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PHASE SHIFTS INDUCED BY TRANSIENT BLOCH-SIEGERT EFFECTS IN NMR
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It is shown by simulation and experiment that selective pulses designed to invert or excite magnetization over a limited fre-
quency window induce significant phase shifts over a bandwidth much larger than the chosen window. These phase shifts affect
all experiments where selective puises are used after exciting transverse magnetization or generally p-quantum coherence, The
phase shifts may be compensated by modifying the phases of the rf pulses during the experiments or in some cases by suitabie

data transformations.

1. Introduction

Bloch-Siegert shifts are known to occur in all dou-
ble-resonance experiments where a continuous mon-
ochromatic irradiation of magnitude w, is applied at
a frequency w [1,2]. In the absence of the double-
resonance field, a spin I, precesses at its offset
(chemical shift) Qu=w,—w,. If the rf amplitude
fulfills the condition 0 <@, <« £2, however, the I, sig-
nal appears at a frequency Q; ~Q, +w?/2Q,. The
Bloch-Siegert shift disappears as soon as the irra-
diating field is switched off, as in so-called “gated”
Overhauser measurements for example, where it is
possible to use difference spectroscopy to unveil weak
enhancements. In selective decoupling experiments,
on the other hand, it is necessary to irradiate the cou-
pling partners during observation, and the Bloch-
Siegert shift makes it difficult to use the principle of
difference spectroscopy [3-5]. The shift also affects
two-dimensional spectra, particularly when contin-
uous irradiation is applied, for example to saturate
the solvent resonance, in either the evolution or de-
tection period [6]. By and large however, it is gen-
erally assumed that Bloch-Siegert shifts can only have
treacherous effects when the double-resonance field
1s actually switched on during sampling. In this Let-
ter, it is shown that tramsient Bloch-Siegert effects
can profoundly affect a range of experiments that
were hitherto believed to be quite safe from this type
of interference.

Many experimental schemes involve selective
pulses designed to invert or excite magnetization over
a limited frequency window. Usually, the effects of
such selective pulses are predicted by calculating the
offset dependence of the M, and M,, responses. In
fact, it turns out that selective pulses also induce ro-
tations about the z-axis. We will demonstrate how,
if there is any transverse magnetization, or in general
p-quantum coherence, these z-rotations can lead to
significant phase shifts. The effects occur at surpris-
ingly large offsets £, from the carrier frequency w.¢
of the selective pulses, well outside the frequency
window in which the selective pulses are intended to
invert or excite the magnetization. Clearly, these
pernicious phase shifts will not manifest themselves
in the usual simulations of the offset dependence of
the M, or M,, responses.

2. The basic phenomenon

Consider a simple experiment where the begin-
ning of data acquisition is delayed after initial ex-
citation by an interval ¢, (fig. 1a). In a frame ro-
tating at w,¢ the magnetization associated with a spin
I, at an offset £, from the carrier of the exciting pulse
builds up a phase

O =52, (1)

which is due to free precession about the z-axis of the
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Fig. I. Experimental schemes suitable to demonstrate transient
Bloch-Siegert effects. (a) Hard 90° pulse followed by acquisi-
tion after a delay #,. (b) Hard 90° pulse followed by application
of a time-dependent irradiation P of duration ¢, before acquisi-
tion. (¢) Same as (b) but with permutation of the hard and soft
pulses. The pulse P is shown as a truncated Gaussian, but it could
be defined by an arbitrary envelope function.

rotating frame for a time ¢,. However, if an rf pulse
of constant amplitude w, is applied along the y-axis
during #,, the precession occurs about an effective
vector my e Which lies in the yz-plane and is tilted
with respect to the z-axis by an angle G4 The
precession about the effective field gives rise to a
phase error ¢} rather than ¢. If we begin with an
initial magnetization M7 aligned along the x-axis, it
can easily be shown [7] that the x- and-y-compo-
nents of the resultant magnetization are

M, = M3, cos Bierr (2a)
Mky=M2 sinﬂkmcosekdf, (Zb)
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where f, .5 is the effective flip angle around wy. 4. The
‘phase of the resulting vector is

tan ¢y =M,/ My, =tan fi 5 €08 O et ,
hence
0% = arctan (tan Byer €08 Grerr) . (3)

Thus the phase difference Ag=¢; —o} of the mag-
netization vectors in the experiments with and with-
out an rf pulse in the ¢, interval (see figs. 1a and 1b)
is

Ap, = ¢y — arctan(tan By . COS Brerr) - (4)

For the purposes of this Letter we are interested in
effects that are far from resonance, ie. where
2.3 w;. It follows that 6. is small and that
cos O, .5~ 1. Making this assumption, we can rewrite
eq. (4) as

Ady = Bp— Bressr - (5)

At this point we should recall that any sequence of
rotations R,,....R; about axes n,,....n; can be repre-
sented by a total rotation R,,, about an axis n,, [8].
Thus at a given offset the problem is exactly anal-
ogous to the rotation produced under a constant-am-
plitude pulse and without loss of generality we can
assume that n,, lies in the yz-plane. Eq. (3) is there-
fore valid for any shaped pulse. Although 6, .+ can-
not be calculated analytically for an arbitrary pulse,
€08 Bi.rx 1 18 true for any pulse provided we are far
off-resonance. Thus eq. (5) is also valid for any pulse.
The angle B is given as

Bren= | 124+ [0,(012) 7 di= [ orentt) &,
(6a)

where @y (1) is the time-dependent magnitude of
the effective field. Hence

ﬂkcff'—'(wkeﬂ‘)tp: (6b)

where {@W..y) is the average magnitude of the ef-
fective field during t,. This is equivalent to saying
that any pulse shape can be replaced by an equiva-
lent square pulse provided we are far from reso-
nance. Thus, on a scale of offset defined as Q./
{ Wiy, Which is not linear with respect 10 Q, since
{wy gy also contains a term in £2,, the phase be-
haviour should be identical for al/l pulses regardless
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of their shape. With this in mind, eq. (5) can be con-
veniently rewritten

Apy ~ (8 — { Wierr) Yo = A D 1y, N

where { Awy.) 1s the average deviation of @y from
Qk'

Fig. 2a shows the M, response of a simple Gaus-
sian inversion pulse with 2.5% truncation. Inversion
is efficient over a very small frequency region [9,10].
In fig. 2b we show the phase shift expected when P
of fig. 1b is such a Gaussian pulse as obtained by nu-
merical solution of the Bloch equations, compared
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to the shift predicted by eq. (7). The agreement is
found to be exact at reduced offsets O /w7 >2.
Note how the phase shift extends to offsets much
larger than those where the longitudinal magneti-
zation component is affected by the pulse. It may
initially appear that at reduced offsets greater than
around 5, the transient Bloch-Siegert effect is neg-
ligible, being less than 20°. However, in fig. 2c the
result of subtraction can be seen to be non-negligible
even for a reduced offset of 12.6 when the phase dif-
ference is as small as 5°.

Fig. 3 compares the phase shifts experienced by

a b

1 nf2- I
M, { A
0 0
- Fo-n/2
— Ty | |
-15 0 15 -15 0 15
reduced offset reduced offset
c
0.00 0.93 1.52 3.15 6.30 12.6

s

L

Fig. 2. Offset dependence after a 180° Gaussian inversion pulse of (a) the M, response and (b) the transient Bloch-Siegert effect. In
(b) the solid line corresponds to the phase shift calculated by numerical solution of the Bloch equations and the dashed line corresponds
to the shift calculated using eq. (7). (c) Simulations of the residual signal observed after subtraction of two Lorentzian components with
the same magnitude but having a phase difference as shown in (b) at the reduced offsets (£2,/wT*) indicated. The signal at zero offset
is the reference and corresponds to the difference between two signals of exactly opposite phase. The other signals correspond to residuals
observed after Bloch-Siegert phase shifts of, from left to right, 90°,45°, 20°, 10° and 5°. Even at reduced offsets as large as 12, transient
Bloch-Siegert effects clearly cannot be neglected in difference experiments.
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Fig. 3. Offset dependence of Ag calculated with eq. (7) for var-
ious pulse shapes compared to their M responses. The solid line
is for a simple Gaussian inversion pulse, the long dashes are for
a G inversion pulse and the short dashes for a G* excitation pulse,
Note that the Bloch-Siegert phase shifts are significant over
bandwidths more than 30 times wider than the region that is in-
verted or excited.

transverse magnetization after a truncated Gaussian
inversion pulse, a so-called G* inversion pulse and
a G* excitation pulse [11]. The plots are on a re-
duced scale of offset divided by the maximum pulse
amplitude, and it is apparent that on this scale the
bandwidth of the M, perturbation is approximately
the same for each pulse. However, we can see how
the phase error Ag, gets larger as the complexity of
the pulse envelope increases in going from G' to G*.
This reflects a general phenomenon, implied by eq.
(7), that transient Bloch-Siegert effects become more
pronounced as pulse shapes become more complex.
While w; can be negative if the pulse involves phase
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modulation, o is always positive and larger than or
equal to §2, and it can be seen that pulses with com-
plicated envelopes will have a larger phase error Ag,.

3. Experimental verification

In order to verify the existence of transient Bloch-
Siegert effects we have performed a series of exper-
iments according to fig. 1b where the proton reso-
nance of tetramethylsilane (TMS) was put into the
transverse plane by a hard 90° pulse, and an off-res-
onance 180° Gaussian shaped pulse was applied be-
fore acquiring the free induction decay. The Gaus-
sian pulse was always sct far enough from resonance
s0 that no perturbation of the intensity of the signal
would occur. The phase shift originating from tran-
sient Bloch~Siegert effects was then assessed by com-
paring the phase of the signal with that of a control
experiment in which all conditions were the same ex-
cept that the amplitude of the soft pulse was set to
zero (as in fig. 1a). The results are shown in fig. 4
compared to those predicted by numerical integra-
tion, and the agreement is seen to be excellent.

In fig. 5 we show perturbations due to transient
Bloch-Siegert effects on a real example Figs. 5a—-5f

Af

]

offset (Hz)

Fig. 4. Experimental confirmation (squares) of the offset depen-
dence of the predicted phase shifts for a Gaussian inversion pulse
with 2.5% truncation and peak amplitude w**/2n=22 Hz. See
text for experimental details.
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Fig. 5. Transient Bloch-Siegert effects in 2 400 MHz proton spec-
trum of a 1:3 mixture of cis- and trans-2-phenylcyclopropane-
carboxylic acid methyl ester. The central multiplet is of the trans
isomer and the other multiplets are of the minor cis isomer. (a)
Normal spectrum; (b) spectrum acquired with the sequence of
fig. Ic. In (b) P is 2 50 ms 180° Gaussian inversion pulse with
2.5% truncation. (c) shows the result of subtraction of (a) and
(b). As expected the off-resonance multiplets are almost per-
fectly suppressed. The phase of the soft pulse was alternated while
keeping the receiver phase constant, so as to suppress any resid-
ual transverse coherence which may have been created by the
pulse. (d)-(f) Results of the experiment if the hard and soft
pulses are permuted: (d) is acquired according to fig. 1a, (e) is
acquired according to fig. 1b, and (f) is the result of subtracting
the two spectra, The failure of the subtraction of the outer mul-
tiplets in (f) is due to transient Bloch-Sicgert effects and is scen
to be quite striking. The experimental conditions were the same
as for (a)=-(c), except for the phase cycling, in that the phase of
the hard pulse was alternated in conjunction with the receiver.
The same zeroth-order phase correction was applied 1o all six
spectra.

show a region of the 400 MHz proton spectrum of
a 1:3 mixture of cis- and trans-2-phenylcyclopro-
panecarboxylic acid methyl ester. Fig. 5b shows the
result of a control experiment using the sequence of
fig. 1c, which demonstrates that the effect of the 180°
Gaussian inversion pulse is limited to onty the cen-
tral multiplet. Consequently, the outer multiplets
disappear almost completely in the difference spec-
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trum of fig. 5c. In fig. 5F we see a striking demon-
stration of transient Bloch-Siegert effects in the ap-
pearance of residual off-resonance multiplets. Since
the off-resonance multiplets are both of the cis iso-
mer, while the central multiplet is of the trans, there
can be no interference in this experiment from any
coherence transfer mechanisms, such as selective
population transfer [12], and neither can there be
any other effects such as partial refocusing of scalar
couplings. The only mechanism for the appearance
of the off-resonance multiplets in fig. 5f 1s through
transient Bloch-Siegert shifts. The two multiplets in
fig. 5f have residual magnitudes of around 40% and
25% respectively for the left- and right-hand sides of
those in fig. 5a.

4, Multiple-quantum coherences

So far we have shown the effect of transient Bloch-
Siegert shifts on transverse magnetization, or single-
quantum coherences. Bloch-Siegert shifis them-
selves have been shown also to affect double-quan-
tum coherences [13-15], and it follows that tran-
sient Bloch—-Siegert shifts should lead to phase shifts
of p-quantum coherence.

Double- and zero-quantum coherences in weakly
coupled systems are best represented as linear com-
binations of product operators [7,16], i.e

{DQC} =} (2l Lo —20,15y) (8)
and
{ZQC}X=%(211x12x+211y12y) . (9)

The propagator for the transformation induced by
the irradiating pulse can be represented at suitable
offsets from resonance as

U=exp(—i 5 Agz)klkz), (10)
k

that is, as a z-pulse through the offset-dependent flip
angle Ag; defined in eq. (7). The effect on a double-
quantum coherence is easily determined to be
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{DQC}x

A0t 20022 (1C), cos(ag; + Ads)

+{DQC}, sin(Ag, + Ag,) . (11)

Thus double-quantum coherence experiences a tran-
sient Bloch-Siegert phase shift through an angle
which is the sum of the phase shifts that would be
undergone by individual I,, and I,,. Similarly for
zero-guantum coherence,

{ZQC}x

A1z + Ao 2z {ZQC}, cos(Ag, — Agy)

+{ZQC}, sin(Ag, — Agy) . (12)

The zero-quantum coherence is phase shifted through
an angle which corresponds to the difference of the
two phase shifts. This may, for example, be impor-
tant if selective inversion pulses are inserted in the
recovery intervals of NOESY-type experiments de-
signed to monitor the dynamics of various forms of
longitudinal multiple-spin order [17,18]. In such
experiments, transient Bloch-Siegert shifts may in-
terfere with phase cycles designed to eliminate p-
quantum coherences.

5. Conclusions

Phase shifts induced by transient Bloch~Siegert ef-
fects interfere with all experiments where selective
pulses are used afier excitation of single- or multiple-
quantum coherence. We have recently encountered
problems in variants of soft correlation spectroscopy
(soft COSY) involving selective inversion of cou-
pling partners in the evolution period [19]. These
methods rely on the subtraction of signals obtained
in two complementary experiments, one with and the
other without a selective inversion pulse applied well
outside the spectral range of interest. Such experi-
ments are useful to determine networks of coupled
spins [19,20]. They may be regarded as multiple-
quantum filtering schemes using “amplitude alter-
nation” rather than phase cycling of the pulses. It
turns out however that the selective pulses not only
invert the polarization of a particular passive cou-
pling partner, but also induce phase shifts of the
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transverse magnetization of the active spins. This
makes it difficult to use difference spectroscopy.
Similar effects are likely to arise in all forms of so-
called “w, decoupling” where a semi-selective re-
focusing pulse is applied in the middle of the evo-
lution period [21]. In such techniques transient
Bloch-Siegert effects will manifest themselves as in-
tensity losses in the resulting spectra, as sequences
designed to achieve efficient transfer of coherence
usually depend on spins undergoing the same rota-
tion at all offsets. The phase shifts may also affect
some multi-slice imaging experiments [22].

Fortunately, the phase shifts induced by transient
Bloch~Siegert effects can be readily quantified, and
may be compensated for by suitable data transfor-
mations using a non-linear phase correction with a
frequency dependence according to eq. (7). In sit-
uations where only one particular multiplet is ob-
served, the phase shift may be compensated for by
the simple expedient of suitably adjusting the phases
of rf pulses preceeding or following the off-resonance
selective pulse [19].

Much effort has been invested in recent years to
“craft” selective pulses that achieve nearly ideal rec-
tangular excitation or inversion [11,23-26]. These
efforts have led to sophisticated prescriptions in-
volving the modulation of the rf amplitude and/or
phase during the course of the pulse. Transient
Bloch-Siegert effects tend to be more pronounced
for sophisticated crafted pulses, but even for the sim-
plest rectangular or Gaussian pulse envelopes they
are surprisingly large.
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