
Suppression of ring-down in noise spectroscopy

D.-K. Yang and D.B. Zax*

Baker Laboratory, Department of Chemistry and Chemical Biology, Cornell Center for Materials Research, Cornell University, Ithaca, NY 14853, USA

Received 6 March 2002; revised 25 June 2002

Abstract

Suppression of systematic noise artifacts which complicate the understanding of broadline NMR spectra remains a difficult

problem. Many strategies for canceling noise have evolved; many appear designed for very specific hardware implementations. In

this paper we address the problem of artifact suppression in noise-based (stochastic) NMR, where low power pulses applied at high

duty cycle are used to probe the spectral frequencies found in an NMR or NQR experiment. While typical peak powers are reduced

by four to six orders of magnitude as compared to conventional NMR experiments, this power reduction corresponds only to an

approximate halving of the idealized electronic ring-down in a tuned circuit; where other systematic sources of noise contribute, the

recovery time advantage of noise spectroscopy may be larger or smaller. We suggest a simple experimental modification which

exploits the linear response properties of nuclear spins in the presence of small rotations to demonstrate how ring-down—from

whatever source—can be substantially eliminated as a problem in noise spectroscopy. This should provide substantial improvements

in quantitation and lineshape measurements in NMR spectra of many solid state systems.

� 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Modern NMR spectrometers routinely exploit the

many advantages of the Fourier transform (FT) meth-

od, where strong pulses are applied to a spin system and

the evolving magnetization is sampled in a free induc-

tion decay (FID). Nonetheless, our recent experience

suggests that there remain many applications through-
out magnetic resonance where the spectrum is faithfully

reproduced only where we forgo the many advantages of

strong pulses which induce a nonlinear spin response

and instead return to the linear-response limit wherein

NMR spectra are derived from weak-field excitation—as

was common prior to the triumph of modern FT

methods. So as to retain the Fourier advantages in

sensitivity, these weak fields are applied incoherently
and in a continuously repeating fashion, with rf pulses

rapidly alternating with short sampling windows over

the seconds or hours required to attain the desired sig-

nal-to-noise ratios [1,2]. The advantages of one-dimen-

sional noise-derived spectra are particularly desirable

where the spectra of interest are broad, cover a broad

range of shift dispersion, involve heterogeneous dy-

namical modes spanning a broad range of correlation

times [3], or arise from quadrupolar nuclear spins [4],

where strong, pulsed rf fields may not be available which

can provide undistorted, quantitatively accurate spectra.

In our recent experience, noise spectroscopy appears

capable of solving many of the problems associated with
accurate, quantitative NMR while maintaining the

sensitivity advantages of time-domain methodologies.

Nonetheless, much of the potential claimed for noise

spectroscopy, and in particular the promise that arbi-

trarily broad bandwidths can be accessed, still cannot be

routinely demonstrated. In this paper we suggest a

simple rethinking of the excitation sequences used in

stochastic NMR which provides a substantial improve-
ment in the quality of noise-based NMR spectra by re-

ducing the influence of ring-down on detected signals.

These improvements are easily achieved and should

therefore greatly extend the reach of these methods. We

begin with a review of noise-based methods, continue by

discussing the limitations on these methods encountered

in typical implementations, and finally introduce and

demonstrate our experimental approach to ring-down
suppression.
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2. Discussion

2.1. Noise pulse sequences

Noise-based NMR experiments which operate in the

weak-pulse limit [1–5] are characterized by a system

response linear in the experimental input, so that the

experiment yields the normal spectrum. Multidimen-

sional NMR experiments can be derived from the more
general and quite important set of applications where no

such restriction is applied [6–10]. Our work in this paper

primarily affects on the above and the question of how

one might observe the spectrum of a nuclear spin species

in a sample which faithfully reproduces, both in the

resonance frequency and in intensity, the distribution of

resonance frequencies found in the sample.

In noise spectroscopy, it is conventional to treat the
system being probed as a black box responding to a

stimulus [8]. Noise-based NMR experiments are most

conveniently carried out where the input consists of a

series of discrete, equally spaced pulses PðlÞ applied at

low power (typically )10 to 10 dBm, or to within a

factor of 10 of 1mW, at the probe). Correspondingly,

the output response is conveniently represented by dis-

crete samples of the magnitude and phase of the excited
transverse magnetization, MðlÞ—ideally, at the instant

each pulse ends, with successive points separated by the

spacing between the beginnings of any two pulses, ssp.
For most one-dimensional spectroscopic applications, a

family of broadband sequences known as maximal

length binary sequences (MLBSs) is particularly robust

[11–13] and faithfully reproduce the absorption spec-

trum over broad bandwidths determined not by the
strength of the rf field but by the frequency with which

pulses are applied. Under these conditions, all the co-

evolving components of transverse magnetization ex-

cited by any of the pulses in the sequence P ðlÞ can be

separated, recorrelated, and rephased to yield the fa-

miliar free-induction-decay by cross-correlation of the

known input pulse sequence P ðlÞ with the complex

magnetization MðlÞ, which can be carried out mathe-
matically via

fidR;IðjÞ ¼ R PðiÞ MR;Iðiþ jÞ; ð1Þ

where fidR;IðjÞ is the jth complex data point in the free-

induction-decay, MR;Iðiþ jÞ is the complex magnetiza-

tion response measured j sampling intervals after the ith

pulse, and P ðiÞ is a record of one period of the contin-

uously repeated sequence of applied pulses. For the

MLBS sequences, P ðiÞ ¼ 1 or )1 for all i (representing
0� and 180� phase shifts, respectively), though for other

sequences it may be more involved. The index ðiþ jÞ is
cyclic with period J, corresponding to the number of the

excitation pulses in one cycle through the pseudo-ran-

dom sequence; thus, when ðiþ jÞP J , ðiþ jÞ is replaced
by ðiþ jÞ � J .

In principle, this experimental scheme holds out the
prospect of unlimited excitation bandwidths, as the

spectral region excited without distortion is propor-

tional to the inverse of the length of the excitation pul-

ses, spul, and not the strength of the irradiation field, x1.

(Of course, the product x1spul corresponds to the flip-

angle a, so that the pulse strength does help determine

the sensitivity of the experiment.) In practical applica-

tions, however, this exciting possibility is difficult to
attain. Experimentally, a third time is relevant to the

problem of the detectable bandwidth—a time which we

will call srec, indicating the time it takes for the electronic

circuitry to recover from the application of a pulse to the

point where the signal can be detected. The ring-down

may arise from any number of sources; ultimately,

however, it can be no shorter than the time it takes for

the tuned electronic circuit to ‘‘ring-down’’ from the
pulse (though it is, more typically, somewhat longer).

The ring-down time of the probe (defined as the 1=e time

constant for the disappearance of the pulse in the tuned

circuit) is ideally limited by 1=Dx, where Dx is the

electrical bandwidth of the tuned circuit. In solid-state

probes Dx � 2p � 1MHz is not unusual, so that the

ring-down time constant is on the order of 160 ns.

Where the pulses are applied at levels on the order of
1V, however, and the signals to be detected are more

typically detected in the nV–lV scales, 20 or more time

constants may be required before the signal and noise

are comparable in size. Due to the exponential fall-off of

the ring-down voltages, while the rf power in each pulse

is decreased by 10�4–10�6 in noise experiments (as

compared to conventional NMR), the ring-down is

shortened by no more than a factor of two in noise
experiments.

Of course, there are many other sources of ringing in

the receiver which need not be associated with the tank

circuit; in the probe itself, capacitors may ‘‘ring,’’

acoustic modulations may be induced in the probe ma-

terials, and mechanical instabilities lasting many mi-

croseconds are also possible. Even once the signal has

safely exited the probe, other receiver elements may in-
troduce their own delays. This vast array of possible

problem areas may account for the repeated discussions

of methods to avoid its effects, particularly in applica-

tions to broadline NMR spectroscopy [14–22].

From whatever the source, however, the ring-down

effect is problematical, as it obscures lineshapes and

makes accurate quantitation impossible. Any delay in

the accumulation of the signal as we wait to avoid the
unwanted ringing introduces a delay between the pulse

and the sampling of the magnetization; this delay is re-

sponsible for, at minimum, a first-order phase error in

the spectrum which results after cross-correlation and

Fourier transformation. Where the noise associated with

the ring-down cannot be eliminated, it further contrib-

utes a rolling baseline in the spectrum. Finally, srec þ spul
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also would appear to provide a lower bound to ssp, and
therefore to provide an upper bound to the bandwidth

in frequency space which can be faithfully sampled in

the experiment. Though we have previously demon-

strated a method for bandwidth extension which par-

tially mitigates this problem, the short-time fidelity of

the free-induction-decay is nonetheless ultimately de-

termined by the level of systematic noise which is sam-

pled and saved as part of the signal recordMðkÞ. It is not
our intention to discuss hardware strategies for mini-

mizing these experimental blemishes; our aim, instead, is

to discuss its impact on noise experiments and present a

strategy which requires no hardware modifications and

yet seems to systematically minimize its effects, whatever

the source.

In most applications of noise spectroscopy to date,

it has been assumed that the input sequence IðtÞ is
one-to-one with the pulse sequence P ðlÞ. In fact, no

such assumption is required. The input to the nuclear

spins is a sequence of rotations, each characterized by

a rotation angle (a) and phase. For nuclear spins in-

teracting with an rf field, the transformation between

the pulse sequence and IðtÞ is therefore many-to-one,

as there may be many ways of generating the same

rotation which use different rf irradiation sequences.
This is particularly obvious where the pulse sequence

consists of infinitesimal rotations, because for small

flip-angle pulses each rotation commutes with all prior

and subsequent rotations, so that any arrangement of

the same set of pulses generates the same input to the

spins. In contrast, most efforts to eliminate ring-down

proceed from an assumption of linearity, so that the

decay of the electronic response in the tuned circuit,
as well as other sources of ring-down in the receiver,

depend primarily on the phase or amplitude of the

last pulse applied. While this assumption is difficult to

verify directly, it has been shown experimentally that a

short pulse of inverted phase (of length approximately

equal to the ring-down time constant of the tank

circuit) can largely eliminate ring-down [15], and that

the ring-down from longer pulses is primarily associ-
ated with the last pulse in the sequence. As a result, it

should be possible to phase cycle the input pulse se-

quence IðtÞ to vary the relative phases and ampli-

tudes of the signal with respect to the systematic noise

due to ring-down, of whatever origin, in a predictable

fashion—and thereby to design experiments to coher-

ently average together the former while substantially

suppressing the latter. Under these conditions the
ring-down need not be eliminated entirely, but instead

only reduced to a level sufficiently low so that the

combination of the ring-down plus or minus the signal

from the nuclear spins can be faithfully digitized in

the NMR spectrometer. As the signal appears with

effectively equal mean amplitude throughout the data

set MðjÞ, the dynamic range requirements are sub-

stantially reduced from that of traditional NMR
spectroscopy.

2.2. Using composite rotations

Eq. (1) describes the method by which we transform a

noise interferogram (the output of our experiment,

MðjÞ), into the more traditional free-induction-decay.

Where each event in the excitation input IðtÞ corre-
sponds to a series of pulses, our understanding of the

input P ðlÞ against which we cross-correlate the output

MðjÞ must be reinterpreted. With respect to the nuclear

spins, the input is the net propagator for the sequence of

pulses. On the other hand, other system responses—in

particular, the unwanted ring-down—respond differently

to the input sequence. Thus our goal is to design inputs

which enhance the desired spectrum, while eliminating
systematically interferences which would normally result

in increased noise in the final spectrum. In this paper we

focus only on simple composite pulse sequences which

demonstrate the efficacy of the method. In other appli-

cations more complex composites may also be imagined.

Consider a series of rotations P ðlÞ where each rota-

tion consists of two discrete pulses of rotation angle a,
but where the first is applied along the x-axis of the
rotating frame and the second appears along y. The net

rotation achieved at the end of the sequence corresponds

to the vector sum of the two rotations and corresponds

to a flip-angle of magnitude
ffiffiffi

2
p

a, with rotation axis

midway between the x- and the y-axes. Contrast this

with the rotation corresponding to pulses of the same

magnitude applied first along the x-axis, and next along

the �yy-axis. Under this pair of pulses, the net rotation is
of identical magnitude—but about an axis midway be-

tween x- and �yy-axes—and thus rotated by 90� with re-

spect to the first pair of pulses, while the phase of the last

pulse, which we assume determines the ringing, is shifted

by 180�. Alternatively, one could apply the same pair of

pulses but in alternating order—y followed by x—and

the resulting signal would be identical, while the ring-

down effect would be rotated by 90�. Thus the different
responses of the desired signal ðSÞ and undesired noise

ðNÞ components of the detected response can be ma-

nipulated differently under a sequence of pulses. As a

result, careful choice of the pulse sequence can isolate

the signal while minimizing the noise; the strategy is

similar to common phase-cycling methods applied in

traditional Fourier methods, where the transient re-

sponse can be improved by spin-temperature alternation
(as in cross polarization) or phase-cycling of echo pulses,

generating the same-phased echo from different pulse

sequences. Where our efforts differ is in the expectation

of improved spectral fidelity, as the noise-based se-

quences we describe involve no long delays for spin

evolution—and thus are less impacted by, for example,

distortions due to short T2 times.
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2.3. Removing the effect of probe ring-down: combining

signals

Even where the desired signals and undesired noise

are excited with multipulse rotations as described above,

the distinction between the two is unusable in any given

experiment. Only by combining the results of multiple

experiments is it possible to distinguish between the two.

In this section we describe how appropriate combina-
tions might be found. We assume that u1 is the phase of

the desired noise signal and u2 that of the ring-down

effect generated after a pair of pulses with phase x fol-

lowed by y (in shorthand, xðyÞ), and consider the pre-

dicted phases of the desired initial response signal S and

undesired systematic noise N after pulses applied in the

two pulse pairs xðyÞ and xð�yyÞ:

where Ri and Ii represent the real and imaginary data at

zero time after the applied pulse. (Of course, each signal

as it evolves will generate both real and imaginary

components, all of which are predicted by the initial

phase described above and a knowledge of the Hamil-

tonian.) Where we simply combine the signals observed

in the two experiments by direct addition of the sepa-

rately accumulated real and imaginary data sets we find

R ¼ R1 þ R2 ¼ S cosu1 � S sinu1

I ¼ I1 þ I2 ¼ S sinu1 þ S cosu1:

Note that the contribution from the ring-down effect is
absent, while the signal is peculiarly phased. This latter

can be easily corrected, so that the correctly phased

signal is observed via

S cosu1 ¼ 1=2ðRþ IÞ ¼ 1=2ðR1 þ R2 þ I1 þ I2Þ

S sinu1 ¼ 1=2ð�Rþ IÞ ¼ 1=2ð�R1 � R2 þ I1 þ I2Þ:
Of course, other choices of pulse pairs appropriately

combined should generate similar results.

3. Experimental

We demonstrate the procedure used to remove the

contribution of ring-down to noise spectroscopy in Figs.

1 and 2. Fig. 1 demonstrates how, at least under our

experimental conditions, the ringing depends only on

the phase of the last pulse applied. In Fig. 1 we show the
signal observed in our receiver after application of a pair

of pulses with phases x and y, each lasting 1 ls and with

ssp ¼ 20ls. Our homemade probe had Q > 100 and

operated at a resonance frequency x0 	 2p � 120MHz.

As executed in our lab, most noise experiments consist

of pulses applied to the probe at powers �20mW

(13 dBm), which are sufficiently gentle so that the job of

directing pulses to the probe and signals to the receiver
can be carried out by fast SPDT GaAs switches rather

than the more standard duplexing circuitry associated

with high power rf probes. The switch’s transition time

is �10 ns, which is considerably shorter than the rise and

fall times of the pulses (usually 50–100 ns). With no

particular effort to detune the probe, or otherwise op-

timize the remaining receiver electronics, the systematic

noise caused saturation of our receiver for several mi-
croseconds, and its amplitude far exceeded the signal

observed throughout our 18 ls long sampling window.

We typically chose to observe the signal as soon as

possible after the receiver recovered from the pulse—

generally, 3 ls after it was gated off. This relatively short

delay minimized phase errors associated with sampling

long after the pulses end. When the experiment is re-

Pulse

sequence

Real channel Imaginary

channel

xðyÞ S cosu1 þ N
cosu2 
 R1

S sinu1 � N
sinu2 
 I1

xð�yyÞ �S sinu1 � N
cosu2 
 R2

S cosu1 � N
sinu2 
 I2

Fig. 1. Noise response data demonstrating the phase shift in the ring-

down signal. Using a high-Q probe, the receiver required more than

20 ls to completely recover after a pulse. So as to sample only the ring-

down, the receiver was ungated 3 ls after termination of the 2 ls long
pulses (4ls/pulse pair both real (solid) and imaginary (dotted) chan-

nels are displayed). (Top) signal response observed after a pair of

pulses with phases xðyÞ. (Bottom) signal response observed after a pair

of pulses with phases xð�yyÞ. In these two data sets the signals are es-

sentially inverted, demonstrating that under these experimental con-

ditions the systematic noise depends primarily on the phase of the last

pulse applied.
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peated with pulses applied along the x- and )y-axes, the
voltage observed in the coil shifts phase by 180�; in

contrast, where only a single pulse of similar amplitude
and phase y is applied, the phase and amplitude of the

noise appear the same as in the xðyÞ experiment. Pre-

sumably, for second pulses sufficiently short the ringing

would have to depend on the first pulse, as well. We

expect, however, that ‘‘short enough’’ refers to pulses

which are short as compared to the apparent time con-

stant of the coil—which for the relatively low Q’s and

high operating frequencies found in our systems are
consistently shorter than the minimum 300 ns pulse al-

lowed by our hardware. As a result, we see no evidence

for contributions to the systematic noise from the first

pulse.

In Fig. 2 we present 7Li NMR noise response data

acquired in the same fashion and the free-induction-

decay which arises after cross-correlation of the noise
response with the input sequence of rotations, obtained

from a sample of Li-montmorillonite. In this sample,

the galleries separating two-dimensional silicate plate-

lets are filled with polyethylene oxide. The ring-down

signal dominates the response in this sample, and we

estimate that the magnitude of the systematic noise N is

no less than four times as large as the signal S associ-

ated with the nuclear-spin magnetization. A pair of
experiments is carried out; in the first, an MLBS-

derived noise sequence is applied to the sample where

all pulses are of the form xðyÞ or ð�xÞð�yÞ; in the sec-

ond experiment, all pulses are of the form xð�yyÞ or �xxðyÞ.
(In addition, each pulse sequence is phase-cycled using

the CYCLOPS procedure, to compensate for receiver

artifacts.) Thus in the two experiments the noise N is

shifted by 180�, while the signal S is shifted by 90�.
After cross-correlation, the two data sets are combined

as suggested above. Of course, the artifact suppression

might equally well be accomplished with a variety of

other pulse substitutions (e.g., xðyÞ ! yðxÞ yielding

identical signal S but phase-shifted noise N), or even

conceivably within a single MLBS excitation sequence—

at the cost of somewhat more complex postexperimen-

tal processing.
Fig. 2 also demonstrates how probe ring-down in

noise experiments, as in normal NMR experiments,

most significantly impacts on the early data points of the

FID. In either of the versions of the individual noise

experiments, the interferograms (top) show similar sig-

nal amplitudes at all points in the experiment. After

cross-correlation with the input sequence, we find that

the ring-down—corresponding to a rapid decrease in the
initial amplitude of the free-induction signal—vastly

exceeds the desired nuclear magnetic resonance. Yet

after recombining the individual experiments as sug-

gested above, elimination of the ringing is nearly com-

plete. Fig. 3 provides a more sensitive test of the

technique, where we show raw FIDs as well as the ring-

down-suppressed free-induction-decay, and the resulting

Fourier transform, of 2H NMR spectra at 320K of
deuterated polyethylene oxide, d-PEO, intercalated into

the two-dimensional galleries found in montmorillonite,

a naturally occurring clay. In this system we estimate the

probe ring-down N to be about 100 times larger than the

desired response signal, S, and the former entirely ob-

scures the broad signals expected from the polymer in

the individual experiments. Even at a temperature close

to the melting point of PEO (approximately 60 �C),
where substantial molecular dynamics would ordinarily

average away the powder pattern, in the ring-down-

suppressed noise spectrum we clearly observe the broad

powder pattern representing a small number of PEO

units with limited mobility—a result of the confinement-

induced densification of the polymer near the mont-

morillonite surface.

Fig. 2. 7Li NMR noise response data and the associated free-induc-

tion-decays observed after cross-correlation with the input sequence of

rotations, for lithium sites in Li-monmorillonite. Noise response is

observed after application of an MLBS containing 511 composite

pulses; ssamp ¼ 20 ls, and in each case pulses lasted for sp ¼ 2ls. Data

were acquired at 3 ls after termination of the pulse, so that the receiver

might come out from saturation. Both real (solid) and imaginary

(dotted) channels are displayed. (a) Noise response data from top, after

xðyÞ-based MLBS pulse sequence; middle, after xð�yyÞ sequence; bottom,

after the two data sets are combined as described in the text, to

eliminate ring-down. (b) Free-induction-decays derived from cross-

correlation of noise response data of (a) with input MLBS rotation

sequence; top, xðyÞ data set; middle, xð�yyÞ data set; bottom, the ring-

down-suppressed combination of the two experiments. In either of the

uncorrected data sets the ring-down signal dominates the early por-

tions of the free-induction-decays.
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4. Conclusions

We have demonstrated experimentally how probe

ring-down can be removed by the simple use of com-

posite pulses in noise-excitation NMR experiments. This

approach requires no significant modification of the

experimental conditions in the design of either the probe

or the spectrometer; in fact, the only cost is a small in-

crease in the average rf field required (as the excited

signal increases in amplitude by
ffiffiffi

2
p

while twice as many
pulses are applied). As the applied rf field is already

reduced by 100–1000 with respect to ordinary NMR

experiments, this increase in rf field will rarely prove

costly. This work demonstrates that even where the ring-

down effect is quite large it can be reliably removed, and,

of course, even greater suppression of ring-down might

be achieved where this experimental technique might be

combined with other methods of ring-down suppression
(e.g., active Q-damping or overcoupling), or with over-

sampling methods which provide signal sampling on

timescales much shorter than ssp, and thus open up the

possibility of substantially broadened spectral band-
widths. We expect that the ring-down suppression—

which can be improved by longer composite sequences

where necessary—will ultimately be determined by the

stability of the probe and spectrometer, and eventually

by the digital limitations imposed by the process of

analog-to-digital conversion in the receiver.
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Fig. 3. 2H NMR of d-PEO at 320K, derived from the set of noise

experiments with xðyÞ and xð�yyÞ-composite MLBS pulse sequences.

Each pulse was applied for 1ls; data were sampled 8 ls after termi-

nation of the second pulse, and ssamp ¼ 12:5ls. Both real (solid) and

imaginary (dotted) channels are displayed. (a) Interferograms derived

from MLBS sequence based on xðyÞ and xð�yyÞ composite pulse se-

quences, as indicated. The ring-down signal vastly exceeds the desired

NMR signal amplitude. (b) Interferogram derived from ring-down-

suppressed combination of two MLBS sequences as described in the

text. Vertical scale is expanded 100-fold as compared to (a). (c) Fourier

transform NMR spectrum of (b), showing the motionally averaged 2H

sites in the sample.
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