2. Sketch of the light path with (b) and without a
lens (a).

Figure 3. Focusing lens added to the 4mm Bruker stator.
Lens aperture is 4mm in diameter, F=3.5mm. The lens was
simply attached flush to the original stator housing (i.e., the
stator was used as is).

Figure 4. Period of rotation (c), measured without lens
(“Standard”) and with the lens (“With Lens”). The
“Standard” data set was taken with an average spinning
speed of 1200 Hz, and the “With Lens” data set was taken
with an average spinning speed of 1198 Hz. These two
data sets were purposely taken with slightly different
spinning speeds to make a more visually appealing
comparison. Panels (a) and (b) show corresponding
histograms of period variation.
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