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Indirect rf field calibration using the heteronuclear Bloch-Siegert shift is presented. This method is useful
for calibrating x1 = �cB1 for the rf channels of small volume fast-spinning probes on which direct rf cal-
ibration is practically inconvenient or difficult for insensitive low-c nuclei. Proton signals are observed for
the rf calibration of the insensitive nuclei without requiring their presence in the sample. For a linearly
modulated rf field, the heteronuclear Bloch-Siegert shift is given by, DxBS ¼ x0x2

1= x2
0 �x2

irr

� �
, where x0

and xirr are the Larmor and irradiation frequencies, respectively. A short protocol using full-echo acqui-
sition of protons is described for measurement of the phase change induced by the Bloch-Siegert shift.
The calibration procedure is validated by a comparison with direct 13C calibration and demonstrated
for 14N rf field measurement of a 0.75 mm 100 kHz triple-resonance magic-angle spinning probe.

� 2019 Published by Elsevier Inc.
1. Introduction

Most of NMR experiments nowadays employ multiple rf chan-
nels and pulses at different frequencies to cover multiple nuclei
of interest with both on- and off-resonance irradiation. Before
the detection of magnetic resonance, the paper by Bloch and Sie-
gert about the rotating wave approximation (RWA) in 1940 [1] pre-
dicted that the off-resonance counter-rotating circular component
of cw irradiation can induce a small shift DxBS ¼ x2

1= 4x0ð Þ, where
x0 = �cB0 is the Larmor frequency from the main magnetic field,
x1 = �cB1 is the Rabi frequency from the rf field, and c is the gyro-
magnetic ratio. For double-resonance experiments, a similar kind
of shift occurs when rf irradiation is applied at a frequency xirr

far from the resonance frequency x0. The shift in this case shares
the origin of the AC Stark effect DxACStark ¼ x2

1= 2 x0 �xirrð Þ½ � in
microwave spectroscopy [2,3], but has since been known as the
Bloch-Siegert shift in magnetic resonance spectroscopy. The
Bloch-Siegert shift is usually small given the large magnitude dif-
ference between x0 and x1, but can become larger when x0 and
xirr get closer [4] and more profound for homonuclear near-
resonance conditions, such as for homonuclear J decoupling [5],
solvent suppression [6], and selective shaped pulses [7,8]. The
direct relation of the Bloch-Siegert shift to x1 = �cB1 also allows
calibration of the rf field strength [9] and mapping of the B1 field
in magnetic resonance imaging [10].

Here we propose the use of the Bloch-Siegert shift for indirect rf
calibration of insensitive low-c nuclei via proton detection. This
work is triggered by the recent completion of a triple-resonance
0.75 mm 100 kHz magic-angle spinning (MAS) probe at the
National High Magnetic Field Laboratory, and the development of
ultrafast MAS for proton-detected solid-state NMR. Ultrafast spin-
ning is critical for narrowing proton resonances and prolonging T2
relaxation of solids, but comes at the expense of small rotors with
very limited sample space. Calibrating the rf field for channels
other than the 1H channel becomes difficult due to small sample
volume (�290 nL in this case), and the intrinsically weak signals
from low-c nuclei. Calibrating the rf field without actually observ-
ing the insensitive nuclei of interest also becomes advantageous
because a single experimental setup with 1H detection can be used
to calibrate virtually all nuclei and rf channels on the probe. The
practical inconvenience of packing/unpacking and keeping many
setup samples in small rotors can also be avoided.

In the following, we first revisit the Bloch-Siegert effect follow-
ing the work by Shirley and others [11,12]. The use of Floquet
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theorem treats all cases in terms of frequency offsets, and rf fields
with linear or circular modulation. The case of heteronuclear irra-
diation with a linearly modulated rf will be used for indirect rf cal-
ibration through proton detection. The Bloch-Siegert shift can be
measured by the induced phase change accumulated over a spin-
echo. Hence, a protocol for acquiring full-echo signals, data pro-
cessing, and spectral phasing is described for measuring the phase
change precisely. Indirect rf calibration is demonstrated for the 14N
channel of the triple-resonance 0.75 mm MAS probe after valida-
tion with direct 13C measurements on [U-13C, 15N]L-alanine.
2. Theory

The Hamiltonian of a spin placed in a strong magnetic field and
under rf irradiation consists of the Zeeman interaction and the
time-dependent rf Hamiltonian

H ¼ x0Sz þ 2cB1Sx cosðxirrt þuÞ ð1Þ
For the rf Hamiltonian, we have neglected the longitudinal com-

ponent and assumed the x-axis for the direction of the transverse
B1 field, which has frequency xirr and phase u. Floquet theory
transfers the time-dependent problem into a time-independent
one [11]. Solving the eigenvalue problem of the Floquet Hamilto-
nian yields an effective Hamiltonian. The difference between the
effective Hamiltonian and the Zeeman interaction is then the
Bloch-Siegert shift induced by the rf irradiation.

The explicit matrix of the Floquet Hamiltonian shows non-zero
elements in blocks separated by the Floquet index nF = +1, 0, �1
(only three are shown),

HF ¼

x0
2 þxirr

�x0
2 þxirr

�����
�����

x1
2

x1
2
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�����
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ð2Þ

The upper and lower blocks across the diagonal represent two
circularly counter rotating components of the linearly modulated
rf field,

2cB1Sx cosðxirrt þuÞ ¼ x1 ei xirrtþuð Þ þ e�i xirrtþuð Þ� �ðSþ þ S�Þ ð3Þ

To derive the Bloch-Siegert shift, we can set the rf phase u = 0 with-
out loss of generality.

In order to solve the eigenvalue problem of the Floquet Hamil-
tonian, perturbation theory or more explicitly pair-wise Jacobi
transformation [13] is applied to eliminate off-diagonal elements.
The elimination introduces a small perturbation to the diagonal
elements. The matrix in Eq. (2) shows that each state is perturbed
only by two pairs of off-diagonal elements from the rf irradiation.
Once the matrix is diagonalized, the center block becomes the
effective Hamiltonian and is used to derive the Bloch-Siegert shift.

Let us first consider the original Bloch-Siegert shift with an irra-
diation frequency matching the Larmor frequency xirr =x0. In this
case, one pair of rf field elements connects the two degenerate
energy levels (�x0/2) +xirr and x0/2 with DnF = +1:The match of
frequencies drives the resonance effectively and induces transi-
tions between the two states. The other pair of rf elements connect
the x0/2 and (�x0/2) �xirr energy levels separated by 2x0. This
counter-rotating component is ineffective in driving the resonance
(i.e., the rotating wave approximation), but can cause a small
change to the energy levels equal to x2

1=8x0. Bloch and Siegert
predicted a shift of the transition frequency between the two
energy levels +x0/2 and �x0/2 in the center block by

DxBS ¼ x2
1

4x0
ð4Þ

This case is rarely observed nowadays in pulsed Fourier-Transform
NMR as rf irradiation at the Larmor frequency is usually turned off
during acquisition of the free induction decay (FID).

Second, we consider an irradiation frequency xirr far from the
Larmor frequency x0 of the observed nucleus, i.e., |x0 �xirr| �
x1; the case we will use for indirect rf calibration. In this case, none
of the two rotating components of the linearly modulated rf field
drives the resonance, but both contribute to a separation between
the two energy-levels

DxBS ¼ x2
1

2ðx0 �xirrÞ þ
x2

1

2ðx0 þxirrÞ ¼
x0x2

1

x2
0 �x2

irr

ð5Þ

Each of the two terms above correspond to the AC Stark shift from
one of the circular components of a linearly modulated rf field [2].
The Bloch-Siegert terminology is kept in use here for this type of
effect in magnetic resonance.

The Bloch-Siegert shift is usually small as |x0 ±xirr| � x1, but
becomes more significant when rf irradiation gets closer to reso-
nance. In this case, we can neglect the smaller x2

1= 2 x0 þxirrð Þ½ �
term leaving only

DxBS ¼ x2
1

2Dx
; Dx ¼ x0 �xirr ð6Þ

This is the common case of Bloch-Siegert shift observed in selective
homonuclear decoupling experiments. The near-resonance case is
also used for B1 field mapping in magnetic resonance imaging
[10]. It is noteworthy that the direction of the Bloch-Siegert shift
can be upfield or downfield depending on if the xirr is above or
below the observed peak frequency, respectively. The peaks always
shift away from the irradiating frequency.

The effective rf field in the rotating frame is often used to derive
the Bloch-Siegert shift. In the rotating frame, the magnetization
vector rotates about the effective field at a frequency equal to its

magnitude, x1eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1 þ x0 �xirrð Þ2
q

. The near-resonance

expression for the Bloch-Siegert shift can be derived by adding
x1eff to xirr. The summed frequency should be equal to the Larmor
frequency plus the Bloch-Siegert shift [1,3,10],

x0 þ DxBS ¼ xirr þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1 þ ðx0 �xirrÞ2
q

ð7Þ

The equation above leads to the same expression as in Eq. (6) for the
near-resonance condition. In comparison, despite being more com-
plicated analytically, the use of Floquet theory is capable of treating
all cases in one framework with a direct derivation in the laboratory
frame.

The second half of the theory is about full-echo signals, more
specifically, the data processing and spectral phasing used to mea-
sure the change in phase induced by the Bloch-Siegert shift. As
illustrated in Fig. 1a, Fourier-transform NMR typically acquires
FIDs immediately after excitation. The decaying signal is the same
as a spin-echo acquired from the top of the echo, thus it is denoted
here as a half-echo. The frequency-domain spectrum is a well-
known mixture of absorptive and dispersive line shapes. The
desired absorptive spectrum is obtained by spectral phasing.
First-order phasing (PHC1) corrects for the delay between excita-
tion and the first recorded data point; a delay necessary due to
the probe dead time and transmit/receive (T/R) switching. Band-
pass signal filtration and even changes in cable length can also con-
tribute to this delay. The zeroth-order phase correction (PHC0)
compensates for all phase delays for rf transmission from the



Fig. 1. Illustration of phase correction for (a) half-echo and (b) full-echo time-domain signals. For a full-echo signal, the imaginary part (red traces) of the spectrum is null
when properly phased. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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NMR console to the probe, and signal reception from the probe
back to the console. The phase correction is usually based on visual
adjustment to the absorptive peaks, which can be ambiguous espe-
cially with broad and non-symmetric line shapes.

Fig. 1b shows a full-echo signal, which can be related to the
half-echo FID by a shift of the origin of the time axis. The decaying
half on the right of the full-echo is equal to the half-echo FID, while
the rising half of the signal is simply its time reversal and complex
conjugate,

Sðt þ sÞ ¼ Sðs� tÞ� ð8Þ

Shifting of the time-domain signal can be done equivalently,
and more conveniently, in the frequency-domain by applying a
first-order phase correction PHC1 = 360� � ndw, where ndw is the
number of dwell intervals between the start of data collection and
the top of the full-echo signal, ndw = s/dw. Eq (8) implies that the
imaginary component of a properly phased full-echo signal is zero
because

Z s

�1
S tð Þe�ixtdt ¼

Z 1

s
SðtÞe�ixt
h i�

dt ð9Þ

In effect as illustrated in Fig. 1b, the zeroth-order phase only dis-
tributes the signal intensity amongst the real and imaginary full-
echo spectra, instead of mixing absorptive and dispersive compo-
nents as for half-echo signals. It is much less ambiguous to null
the intensity of full-echo spectra than to adjust the line shape of a
half-echo signal so that it is purely absorptive. Hence, we recom-
mend the use of full-echo spectra to measure the signal phase
change induced by the Bloch-Siegert effect. It should be noted the
full-echo acquisition and the spectral processing have been used
in shifted-echo multiple-quantum magic-angle spinning (MQMAS)
[14] and dynamic-angle spinning (DAS) [15] experiments.
3. Experimental

Experiments were carried out at 800.1 MHz for 1H, 201.2 MHz
for 13C, and 57.8 MHz for 14N using a 800 MHz Bruker Avance III
HD spectrometer. The sample of [U-13C, 15N]-L-alanine was pur-
chased from Aldrich and spun at 95 kHz MAS on a 0.75 mm MAS
probe developed at the NHMFL using a spinning assembly and
rotors provided by JEOL. In all cases the Bloch-Siegert effect was
measured using a 1H spin-echo (p/2 – se – p – de – acq) with
se = 521/mr or 5.5 ms, de = 2 ms, and 2 s recycle delay.
4. Results and discussion

Fig. 2 shows the pulse sequence used for indirect rf field cal-
ibration. The rf pulse for the low-c channel sp is applied during
the first half of the spin-echo, while the second half allows full-
echo acquisition of the proton signal. A spin-echo lasting several
milliseconds is typically used. With echo delays limited by T2
relaxation, there can be some truncation at the beginning of
the echo signal. It is also possible for samples with long T1 relax-
ation that some residual signals appear at the beginning of the
acquisition due to incomplete filtration of signals excited by
the refocusing pulse with insufficient recycle delays. This signal
can be reduced by increasing the dead-time delay (de = 2 ms in
this case). A symmetric window function centered at the echo
top can be applied to reduce these artifacts while preserving
parity between the two halves of the full-echo signal. Fig. 1b
illustrates the small wiggles in the imaginary spectrum that
can arise from truncation at the beginning of the full-echo sig-
nal. These types of distortions have a negligible effect on the
indirect rf field calibration described here.

Based on the properties of full-echo signals described above, the
following procedure is proposed for indirect rf field calibration by
measuring the Bloch-Siegert shift induced phase change:

1. Acquire a full-echo signal of a setup sample with well resolved
1H signal(s). The echo delay se needs to be sufficiently long to
accommodate the maximum off-resonance pulse length and
avoid significant truncation of the echo signal. A longer dead
time (de) may be needed if incompletely filtered signal from
the refocusing pulse is present at the beginning of the
acquisition.

2. Apply a window function such as a sine bell or Gaussian cen-
tered at the top of the echo. The aim of the window function
is to reduce disparity between the two halves of the full-echo
by smoothing out echo truncation or residual signals at the
beginning of the acquisition.

3. Estimate the number of dwell intervals for the echo delay
ndw = s/dw, where s � se � de, then apply a first-order phase
correction PHC1 = 360� � ndw. The large first-order correction
is equivalent to a shift of the time-axis origin near the echo top.

4. Minimize the signal(s) with zeroth-order phasing and
fine-tune the zeroth- and first-order phasing interactively to
null the peak(s).

5. Add 90� to the zeroth-order phase correction to obtain the real
absorptive spectrum.



Fig. 2. 1H-detected Bloch-Siegert shift nutation spectra as a function of the pulse
length sp applied to (a and b) 13C, or (c) 14N rf channels. 1H NMR spectra of the CH3

site of [U-13C, 15N]-L-alanine acquired at 18.8 T and 95 kHz MAS. The 13C pulse
carrier frequency was placed 300 kHz off-resonance in (a) and on-resonance in (b).
(c) The 14N channel rf calibration does not require the presence of 14N nuclei in the
sample. The 13C and 14N rf fields were calibrated to be 62 and 79 kHz, respectively,
from the measured Bloch-Siegert shift using Eq. (10). In (a), the increase in pulse
length changes the echo signal phase and consequently mixes the real (black solid
trace) and imaginary (red dashed trace) components of the full-echo spectra. In (b),
the nutation curve is affected by the CH dipolar recoupling from on-resonance
irradiation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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6. Acquire a series of spectra by increasing the pulse length sp and
process them using the same window function and phasing
parameters determined above.

7. The Bloch-Siegert shift can be measured from the nutation
curve from which m1X can be determined using Eq. (10).

Fig. 2 shows arrays of spectra used to measure the Bloch-Siegert
shift and rf field. The signal intensity of the full-echo spectrum is
modulated by cos(2pDmBSsp), from which DmBS can be determined.
If the applied power is strong enough, then at the null
DmBS = 1/(4Dsp), where Dsp is the difference in pulse length
between the null spectrum and the first spectrum, which has the
maximum intensity. The rf field for the X channel m1X = |cXB1/2p|
is calculated using the following equation obtained from Eq. (5),
m1X ¼ mX
mH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mHDmBS 1� mX

mH

� 	2
 !vuut ¼ mX

mH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mH

4Dsp
1� mX

mH

� 	2
 !vuut ð10Þ

It is important to note that indirect rf calibration through the
Bloch-Siegert shift does not require the nuclei to be present in
the sample. For solid samples, it is actually better to choose a sam-
ple without the nucleus of interest so any dipolar recoupling
effects induced by the applied rf irradiation under MAS can be
avoided. In this respect, the pulse sequence used here is actually
identical to the TRAPDOR experiment used to measure distances
between spin-1/2 and quadrupolar nuclei under MAS [16–18].
Though the applied rf field is not selected for any specific recou-
pling condition, the effect from dipolar coupling is evident when
the 13C carrier frequency is on or near resonance (Fig. 2b). The
dipolar recoupling can be avoided by placing the 13C frequency
far off-resonance as in Fig. 2a.

The 13C signal of [U-13C, 15N]-L-alanine in a 0.75 mm rotor is
still strong enough for direct 13C rf field measurement via cross-
polarization. The pulse lengths used for direct rf calibration are
typically microseconds long as compared to milliseconds for the
indirect method described here. Hence, ‘edge effects’ can be signif-
icant for short pulses and we use the null of a long pulse for the
direct measurement when comparing the two methods. For an
applied power level of 22.8 W, a 13C rf field of m1C = 62.5 kHz was
calibrated using a 990� pulse length after cross-polarization. For
the Bloch-Siegert shift method, m1C = 62 kHz is obtained in good
agreement with the direct measurement.

Fig. 2c shows the Bloch-Siegert shift nutation curve for the 14N
channel of the probe. The 14N signal is too weak for direct detection
due to the small sample amount, low 14N gyromagnetic ratio, large
first-order quadrupole broadening, and low rf efficiency, which
was reduced in the probe circuit to optimize for 1H detection.
The indirect Bloch-Siegert method through proton detection is
not restricted by these intrinsic limitations. In fact, lower gyromag-
netic ratios are more favorable since larger Bloch-Siegert shifts are
induced at lower frequencies. For the same m1X, the Bloch-Siegert
shift DmBS is proportional to the inverse square of cX. The 14N cali-
bration shows a much faster nutation curve than for 13C. With
200W of power a rf field of m1N = 79 kHz was obtained for the
14N channel.

In conclusion, a robust method for calibrating the rf field of
insensitive nuclei is presented by which the nucleus of interest
does not have to be present in the sample. This is of particular
advantage for probes and nuclei for which direct rf calibration
would be difficult or inconvenient. On the other hand, the indirect
calibration of the rf field relies on the measurement of a small
Bloch-Siegert shift. By using a constant-time spin-echo the effects
of T2 relaxation can be taken into account in the proposed proce-
dure for the rf field measurement.
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