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magnetization M in the appropriate rotating frames of refer-Adiabatic pulses (1–5) can provide increased bandwidths
ence. In most descriptions of conventional (constant fre-and accurate flip angles, with high tolerance to spatial varia-
quency) pulses, the reference frame rotates at the carriertions in RF field intensity. After being successfully applied
frequency vc , which is typically set to the Larmor frequencyto many aspects of in vivo surface coil NMR spectroscopy
v0 at the center of the spectral region of interest. In thisin the past decade, these pulses have recently gained popular-
constant-frequency frame, a resonance offset (V Å v0 0ity in high-resolution NMR for broadband decoupling (6–
vc ) gives rise to a constant longitudinal field component of8) and for sensitivity enhancement, while simultaneously
magnitude V /g. A frequency-swept pulse, such as an AFPreducing artifacts (9) and permitting automation of complex
pulse, is most often described in the so-called frequency-pulse sequences (10) . Because of the importance of low-
modulated (FM) frame (1), which rotates at the time-depen-power, broadband heteronuclear decoupling at high mag-
dent frequency of the pulse, v( t) . In the FM frame (Fig.netic fields, much of the work has focused on the inversion
1a), with axes labeled x *, y *, z *, the longitudinal field com-properties of adiabatic full-passage (AFP) pulses.
ponent isHowever, an AFP pulse is not a suitable refocusing ele-

ment in spin-echo sequences, since the pulse produces an
Dv( t) Å [v0 0 v( t)]zP * Å [V 0 AF2( t)]zP *, [1]undesirable phase roll across the spectrum as a function

of chemical shift (11, 12) . One approach to eliminate this
where A is the amplitude of the frequency sweep (relativeproblem relies on the formation of even-numbered echoes
to vc ) and F2( t) is a dimensionless function describing the(e.g., a double-echo experiment) using identical 1807 pulses
frequency modulation with values in the range 01 to 1. Inwhich compensate the phase shifts created by one another
the FM frame, the effective magnetic field Beff ( t) is simply(13–15) . Other approaches for adiabatic refocusing use nu-
the vector sum of B1( t) and Dv( t) /g. Finally, we definemerical and experimental pulse-shape optimizations of AFP
one additional reference frame (x 9, y 9, z 9) , known as thepulses, such as CHIRP (16) and others (17) . A final ap-
Beff frame (11) , in which Beff ( t) remains collinear with theproach is based on the creation of composite adiabatic pulses,
longitudinal axis (z 9) .which contain inversions of the effective field Beff . These

The FM frame (Fig. 1a) can be transformed to the Beff‘‘Beff flips’’ (3, 4, 11, 18) reverse the direction of spin pre-
frame (Fig. 1b) by the rotation operator exp[0ia( t)Iy] . Forcession and compensate the phase shifts created in the sepa-
an AFP pulse, the total sweep angle atot is 1807; thus, a 1807rate adiabatic segments of the pulse. The so-called B1-insen-
rotation about y * Å y 9 describes the final relative orientationsitive-rotation (BIR) pulses (4) are an example of this type
between FM and Beff frames. In the Beff frame, the effectiveof pulse. Like a conventional pulse, however, the bandwidth
field E( t) is the vector sum of the fields, [(da /dt) /g] ŷ9of current BIR pulses is limited by the available B1 ampli-
and Beff ( t) ẑ9. As Fig. 1b illustrates, the initial transversetude (Bmax

1 ) . In this Communication, we demonstrate the
magnetization M rotates about E( t) in a plane that is relatedpotential to achieve unlimited bandwidths and excellent
to the x9y 9 plane by a rotation about x9 given byphase stability with a class of time-symmetric adiabatic refo-

cusing pulses constructed from a series of AFP pulses sepa-
rated by Beff flips (19) . u( t) Å arctan F (da /dt)

gBeff ( t) G . [2]
The description of these broadband adiabatic refocusing

pulses can be facilitated by first examining the origin of the
spectral phase roll produced by an AFP pulse when it is If ÉgBeff ( t)É @ Éda /dtÉ for all t ( i.e., when the adiabatic
used as a refocusing element (11) . This phenomenon can condition is satisfied throughout the pulse) , u É 0 and M

simply rotates about Beff through a phase angle c given bybe understood by considering the motion of the transverse
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FIG. 1. (a) Relationship between the frequency-modulated (FM) frame (x*, y *, z *) and the Beff frame (x9, y 9, z 9) , showing the rotation angle a in
a classical adiabatic experiment. (b) Magnetic fields and motion of the magnetization vector M about the resultant magnetic field E in the Beff frame.

One way to reduce the peak power of the HS pulse is to
c( t) É g *

t

0

Beff ( t *)dt *. [3]
raise the time variable in the sech function to a higher power.
For example, when the time variable is raised to its 8th

The total accumulated phase ctot (Eq. [3]) varies with chem- power, the corresponding frequency-modulation function is
ical shift, since Dv( t) , and thus Beff ( t) , depend on reso- then (21)
nance offset (Eq. [1]) .

This chemical-shift dependence can be eliminated with a
F2(t) Å *

t

0

sech2(bt*8)dt*. [5]sequence of AFP pulses separated by one or more Beff flips,
which reverse the direction of spin precession so that ctot Å
0. To attain constant-phase refocusing with this approach, This pulse has been dubbed HS8. In order to apply these
two criteria must be satisfied (5) . First, in the Beff frame, shaped pulses in current spectrometers equipped with wave-
the spin vectors must undergo an identity transformation, form generators, the corresponding phase-modulation func-
which is achieved by a proper combination of AFP pulses tions are obtained by integrating the frequency-modulation
separated by instantaneous Beff flips. Second, to achieve a functions with respect to time either analytically or numeri-
flip angle of 1807 by the end of the pulse, the Beff frame cally (20, 21) . To characterize the relation between the
must undergo a 1807 rotation with respect to the FM frame. bandwidth and pulse length of individual as well as compos-
When the individual adiabatic segments between the Beff ite adiabatic pulses, a convenient unitless parameter R is
flips are AFP pulses, the total flip angle is simply the sum often used (22, 23)
of the sweep angles (atot ) of the Beff trajectories, and there-
fore, an odd number of AFP segments must be employed to

R Å ArTp /p Å bwrTp , [6]achieve refocusing.
Recent reports by Kupc̆e and Freeman (20) and by Tannus

where bw is the pulse bandwidth in hertz and Tp is the pulseand Garwood (21) show a new procedure to construct AFP
length in seconds. We will use HS and HS8 pulses withpulses with offset-independent adiabaticity, which ensures
different R values to construct adiabatic refocusing pulses.uniform inversion within the frequency limits of the adia-
These principles can be applied to all types of adiabaticbatic sweep. For this kind of pulse, the appropriate fre-
inversion pulses used for refocusing purposes, and the Rquency-modulation function is obtained by taking the time
values of these pulses can be easily changed for differentintegral of the square of its amplitude-modulation function.
applications.The well-known hyperbolic secant (HS) pulse (1, 2) is an

Figure 2 shows timing diagrams of adiabatic refocusingexample of an AFP pulse that achieves offset-independent
pulses of total pulse length Tp composed of different AFPadiabaticity. The driving function for the frequency modula-
pulses with Beff flips between segments. The specific se-tion in the HS pulse can be derived from its amplitude-
quence in Fig. 2a, [HS (R Å 25), HS (R Å 50), HS (R Åmodulation function, sech(bt) , by (20, 21)
25)] , was used to acquire the experimental data in Fig. 3.
The HS pulse lengths are adjusted proportionally with R

F2(t) Å *
t

0

sech2(bt*)dt* Å tanh(bt)
tanh(b)

, [4] to have the same bandwidth for each pulse. The following
nomenclature is used to define this class of composite adia-
batic pulses: [ the name of the AFP pulse (e.g., HS), fol-where t(Å2t/Tp) is defined in the interval 01 £ t £ 1, and

the truncation factor b is chosen such that sech(b) Å 0.01. lowed by the sequence of R values describing the individual
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FIG. 2. Timing diagram of the 3p adiabatic refocusing pulses for (a) [HS-25, 50, 25] and (b) [HS8-50, 100, 50]. B1( t) , v( t)-vc , and f( t) represent
the shapes of their amplitude-modulation function, frequency-modulation function, and phase-modulation function, respectively. Tp is the total pulse
length.

AFP segments] . Accordingly, the sequence above can be Interscan delay was 3 s. To avoid phase problems induced
by transmitter jumps between different offsets, resonancewritten as [HS-25, 50, 25]. During this pulse, Beff flips occur

between adjacent HS pulses. In the case where the adiabatic offsets were created by adding a phase ramp to the original
phase-modulation function. All spectra were acquired by acondition is satisfied, complete refocusing of spins in the

Beff frame (Fig. 1b) can be examined by calculating whether single-scan spin-echo sequence in which the 1807 pulse is
surrounded by a gradient pair. The on-resonance spectrum*Tp

0
Beff ( t) Å 0.

was phased to absorption mode, and this phase correctionIt can be shown that
was applied to the other traces.

Figure 3 compares the refocusing profiles of a hard 1807
ctot Å gF*

0.25Tp

0

Beff ( t)dt 0 *
0.75Tp

0.25Tp

Beff ( t)dt pulse (Fig. 3a) , a broadband composite pulse (26) (Fig.
3b), and [HS-25, 50, 25] (Fig. 3c) . The gBmax

1 level used
was 9.80 kHz (gB rms

1 Å 4.26 kHz for the HS pulses) . For
any kind of refocusing pulse in a spin-echo sequence, the/ *

Tp

0.75Tp

Beff ( t)dtG Å 0, [7]
transformation of magnetization can be written as (15)

when the ratio of R values for the constituent pulses is 1:2:1. FMx

My

Mz

G Å F P cos(2d) P sin(2d) 0
P sin(2d) 0P cos(2d) 0

0 0 1 0 2P
GFor pulses of this type, the Beff frame experiences a net

1807 rotation relative to the FM frame, and thus, phase-
compensated refocusing takes place over a bandwidth
roughly equal to the frequency sweep range. Constructing 1 Fmx

my

mz

G , [8]adiabatic refocusing pulses in a time-symmetric manner,
such as [HS-25, 50, 25], leads to a symmetric frequency
profile, independent of the sign of resonance offsets (24) ,
and opens more possibilities of concatenating adiabatic

where P indicates how much the spin is flipped by the refo-
pulses, provided that the number of AFP pulses is odd so

cusing pulse, and can be calculated according to (15, 25)
that a net 1807 rotation is achieved and that the sum of the
R values of the odd-numbered AFP pulses in the sequence
equals the sum of the R values of the even-numbered AFP P Å 1

2 S1 0 Mz

mz
D . [9]

pulses. For example, five consecutive AFP pulses with the
R ratios 2:3:2:3:2 will also refocus spins with complete phase
compensation. These properties make the time-symmetric The 2d phase shift can be understood as a result of a 1807

rotation about the transverse component of the net rotationrefocusing pulses intrinsically different from the 3p pulse
proposed in Ref. (18) . axis for the refocusing pulse. For adiabatic refocusing pulses

proposed in this Communication, 2d Å ctot within the work-Spectra were acquired using a Varian Unityplus 500 MHz
spectrometer equipped with triple-resonance PFG probe, RF ing bandwidth, provided that u Å 0 in Fig. 1b. With both

the hard pulse and the broadband composite hard pulse, thewaveform generator, and shielded z-gradient unit. The sam-
ple was 1% H2O in D2O, doped with 0.1 mg/ml GdCl3 . rotation axes are contained in the x*z * plane (26) , which
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of refocused magnetization, and the phase difference relative
to the spectrum on resonance for [HS-25, 50, 25] using
experimental parameters. The simulation result agrees very
well with the experimental data shown in Fig. 3c.

To further demonstrate the principle, the refocusing pulse
[HS8-50, 100, 50] was generated. First, Tp was set to 3 ms
(i.e., the lengths of the three consecutive AFP pulses were
0.75, 1.5, and 0.75 ms, respectively) , and gBmax

1 was 8460
Hz (gB rms

1 Å 7530 Hz). This pulse achieved refocusing
across a bandwidth roughly equal to 60 kHz as shown in
Fig. 4a. When the total pulse length Tp was reset to 1 ms
and gBmax

1 was raised to 25,570 Hz (gB rms
1 Å 22,760 Hz),

the refocusing bandwidth was roughly 172 kHz (Fig. 4b).
Note that when the pulse length was reduced by 1

3, the re-
quired gBmax

1 (or gB rms
1 ) and the refocusing bandwidth in-

creased threefold. This proportionality, also suitable for
other kinds of adiabatic refocusing (inversion) pulses, can
be applied to determine the peak gBmax

1 level for different
bandwidths. When comparing the above results with double-
echo experiments employing two HS8 (R Å 100) pulses
with 1.5 ms (gBmax

1 Å 8460 Hz) or with 0.5 ms (gBmax
1 Å

25570 Hz), the refocusing bandwidths are very similar. If
two HS8 (R Å 50) pulses with 0.75 or 0.25 ms were used
for double-echo experiments, slightly higher gBmax

1 values
were required to reach uniform refocusing in the working
bandwidths.

FIG. 3. Symmetric refocusing profiles of (a) a hard 1807 pulse, (b) the
broadband constant 1807 rotation pulse (26) , 27 7x 99 70x 180 7x 211 70x 386 7x
211 70x 180 7x 99 70x 27 7x , and (c) the [HS-25, 50, 25] with 4 ms duration,
all obtained at gBmax

1 Å 9.8 kHz. The resonance offsets were stepped from
020 to 20 kHz in increments of 500 Hz.

ensures that d Å 0 and no phase roll occurs across the spec-
trum.

Although the refocusing profile of the broadband compos-
ite hard pulse is wider than the hard 1807 pulse, its perfor-
mance is sensitive to B1 inhomogeneity (26) . This situation
also applies to other broadband symmetric composite hard
pulses for 1807 rotation (27) . However, since [HS-25, 50,
25] is composed of three adiabatic pulses, the performance
is insensitive to B1 inhomogeneity when the adiabatic condi-
tion is satisfied. From the positions of the net rotation axes
of the 3p refocusing pulse at different resonance offsets,
we can also understand why it works. Outside the working
bandwidth (ÉVÉ ú A) , the 3p pulse performs a z rotation
as a single HS pulse does, leading to P roughly equal to
zero. However, upon passing the transition regions (ÉVÉ £
A) , the projection of rotation axis onto the y * direction in-

FIG. 4. Symmetric refocusing profiles acquired by using (a) [HS8-50,creases rapidly from 96% to more than 99% of the maxi-
100, 50] with 3 ms duration and gBmax

1 Å 8460 Hz (gB rms
1 Å 7530 Hz),

mum. Hence, the 2d phase shifts are approximately constant and (b) [HS8-50, 100, 50] with 1 ms duration and gBmax
1 Å 25570 Hz

within the 25 kHz refocusing bandwidth. We calculated, at (gB rms
1 Å 22760 Hz). The resonance offsets were stepped from 0100 to

100 kHz in increments of 2 kHz.different resonance offsets, the probability P for the intensity
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