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(CPMG) sequences cannot be absorptively phased by using only conventional zeroth-
and first-order phase correction. Implementation of phase correction up to the second-
order is described for obtaining absorptive spectra, which have more desirable line
shapes and noise properties than magnitude spectra. The relationship of the second-order
phase to the parameters of frequency sweeps is derived. The second-order phasing in the
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1. Introduction

Fourier-transformation of time-domain nuclear magnetic resonance (NMR) signals yields complex spectra with real and
imaginary parts represented by absorptive and dispersive line shapes after spectral phasing [1,2]. Spectral phasing usually
consists of a constant zeroth-order term, and a first-order term that is linear in frequency. The zeroth-order phase accounts
for all the phase accumulated from 7f transmission through the console, cables, and probe circuitry to the NMR sample, as well
as the reverse path for signal reception and quadrature digital acquisition. A number of the variables are not easy to predict
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such as the sample and probe tuning, but once the settings are fixed, the zeroth-order phase remains constant, which is an
essential requirement for signal averaging and multi-dimensional NMR experiments. The first-order phase accounts for the
time delay of data sampling after signal excitation. These delays are unavoidable due to finite pulse lengths, and the dead time
required to switch between transmission and reception. Some other small contributions and variations are less predictable,
such as the signal delays caused by signal filtration, cable lengths and the probe resonance circuit. Visual adjustment or
automatic routines for phase correction in both the zeroth- and the first-order are usually applied to make the real
component of spectra absorptive in appearance. It should be noted that the real and imaginary parts of spectra including their
noise are related by Hilbert transformation due to the causality principle [3], and the Kramers-Kronig relation between the
absorptive and dispersive frequency responses [2,4]. Therefore, the dispersive imaginary part of a phased spectrum is usually
discarded without loss of information. For NMR spectra acquired with monochromatic pulses, the zeroth- and first-order
corrections are sufficient to process the spectra as described above. As a result, NMR spectrometers and processing soft-
ware implement spectral phasing only up to first-order.

Second-order phase correction becomes necessary for spectra acquired using linear frequency-sweeps. Field- or
frequency-sweeps were the first methods used for NMR observation [5,6]. The use of sweep methods continued throughout
the early development of NMR spectroscopy until the introduction of pulsed time-domain Fourier spectroscopy. The two
methods are equivalent between the frequency- and time-domains [2,7], but pulsed Fourier NMR spectroscopy is generally
more efficient than the slow-passage continuous wave method [8]. The time-domain approach ultimately prevailed with the
development of modern multi-dimensional NMR spectroscopy methods [2]. Nevertheless, some of the advantages of fre-
quency sweeps are still being exploited in pulsed NMR today especially for their low rf requirement and broadband prop-
erties. Frequency-sweep pulses such as CHIRP, WURST (wide-band uniform-rate smooth truncation) [9], Hyperbolic-Secant
[10], DFS (double-frequency sweep) [11], and tanh/tan [12—14] have been used for broadband excitation and refocusing
[15,16], heteronuclear decoupling [9,17], population manipulation in quadrupolar nuclei [18,19], ultrafast single-scan 2D NMR
[20,21], and multiple-echo signal acquisition using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [22]. Early ex-
periments and simulations in solution NMR have shown a quadratic phase dependence in their frequency profiles. It was
found that a spin-echo using two frequency-sweep pulses with sweep rates in a 1:2 ratio results in absorptive spectra using
conventional zeroth- and first-order phase correction without the necessity for second-order correction [23]. For solids,
WURST pulses are increasingly being used for acquisition of wideline NMR spectra [16], and polarization transfer [24,25], in
particular with CPMG multiple-echo acquisition [22,26,27]. Fourier transform of the CPMG echo-train signal yields a manifold
of spikelets. Such WURST/CPMG spectra contain a quadratic phase term which cannot be corrected with conventional zeroth-
and first-order phase correction. Instead, absolute value magnitude spectra are usually taken for spectral presentation and
fitting. The resulting spikelet spectra have absorptive profiles representative of the wideline powder patterns, but the in-
dividual spikelets are broadened by the dispersive imaginary component. In addition, the magnitude operation yields an
offset in the noise floor, and the white noise property is lost. A false impression of reduced noise levels is created in the noise
floor regions, while the uncertainty under the peaks due to the noise remains the same. Magnitude spectra are also unable to
distinguish positive and negative peaks. In general, it is desirable to obtain absorptive-phased line shapes if second-order
phase correction can be applied for spectra acquired using linear frequency-sweeps.

The main purpose of this work is to describe the origin of the quadratic phase term and derive its relation to frequency-
sweep parameters in order to facilitate the implementation of second-order phasing in commercial NMR spectrometers and
processing software. In the following, the picture of a sweeping rf irradiation across a peak frequency is presented to derive
the frequency response. For NMR experiments using multiple frequency-sweeps, the second-order phase of the final NMR
signal is presented in the framework of coherence transfer pathways [2,28]. The relationship between the frequency-sweep
parameters and the second-order phase is derived along with the discrete form for its implementation in data processing. It is
shown that in the time-domain the second-order phase operation is a point-spread function. Finally, the second-order phase
correction procedure is demonstrated using a wideline 3>Cl WURST/CPMG spectrum of a metallocene sample to illustrate the
better line shape and noise properties of absorptive-phase spectra.

2. Theory

. . . . s . dw(t)
A pulse with a linearly varied (or swept) irradiation frequency can be described by a constant frequency sweep rate <=, a

frequency ramp w(t), or a quadratic rf phase ¢(t),

o(t) =o't (1)

Here o' = Aw|Tp is the sweep rate of a pulse of duration 7, through a frequency range Aw. All three descriptions are
equivalent and can be used interchangeably for different purposes. The quadratic phase description is simple to implement
and most commonly programmed on spectrometers. Whereas the frequency ramp w(t) notation is preferred to describe the
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crossing between the rf and peak frequency, during which most of the rfaction occurs. The effective flip angle § induced by the
sweep is related to the so-called adiabaticity parameter

o=—- (2)

where o' is the sweep rate and wy = -(S + 1/2)vB is the effective nutation frequency by the 7f field including the case for the
central transition of a half-integer spin S. For a <« 1, a rapid crossing with insufficient rf field induces only negligible per-
turbations or a small effective 6. For &« > 1, a slow frequency sweep drags the spin states adiabatically along the effective rf
field achieving spin state inversion like a -pulse. In the intermediate regime, the frequency sweep can generate an efficient
excitation; most notably an effective 7t/2-pulse occurs when « ~ 0.25.

Fig. 1 depicts a pulse with a linear frequency sweep through a peak at frequency w at a time t. = w/w'. Such a pulse is
typically achieved by a quadratic variation of the rf phase. The frequency crossing at t. induces a rotation which transfers
coherence from order p; to p; as illustrated by the coherence transfer pathway diagram. The instantaneous rf phase ¢. at the
moment of the frequency crossing is given by

2
$(te) =— 3)

2w

The change of coherence order 4p = p, — p; contributes a term exp[-idp¢(t.)] to the NMR signal [2,28]. During the time
periods before and after t, free precession (fp) is assumed and it contributes an additional phase factor exp(-i¢g,) with

b =1 (2 +tc)o+py (2 tc)o (4)

Thus, the total phase of the NMR signal is

brotal = fp + Apg(te)
2 (5)
:%(Pz +p1) —%(Dz -Dp1)

Considering that the rotation angle # is independent of peak frequency w, the frequency sweep can be equivalently
described by a broadband rotation with phase y at the center of the pulse as shown in Fig. 1. Then, the first term in Eq. (5)
which is linear in frequency represents the signal evolution before and after the # rotation, and can be compensated by a
first-order phase correction to take into account the 7,/2 delays. The second term, % (p2 — p1), is quadratic in frequency and
therefore requires a second-order phase correction. The phase contributions to the NMR signal for experiments using
multiple frequency sweeps are additive, therefore the overall second-order phase correction is generally given by

S— S-exp< - izgf)f%ﬁ) (6)
T “Wk

sweep rate ' =Aw/r,

-Aw/2 +Aw/2
T,/2 0 le +7,/2
> Py >
\— Py =
0,
-T,/2 0 +7,/2

Fig. 1. 1f frequency sweep of duration 7, across a peak at frequency w. The crossing at time t. = w/w’ (highlighted in grey) induces a rotation # and coherence
transfer from order p; to p,. The frequency sweep can be equivalently described by a broadband rotation at the center and a second-order phase.
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The result above was obtained under the assumption of free precession before and after the frequency crossing. However,
off-resonance rf irradiation during these periods gives rise to a Bloch-Siegert shift [29], which contributes a small quadratic
frequency-dependent term that can be corrected by additional second-order phasing. Furthermore, in Eq. (3), the f rotation
and coherence transfer assume a constant rf phase during the crossing. However, the rf phase is actually changing due to the
frequency sweep causing the phase y of the 6 rotation to lag. The phase lag needs to be taken into account for experiments
where the relative phase of the broadband rotation with respect to other pulses is important [27].

Let us first consider a spin-echo using two frequency-swept pulses. If the two frequency sweeps are identical, then for the
p=0 — 1 — —1 coherence transfer pathway the phase of the NMR signal picks up a quadratic term equal to exp(iw?/2¢'). A
second-order phase correction is needed to obtain an absorptive-phase spectrum. However, if the refocusing frequency
sweep is twice as fast as that for the exc1tatlon pulse (i.e., o'y = 2t/ exc), then the two quadratic contributions cancel each
other since Ap; =1 and Ap; = —2, and 2 20} Apz = 0. Thus, the absorptive spectra can be obtained without requiring second-
order phase correction [23]. In more recent appllcatlons of frequency sweeps for wideline CPMG experiments, the WURST
pulses used for excitation and refocusing are always kept identical. By doing so, the quadratic phase is the same for all CPMG
echoes regardless of the coherence transfer pathway and their contributions always add up constructively. Thus, WURST/
CPMG spectra acquired in this way contain a quadratic term, and second-order phase correction is necessary to obtain spectra
with absorptive line shapes. Frequency sweeps are also often used for polarization inversion and signal enhancement of
which the coherence order remains at p = 0. Therefore, for these experiments the frequency sweeps do not contribute any
second-order phase term because Ap, = 0.

3. Results and discussions

Fig. 2 shows the WURST/CPMG pulse sequence, echo signals, and spikelet spectra of a zirconocene dichloride sample [30].
The time-domain echo signals (Fig. 2a) do not show the narrow echoes typical of wideline spectra, but rather ‘frequency-
dispersed’ echoes [16,22]. The spikelet spectrum after zeroth- and first-order phase correction in Fig. 2b shows a remaining
term quadratic in frequency. All spikelets become absorptively phased once a second-order phase correction is applied
(Fig. 2¢). An inverse Fourier transform of the phased spectrum regains the narrow echo signals typical of wideline spectra
acquired using monochromatic pulses (Fig. 2d).

It is a common impression that applying frequency-dependent phase correction often causes rolling baselines. This is true
for free-induction-decays acquired immediately after excitation. It is unavoidable that a few points at the beginning are either
missing or distorted due to transmit/receive switching and dead time, and consequently cause rolling baselines because these
points should have high signal intensities. This problem does not occur for full-echo signals, and large first or second-order
phasing can be applied without baseline issues. Furthermore, changing the zeroth-order phase only redistributes the
absorptive component between the real and imaginary spaces for full-echo signals [31] in contrast to half-echo signals where
adjusting the zeroth-order phase mixes the absorptive and dispersive components. This property allows a more precise
determination of the zeroth- and first-order phase parameters for full-echo spectra. For CPMG spikelet spectra, individual
time-domain echoes determine the profile of the wideline powder pattern. Therefore, the same spectral phase properties
described above for full-echoes apply to the powder pattern. However, for individual spikelets, the line shape is determined
by the intensities of the echo train, which is actually a half-echo signal. Thus, the spectrum shows a dispersive imaginary
component after phasing with a second-order correction (Fig. 2c).

The WURST/CPMG time-domain signals before and after second-order phase correction in Fig. 2 can be described by a
point-spread function. Fig. 3 uses simulations of a discrete signal to demonstrate the spread function of second-order phasing.
A Fourier transform of a single point signal at t = 0 gives a constant spectrum across the spectral window (Fig. 3a and b). After
applying a second-order phase to the spectrum (Fig. 3¢), its time-domain signal can be obtained with an inverse Fourier
transform (Fig. 3d). The simulations show a spread by one point for every 27 or 360° of second-order phase. Both the
frequency-domain spectrum (Fig. 3c) and the time-domain signal (Fig. 3d) show a quadratic phase. The spread of time-
domain signals requires a larger acquisition window to avoid truncation. Thus, the broadband property of frequency
sweeps comes at the expense of not only longer pulses but also larger acquisition windows which reduce the number of CPMG
echoes within a finite T, relaxation time.

The phase multiplication factor ¢ for the points j = -N/2, -N/2 + 1, ..., 0, ...N/2—1 in a spectrum is defined by

'2

2 N2 «phc2 (7)

bj=

where N is the total number of points. The relationship between the second-order phase correction (phc2) and the frequency
sweep parameters can be obtained for WURST/CPMG from Eq. (6)

SW2
phc2 = 4r?. w, (8)

where SW is the spectral width and «’ is the sweep rate. Noting that for every CPMG echo, ZApk = — 1. If the sweep range
2mAw is equal to SW, then
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Fig. 2. WURST/CPMG pulse sequence and 3°Cl WURST/CPMG (a,d) time-domain echo signals and (b,c) spikelet spectra of static zirconocene dichloride. Spectra
obtained with phase correction up to the first- (phO and ph1) and second (ph2) orders are shown in (b) and (c), respectively. The signal in (d) obtained after
inverse Fourier transformation of (c) illustrates the effect of second-order phasing in the time-domain. Real and imaginary components are shown as black and
red traces, respectively. The excitation and refocusing frequency sweeps are kept identical in the WURST/CPMG pulse sequence. The spectrum was acquired at
19.6 T using a Bruker DRX spectrometer and a single-resonance 4 mm MAS probe designed and built at the NHMFL; 50 us WURST-80 pulses with sweep ranges of
1 MHz and rf fields of 17.3 kHz were used; Other parameters were M = 40, spectral width (SW) = 1.0 MHz and a recycle delay of 1.0 s.

_9..7P
phc2 =2w dw

(9)

where dw is the dwell time and 7, is the sweep duration. Eq. (9) shows that the amount of second-order phase correction
necessary (in units of 27) is equal to the duration (in units of the dwell) of a frequency sweep across the whole spectral width.
The sign of the phase correction is determined by the direction of the sweep.

Fig. 4a and b compare the noise and line shapes between the phased and magnitude spikelet spectra. In the noise region,
the magnitude operation creates a raised floor with reduced noise spread. It is important to note that the uncertainty under
the peak regions is largely unchanged. Therefore, the noise level reduction by the magnitude operation is in appearance only.
For the phased spectrum, the white noise property is retained across the whole spectral window. As for the line shape, the
spikelet profile or the wide line powder pattern are the same between phased and magnitude representations. For individual
spikelets, the magnitude spectrum in Fig. 4b shows broader line shape from the dispersive component whereas the phased
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Fig. 3. Simulated (a,d) time-domain echo signals and (b,c) frequency-domain spectra (a,b) without and (c,d) with second-order (ph2) phase. The comparison of
(a) and (d) illustrates the point spread from second-order phasing.

spectrum contains the narrow absorptive component only. This is expected because the echo intensity profile which de-
termines the spikelet line shape is equivalent to a half-echo signal. The comparisons show that the real absorptive spectra,
here by second-order phase correction, has advantages over the magnitude spectra. If insisting on magnitude representation,
taking the absolute value of only the real part (Fig. 4c) would exclude both the noise contribution and the broader dispersive
components from the imaginary part as compared with the magnitude operation of the complex spectrum. The inset in Fig. 4c¢

(a) Re

l|
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20x

m -150 -170
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20%

W 150 70
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Fig. 4. Comparisons of 3°Cl WURST/CPMG spikelet spectra of zirconocene dichloride shown as (a) a real phased spectrum, (b) the magnitude of the real and
imaginary components, and (c) the absolute value of the real part after second-order phase correction. The insets show a noise region magnified by a factor of 20,
and an expansion of representative spikelet line shapes.
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shows the preservation of narrow line shapes for the spikelets. However, this can be achieved only after applying phase
correction up to the second order.

4. Conclusion

In summary, we have shown that linear frequency-sweeps can be equivalently described by a broadband rotation and a
quadratic phase term. The second-order phase correction can be applied to compensate the quadratic phase term yielding
absorptive spectra. The use of second-order phasing is recommended for NMR spectra acquired using frequency-sweeps such
as WURST/CPMG for better line shapes and noise properties.
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