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We present novel Carr–Purcell-like sequences using composite
pulses that exhibit improved performance in strongly inhomoge-
neous fields. The sequences are designed to retain the intrinsic error
correction of the standard Carr–Purcell–Meiboom–Gill (CPMG) se-
quence. This is achieved by matching the excitation pulse with the
refocusing cycle such that the initial transverse magnetization lies
along the axis n̂B characterizing the overall rotation of the refocus-
ing cycle. Such sequences are suitable for relaxation measurements.
It is shown that in sufficiently inhomogeneous fields, the echo am-
plitudes have an initial transient modulation that is limited to the
first few echoes and then decay with the intrinsic relaxation time of
the sample. We show different examples of such sequences that are
constructed from simple composite pulses. Sequences of the form
90◦0 –(90◦90−θ/2–θ180−θ/2–90◦90−θ/2)n with θ ≈ 90◦ and 270◦ gener-
ate signal over a bandwidth larger than that of the conventional
CPMG sequence, resulting in an improved signal-to-noise ratio in
inhomogeneous fields. The new sequence 127◦x,y–(127◦x –127◦−x)n only
excites signal off-resonance with a spectrum that is bimodal, peak-
ing at ∆ω0 = ±ω1. Depending on the phase and exact timing of
the first pulse, symmetric or antisymmetric excitation is obtained.
We also demonstrate several new sequences with improved depen-
dence on the RF field strength. The sequence (22.5◦67.5–90◦−22.5)–
(90◦67.5–45◦157.5–90◦67.5)n has the property that the phase of the signal
depends on B1, allowing coarse B1 imaging in a one-dimensional
experiment. C© 2001 Academic Press

Key Words: composite pulses; inhomogeneous fields; CPMG;
relaxation.
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1. INTRODUCTION

The Carr–Purcell–Meiboom–Gill (CPMG) sequence (1, 2) is
a standard sequence for measuring transverse relaxation
It is well known that the Meiboom–Gill modification (2) com-
pensates for the small inhomogeneities in the static field,B0,
and the RF field strength,B1, that are unavoidable in any NM
apparatus. This makes it possible to refocus the transverse
netization many times, limited only by the intrinsic relaxati
time of the sample.

Over the past few years, several new NMR applications h
been developed that operate in grossly inhomogeneous fi
These applications include strayfield NMR (3), well logging for
10
mes.

ag-
n

ave
lds.

oilfield applications (4), materials testing (5) and other appli-
cations with single-sided NMR systems. It has been rece
shown that in these inhomogeneous fields, the CPMG sequ
can still be used to measure the distribution of relaxation tim
(6).

The presence of largeB0 andB1 field inhomogeneities com
plicates the spin dynamics considerably. The analysis of
CPMG sequence in inhomogeneous fields has been the su
of a series of recent papers (6–11). In (6) we showed that in
sufficiently inhomogeneous fields, the amplitude of the first f
echoes exhibits a transient behavior but quickly follows a smo
decay with a decay rate that is a weighted sum of 1/T1 and 1/T2.
Therefore, it is still possible to measure relaxation time dis
butions in the presence of very large field inhomogeneities.

A practical application of this technique is the characteri
tion of porous media filled with a wetting fluid. It has bee
shown that the distribution ofT2 relaxation times of the fluid is
a measure of the distribution of pore sizes (4). In sedimentary
rocks, these length scales can extend over more than thre
ders of magnitudes. To capture the complete relaxation de
the CPMG sequence must be acquired with short enough e
spacing to measure the shortest decay time and with eno
echoes to measure the longest decay time. In practice, thi
ten requires the acquisition of several thousands echoes
submillisecond echo spacing.

When the inhomogeneity of the magnetic field,B0, far exceeds
the RF field strength,B1, all pulses act as slice-selective puls
and only a small part of the sample contributes to the signa
this paper, we address the question whether composite p
can be used to increase the slice thickness, which improve
signal-to-noise ratio and efficiency of the RF power. Compo
pulses have a rich history, but this is a new application and
not been investigated before. We first review briefly the relev
literature of previous work on composite pulses. In Section 2,
discuss our new strategy to design Carr–Purcell-like seque
with composite pulses. In Section 3, we illustrate this appro
with a series of novel sequences using simple composite pu
that have different excitation bandwidths. We demonstrate
perimentally that these sequences improve the signal-to-n
ratio and that they all can be used to measure relaxation tim
9 1090-7807/01 $35.00
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In Section 4 we concentrate on modified sequences with n
dependencies on RF field strength,B1.

Composite pulses were introduced in 1979 by Levitt a
Freeman (12) to improve the performance of population i
version by the 180◦ pulse. Soon afterward, they demonstra
that composite pulses can also be used to improve the pe
mance of the 180◦ pulse used as a refocusing pulse (13). They
showed that in the presence of modest RF inhomogeneities
180◦y refocusing pulse should be replaced by the composite p
90◦x–180◦y–90◦x. WhenB0 inhomogeneities are present, they su
gested that 90◦x–270◦y–90◦x provides better compensation. Bas
on this pioneering work, longer composite pulses consistin
a concatenation of phase-shifted 90◦ pulses that improved th
compensation for bothB0 and B1 inhomogeneities simultane
ously were developed (14, 15).

Tycko (16) introduced coherent averaging theory and
Magnus expansion to the analysis of composite pulses.
approach makes it possible to quantify the deviation of a g
pulse from an ideal pulse in powers of1ω0,1ω1, or any other pa-
rameter of interest. Using this method, Tyckoet al.(17) showed
that the previously found composite pulse 90◦

x–270◦y–90◦x com-
pensates to first order forB0 inhomogeneities and that the com
posite pulse 180◦0–180◦120–180◦0 compensates to first order forB1

inhomogeneities. They also found longer sequences that
pensate forB0 or B1 inhomogeneities to higher orders. Seve
different recursive expansion schemes (18–21) have been devel
oped that allow the systematic construction of longer and lon
composite pulses that compensate higher and higher orde
the Magnus expansion. A review of recursive expansions
be found in (22). Simbrunner and Stollberger (8) studied the
error terms for the CPMG sequence with composite pulses
posed previously for modest inhomogeneities. They pointed
that these terms can be reduced by specific phase-shifting o
initial 90◦ pulse with respect to the refocusing pulses.

A different approach is based on the observation that in
Carr–Purcell sequence, two subsequent 180◦ pulses act ideally
as a unity operator. However,B1 and B0 inhomogeneities will
lead to deviations. By proper phase-shifting of subsequent◦

pulses, these deviations can be compensated to various de
Shakaet al. (23) demonstrated that by using the MLEV pha
cycling schemes (24), the refocusing pulses treatx andy magne-
tization more symmetrically. Gullionet al.(25, 26) introduced a
16-step phase-cycling scheme they named XY-16. They sho
that this approach is still effective in the presence of RF am
tude imbalance between the different channels.

Another interesting class of refocusing pulses is based on
abatic fast passages (27, 28). Uǧurbil et al. (29, 30) introduced
equivalent 180◦ pulses that are composites of two half adiaba
fast passages and are effective even in very inhomogeneoB1

fields. In 1991, Garwood and Ke (31) introduced a symmetri
adiabatic pulse, named BIR-4, that improves theB0 bandwidth
while retaining the excellentB1 performance. This pulse is
composite of one full and two half adiabatic fast passages

appropriate phase shifts between them. With such sequences
B0 bandwidth scales with the maximum strength ofB1, since the
LIMANN
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half adiabatic fast passage is only fully effective forB0 offsets
less thanB1. Pulses have been developed with even wider ba
width by Conollyet al. (32) and by Hwanget al. (33). These
pulses are composites of only full adiabatic fast passages.
way, the bandwidth is not limited by the strength ofB1, but only
by the width and sweep rate of the frequency modulations.

Alternatively, when the 180◦ pulses in a CPMG sequenc
are replaced by single adiabatic fast passages, every even
is refocused in inhomogeneous fields. Zweckstetter and H
(34) have used this approach, complemented with MLEV ph
cycling, to measure accurately theT2 decay in modestly inho
mogeneous fields over hundreds of echoes.

2. STRATEGY TO DESIGN COMPOSITE PULSES FOR
GROSSLY INHOMOGENEOUS FIELDS

We are looking here for composite pulses for a new ap
cation: the pulses must be able to refocus the magnetiz
in grossly inhomogeneous fields repeatedly a large numb
times, display an improved bandwidth, preserve the intrinsic
ror compensation scheme of the CPMG sequence, and no
any spurious time dependence on the decay of echo ampli
that cannot be easily corrected.

To maximize the amplitude of a given echo in the presenc
grossly inhomogeneousB0 andB1 fields, refocusing pulses con
taining elements of adiabatic fast passages, as discussed a
have the best performance. The main drawback of such puls
that for a given maximum RF strength,B1, these pulses are ne
essarily much longer than composite pulses based on har
pulses. The minimal echo spacing,tE, is therefore much longe
when adiabatic pulses are used. In our application, this c
limit the detection of fast-decaying components. Even if the
strength is high enough to allow short enough echo spacin
is unlikely that these sequences will have overall higher sig
to-noise ratio. Short refocusing pulses can generate many
echoes in a given time, resulting in an overall higher signal
noise ratio. For our application, the same argument also fa
simple composite pulses over the long, higher order com
ite pulses that were mentioned above. For this reason, w
concentrating here on short composite pulses. A generic
is shown in Fig. 1, where both the initial and refocusing pul
can consist of several phase-shifted RF pulses. We have
included a periodτA of free precession following the initia
composite pulse.
, theFIG. 1. Schematic pulse diagram of generic CPMG sequence with com-
posite pulses.
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2.1. Asymptotic Echo Amplitude

In the absence of relaxation or diffusion, the evolution
any composite pulse over a refocusing cycle can be desc
by a net rotationRB, characterized by an axiŝnB and an angle
αB. Both the angle and the axis depend on the experime
parameters, the frequency offset,1ω0, and the RF field strength
ω1. Similarly, we can describe the evolution of the compo
excitation pulse by a net rotation that we callRA. Here we have
ignored scalar couplings. Using this notation, the magnetiza
at the time of the formation of theNth echo,mN , is given by
(6, 9):

mN = RN
B RA {ẑ} = RB(n̂B, NαB)RA {ẑ}. [1]

Here we have assumed that the initial magnetization is alon
ẑdirection. The magnetizationmN is normalized with respect t
its initial magnitude,M0. In Eq. [1], the braces indicate the vect
the rotations are operating on and the arguments in parent
characterize the rotation by its axis and rotation angle.

As in (23), we could base the strategy for finding optimal co
posite pulses on identifying sequences that have a net resu
angleαB as close toπ as possible over a wide range of frequen
offsets and RF strengths. The evolution over two refocusing
cles approximates then the unity operator and in this ideal c
the initial magnetizationRA {ẑ} is completely refocused at ev
ery second echo:m2k = RA {ẑ}. However, Eq. [1] shows tha
any deviations of the angle fromπ accumulates from echo t
echo. In order for this approach to work for thousands of ech
as required in our application, the angle must be extremely c
to π over the whole relevant range.

Our approach is based instead on the observation that fo
rotation, one of the eigenvalues is always 1. The correspon
eigenvector is the axis of rotation,n̂B. It is useful to rewrite
Eq. [1] as

mN = n̂B (n̂B ·RA {ẑ})
+ [RA {ẑ} − n̂B(n̂B ·RA{ẑ})] cos(NαB)

+ (n̂B ×RA{ẑ}) sin(NαB). [2]

The first term corresponds to the magnetization along the ei
vector with eigenvalue 1 and does not depend on the echo
ber N. In contrast, the second and third terms oscillate w
a frequencyαB. The total signal is obtained by weighting th
contributions ofmN(1ω0, ω1) with the occurrences of1ω0 and
ω1 in the sample. For large echo numbers,N, the second and
third terms oscillate rapidly as a function of1ω0 because the
cosine and sine terms with the angleNαB enhance the mode
frequency dependence ofαB. The frequency resolution of th
acquired signal is limited by the acquisition time that is nec
sarily shorter thantE. Therefore, in sufficiently inhomogeneo

fields and high enough echo numbersN, the second and third
terms will average out completely. After this initial transien
POSITE PULSES 111
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period, only the first term in Eq. [2] contributes to the observ
signal. The simple expression of the first term gives theref
the asymptotic echo

masy= n̂B (n̂B ·RA{ẑ}). [3]

In strongly inhomogeneous fields, the asymptotic form [3] oft
applies already after the third echo, as shown below and in6).

2.2. Optimization of Asymptotic Echo

The simple expression [3] for the asymptotic echo allo
an efficient two-step strategy to optimize the ratio of signal-
noise. Since only magnetization in the transverse plane ca
detected, the effective axis of rotation,n̂B, should lie completely
in the transverse plane over as large a range of1ω0 andω1 as
possible. Given the refocusing pulse, the excitation pulse
quenceA should then be chosen such that it rotates the ve
ẑ onton̂B over the relevant range of inhomogeneities. Note t
the optimization process naturally divides into two steps;
first one only involves the refocusing pulse, and the second
involves the excitation pulse:

• Refocusing pulse: maximizênB,⊥
• Excitation pulse: maximize (n̂B ·RA).

In most previous applications of composite pulses, it was
portant to generate pulses that had a certain overall rotation a
αB. In contrast, in our application,αB is irrelevant. It is the direc-
tion of the axisn̂B that is crucial. For our application, it is mor
important that the 180◦y refocusing pulse is a “y pulse” than a
“180◦ pulse.”

It is not necessary that the direction ofn̂B is constant within
the transverse plane for all values of the offset frequency.
is, the magnetization for all offset frequencies will be in pha
at the end of the refocusing cycle and the spectrum of the e
is a pure absorption spectrum.

2.3. Effect of Relaxation on the Asymptotic Echo

The analysis above shows that in sufficiently inhomogene
fields and in the absence of relaxation, the initial echo am
tudes show a transient behavior but then quickly approac
constant amplitude given by Eq. [3]. With relaxation, the
later echo amplitudes will decay. In (6) we have analyzed the
decay of the standard CPMG sequence with hard 180◦ pulses.
The results also apply to a CPMG sequence with compo
pulses: Relaxation leads to an exponential attenuation of
asymptotic echo amplitude with a decay rate that is a weigh
average of 1/T1 and 1/T2:

masy,⊥ (ktE) ' n̂B,⊥ (n̂B ·RA{ẑ}) exp

{
−ktE

(
n2
B,⊥ + n2

B,z
)}
.

t [4]
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Equation [4] shows that whenT1 6= T2, the exact decay time
depends on the offset frequency1ω0 and RF strength,ω1,
through the dependence ofn̂B andRA on these parameters. Fo
large inhomogeneities, the initial decay rate is of the form

1

Teff
' 1

T2
−
〈
n2
B,z nB,⊥ (n̂B ·RA{ẑ})

〉
1ω0,ω1

〈nB,⊥ (n̂B ·RA{ẑ})〉1ω0,ω1

(
1

T2
− 1

T1

)
. [5]

When T1 6= T2, the decay is in general slower thanT2. The
coefficient in front of the term 1/T2 − 1/T1 is a positive
constant<1 that must be determined for a given compos
pulse, field inhomogeneity, and acquisition bandwidth. F
large 1ω0 inhomogeneities, we find that the coefficient
typically in the range of 0.1 to 0.2.

2.4. Optimization of Sequence for Particular
Field Inhomogeneity

For a field inhomogeneity that is characterized by a dis
bution function f (1ω0, ω1), the asymptotic echo shape witho
relaxation can be calculated from the transverse asymptotic m
netization,masy,⊥(1ω0, ω1) ≡ masy,x+ imasy,y, given in Eq. [3]
by Fourier transformation

masy(t) =
∫ ∫

dω1 d1ω0 f (1ω0, ω1)

×masy,⊥(1ω0, ω1) exp{i1ω0t}, [6]

wheret is measured from the nominal echo center. To evalu
the spectrummasy,⊥(1ω0, ω1), the effective axiŝnB of the re-
focusing cycle must be calculated as a function of1ω0 andω1

for the particular composite pulse sequence. For this purpos
is most convenient to take advantage of the expressions g
by Counsellet al.(35): A rotation characterized by (n̂1, α1) fol-
lowed by a second rotation characterized by (n̂2, α2), is described
by a net rotation around an axisn̂12 and an angleα12 given by

cos

(
α12

2

)
= cos

(
α1

2

)
cos

(
α2

2

)
− sin

(
α1

2

)
sin

(
α2

2

)
n̂1 · n̂2

[7]

sin

(
α12

2

)
n̂12 = sin

(
α1

2

)
cos

(
α2

2

)
n̂1+ cos

(
α1

2

)
sin

(
α2

2

)
n̂2

− sin

(
α1

2

)
sin

(
α2

2

)
n̂1× n̂2. [8]

For optimal detection, a window function matched to this ec
shape should be used. The resulting signal power-to-noise
is proportional to ∫ T/2
S

N
∝

−T/2
dt masy(t) m∗asy(t), [9]
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whereT is the duration of the acquisition window and is nece
sarily shorter thantE.

This formulation of the problem lends itself to an op
mization using a computer search routine that maximizes
signal-to-noise ratio, Eq. [9], for the particular inhomogen
ity, f (1ω0, ω1). It is straightforward to add extra experiment
constrains to the optimization problem, such as maximum p
power, overall duration of composite pulse, or minimum s
size for phase and amplitude. For different optimization fu
tions, such an approach has been demonstrated previous
instance by Lurie (36), Poon and Henkelman (37, 38), and Bai
et al. (39).

3. EXAMPLES OF SPECIFIC COMPOSITE PULSES

In the rest of this paper, rather than presenting results of c
posite pulse obtained by computer optimization for a spec
field inhomogeneity and experimental constraints, we inve
gate the properties of some new, but simple composite pu
These individual composite pulses can then be used as b
ing blocks for the construction of overall sequences that s
have the inherent error correction of the standard CPMG
quence, but different responses with respect to frequency of
or RF field strength. Such sequences can also be used as st
points in computer searches for more refined sequences, re
ing the phase space that must be searched in the optimiz
process.

We will start with the standard CPMG sequence with ha
90◦ and 180◦ pulses, discuss different phase cycling schem
and explain the role of the delayτA indicated in Fig. 1.
Then we discuss refocusing pulses of the form 90◦–θ–90◦.
CPMG sequences using such pulses have been discusse
fore for small field inhomogeneities (8). Here we study the
performance for general inhomogeneities and discuss the
timal value of τA. We then discuss a new type of refocu
ing pulse suitable only for inhomogeneous fields. This no
pulse refocuses perfectly at offset frequencies1ω0 = ±ω1,
but not on resonance,1ω0 = 0. In Section 4, we focus on
composite pulses that display novel dependencies on RF
strengths.

To test the theoretical analysis, we have performed pro
NMR experiments in the fringefield of a Nalorac 2-T superco
ducting magnet on a sample of water that is slightly doped w
NiCl to reduce the relaxation time to around 100 ms. The sam
was placed on-axis 50 cm outside the magnet, where the
strength is 41.4 mT with a gradient of 132 mT/m. A Teflon r
was placed vertically in the RF coil that is tuned to the Larm
frequency of 1.765 MHz. Within this Teflon rod, the samp
cell is a 2-cm long cylindrical cell of 2 cm diameter, oriente
horizontally along the gradient direction. An Apollo Tecma
spectrometer was used for the pulse generation and signa

quisition. The nominal RF pulse amplitude wasω1,0 = 2π ×
10 kHz with a resulting pulse duration oft90 = 25µs.
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FIG. 2. Transverse componentnB,y of the axis describing the refocusing
cycle for a standard 180◦y pulse as a function of normalized frequency offse
1ω0/ω1,0, and RF field strength,ω1/ω1,0. Hereω1,0 = γ B1,0 is the nominal RF
field strength withω1,0t180= π . The echo spacing was assumed to betE = 7t180.
The solid contour lines indicatenB,y = 0.9, the dashed ones indicatenB,y = 0.

3.1. Standard CPMG Sequence with180◦ Refocusing Pulses

The direction of the net axiŝnB as a function of offset fre-
quency and RF field strength for a refocusing cycle consisting
a hard 180◦y pulse between two periods of free precession can
obtained by repeatedly applying the expressions [7] and [8]
is plotted in Fig. 2. Explicit expressions can be found in (6). For
symmetry reasons, the transverse component,n̂B,⊥, always lies
along theŷ axis. Therefore, the asymptotic magnetizationmasy

has only components in thêy channel. With a hard 180◦ refo-
cusing pulse, Eq. [3] shows that the largest possible asymp
transverse magnetization isnB,y. This is achieved if the initial
pulse tips the magnetization exactly alongn̂B.

3.1.1. Phasing. With a simple hard 90◦ pulse as initial exci-
tation pulse, Eq. [3] shows that the phase of the initial 90◦ pulse
should be phase-shifted relative to the refocusing pulses by 9◦ to
maximize the projection of the resulting magnetization,RA{ẑ},
onto the axiŝnB. This is exactly the Meiboom and Gill modifica
tion (2). In practice, this phase shift is alternated between+90◦

and−90◦ in successive acquisitions and the measured sign
added and subtracted. This basic phase cycling scheme e
nates any dc offsets and any signal that was not generated b
initial 90◦ pulse. In our spin dynamics calculation, this pha
cycling is included by eliminating thez component ofRA{ẑ}.
As a consequence, the largest possible asymptotic transv
magnetization is reduced ton2

B,y from nB,y mentioned above.
Bãlibanuet al. (10) found numerically that the modified se

quence 90◦x–(180◦x–180◦−x)n gives essentially identical results t
the standard CPMG sequence, 90◦

x–(180◦y)n. This can be under-
stood most easily as follows: The standard CPMG sequenc
the rotating frame rotating at the RF frequency,ωRF, appears as
the modified sequence in a rotating frame that rotates at a slig
different frequency,ωRF±π/tE. This equivalence holds as lon
as the pulse duration is much shorter than the echo spac

Therefore, the modified sequence corresponds to the stand
CPMG sequence with a small frequency offset ofπ/tE. In inho-
POSITE PULSES 113
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two sequences give therefore the same response.

3.1.2. Optimization ofτA. The magnetization following a
standard 90◦x pulse of durationt90 is given by

ux = −1ω0ω1

Ä2
(1− cosÄt90)

[10]
uy = ω1

Ä
sinÄt90,

whereÄ =
√
1ω2

0 + ω2
1 is the nutation frequency. In Fig. 3 th

in-phase component,uy, and out-of-phase component,−ux, are
plotted as a function of offset frequency and RF field stren
The expression for the asymptotic echo, Eq. [3], shows that
the component of the initial magnetization along the net axisn̂B,
is refocused. Since for the standard 180◦

y refocusing pulse,̂nB has
only components in thêy–ẑ plane, the out-of-phase compone
−ux does not contribute to the asymptotic echo.

The overall phase shift between the initial excitation pulse
the refocusing pulses in the Meiboom and Gill modification w
chosen to maximize the projection of the initial transverse m
netization ontônB close to resonance. The frequency range o
which the projection is optimized can be significantly increa

FIG. 3. Transverse magnetization,mx,y, following a single 90◦x pulse as
a function of normalized frequency offset,1ω0/ω1,0, and RF field strength
ω1/ω1,0. Top panel shows in-phase component,my, and bottom panel show
out-of-phase component,mx . The magnetization is normalized with respect

M0. The solid contour lines indicatemx,y = ±0.9, the dashed ones indicate
mx,y = 0.
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by adjusting the timeτA shown in Fig. 1. Close to resonanc
1ω0 ≈ 0, the deviation of the phase of the initial transverse m
netization,φA = −arctan(ux/uy) is linear in offset frequency
1ω0. Analogous to the standard process of phasing of N
spectra, we compensate this linear phase deviation by inclu
a periodτA of free precession. We have previously shown (40)
that for the standard CPMG sequence, the optimal value foτA
is given by

τA = cos(ω1t90)− 1

ω1 sin(ω1t90)
. [11]

For RF field strengths close to the nominal value,ω1,0, this time
interval is given by

τA = −2t90/π. [12]

The negative sign indicates that the initial pulse interval sho
be reducedby 2t90/π . This result can be interpreted as fo
lows: The magnetization following the real 90◦ pulse can be
thought of as being generated by a fictitious pulse a time|τA|ear-
lier. The in-phase magnetization of this fictitious pulse is giv
by uy,opt = uy cos(1ω0τA)+ ux sin(1ω0τA) and is plotted in
Fig. 4. The refocusing cycles, characterized byRB, operate on
this fictitious magnetization that appears a timetE before the
first echo. From a comparison of Fig. 3 and Fig. 4, it is appa
that by choosing the correct value ofτA, the bandwidth of the
initial transverse magnetization with the correct phase can
significantly increased.

Experimental verification is shown in Fig. 5. The top tw
panels compare the first 10 echoes measured with the stan
CPMG sequence usingτA = 0 (A) andτA = −2t90/π (B). After
the first echo, the adjusted sequence generates echoes
than those of the standard sequence. The data also show th

FIG. 4. In-phase magnetization,my, following a 90◦x pulse and a period o
free precession,τA = −2t90/π . The magnetization is normalized with respe
to M0, the solid contour lines indicatemy = ±0.9, and the dashed ones indica
my = 0. The magnetization immediately after a 90◦ pulse, shown in Fig. 3,
can be thought of as being generated by a fictitious pulse at time 2t90/π earlier

with the in-phase response shown here. This fictitious pulse has a much bro
bandwidth for in-phase magnetization whenω1 ' ω1,0.
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FIG. 5. Experimental results of the initial 10 echoes measured with diffe
CPMG-like pulse sequences in a constant gradient. For each echo, the acq
window is 256µs long with an echo spacing of 1 ms. The RF field strength
set toω1 = 2π × 10 kHz. In-phase signal is shown as a solid line, out-of-ph
signal is dashed. (A) Standard CPMG sequence 90◦

0–(180◦90)
n with τA = 0. (B)

Same as A, exceptτA = −2t90/π . (C) CPMG with Levitt-type composite puls
with θ = 270◦ : 90◦0–(90◦135–270◦225– 90◦135)

n with τA = −2t90/π . (D) CPMG
with Levitt-type composite pulse withθ = 90◦ : 90◦0–(90◦45–90◦135–90◦45)

n with
τA = 0. (E) Symmetric off-resonance sequence 127◦

0–(127◦0–127◦180)
n with

τA = −t90. (F) Antisymmetric off-resonance sequence 127◦
90–(127◦0–127◦180)

n

with τA = 0.

limiting shape of the echoes depends on the initial timing of
sequence. This demonstrates that the timing affects the s
bandwidth. It is also apparent that with the improved timing,
shapes of the echoes approach the asymptotic shape faste
with the standard timing. With the adjusted timing, the sec
and third terms in Eq. [2], which give rise to the transient ef
in the initial echo amplitude, are minimized.

For different refocusing pulses discussed below, the axin̂B
is not always confined to thêy–ẑ plane. In such cases, the sa
approach can still be used to compensate the dispersion o
directions to first order, but the optimal value forτA will be
in general different from Eq. [11]. Similarly, different excit
tion pulses will result in different optimal values forτA. As an
example, the half adiabatic fast passage is an excitation
sequence that can be used to generate transverse magnet
that is all in thêy channel. In the limit of a slow frequency swee
the resulting transverse magnetization isux = 0, uy = ω1/Ä.
In this case, the direction of the transverse magnetization
that of the transverse component of the axisn̂B are identical
and the optimal value isτA = 0. It is interesting to note tha

aderdespite this property, at the nominal value of RF field strength
ω1 = ω1,0, the excitation bandwidth of the CPMG sequence
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using the half adiabatic fast passage is smaller than the b
width for the standard CPMG with a hard 90◦x pulse and the
optimal value ofτA.

3.2. Levitt-Type Composite Refocusing Pulse

The first 180◦ composite pulses introduced by Levitt a
Freeman (12) were of the form 90◦x–θy–90◦x. Using Eqs. [7] and
[8] it is easy to show that on resonance and at the nomina
field strength, the net axiŝnB for such composite pulses is alwa
in the transverse plane, but not pointing along thex̂ direction:
n̂B = cos(θ/2)x̂ + sin(θ/2)ŷ. In order to use such compos
pulses as refocusing pulses in place of a 180◦

y pulse, the compos
ite pulse must be phase-shifted relative to the initial 90◦ pulse
by 90◦–θ/2. This corresponds to the generalized Meiboom–
modification. With these phase-shifted composite pulses, w
construct a whole family of new pulse sequences that are o
form

90◦0–
(
90◦90−θ/2–θ180−θ/2–90◦90−θ/2

)n
. [13]

Like the standard CPMG sequence, these sequences co
sate for small pulse imperfections and result in a large asy
totic echo, because the initial magnetization is predomina
collinear with the net axiŝnB. The direction ofn̂B for these
composite pulses is not confined anymore to theŷ–ẑ plane as
was the case for the standard CPMG sequence. As a c
quence, the asymptotic echo can have both in- and out-of-p
components, and the optimum value ofτA will be in general
different from the previous value of−2t90/π . In order to choose
the optimal value ofθ for a specific problem, we must study t
dependence of̂nB over the relevant values of offset frequen
1ω0, and RF field strength,ω1. Within this family of composite
pulses, the optimization procedure reduces to a two-dimens
search in theθ–τA plane.

One example of such a sequence withθ = 270◦ has been
previously studied by Simbrunner and Stollberger (8) for mod-
erately inhomogeneous fields. The composite 180◦ pulse 90◦y–
270◦x–90◦y was initially found by Levitt and Freeman (13) to
compensate for modest1ω0 inhomogeneities and Tycko (16)
showed that this pulse sequence compensates for1ω0 inhomo-
geneities in the lowest order of the Magnus expansion. In Fi
the transverse components ofn̂B of a refocusing cycle with
90◦135–270◦225–90◦135 composite pulse are shown. Compared
the standard refocusing pulse shown in Fig. 2, the sweet sp
n̂B near the values of (1ω0 = 0, ω1/ω1,0 = 2n−1) are broade
with respect to1ω0, but narrower with respect toω1. Figure 5C
shows the first 10 echoes measured with these refocusing p
in a constant gradient and the nominal RF field strength,ω1,0.
The echo peak is indeed higher than with the previous
quences. It is also apparent that in this case, echo signal ap
in both channels and cannot be phased into a single cha

even though the range of Larmor frequencies in this sampl
symmetric.

This
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FIG. 6. Transverse components of axis characterizing refocusing cycle
composite pulse 90◦135–270◦225–90◦135 as a function of normalized frequenc
offset,1ω0/ω1,0, and RF field strength,ω1/ω1,0. Top panel shows the in-phas
component,nB,y and the bottom panel the out-of-phase component,−nB,x . The
echo spacing was assumed to betE = 7t180. The solid contour lines indicate
nB,i = ±0.9, the dashed lines indicatenB,i = 0. The in-phase component has
wider sweet spot nearω1 ' ω1,0 for this composite pulse than for the standa
180◦ pulse, shown in Fig. 2.

In Fig. 7, we show the transverse components ofn̂B for another
Levitt-type refocusing pulse withθ = 90◦. In this case, the swee
spot at (1ω0/ω1,0, ω1/ω1,0) = (0, 1) is reduced compared to th
previous sequences. However as compensation, this comp
pulse is able to refocus magnetization far off-resonance in a
gion around (1ω0/ω1,0, ω1/ω1,0) = (±√2,

√
2). On resonance

it refocuses the initialy magnetization. Off resonance, it is th
initial x magnetization that gets refocused. To take advantag
this property, the initial excitation pulse must be chosen suc
to maximize (̂nB ·RA{ẑ}) over the whole range. Figure 3 show
that the simple 90◦x pulse is well suited for this purpose. In th
case, it is necessary to chooseτA = 0. Note that the asymptoti
magnetizations, calculated with Eq. [3] for the nominal ec
center, have opposite sign for1ω0 = ±

√
2ω1,0 and appear in

the out-of-phase channel. Therefore, these contributions i
fere destructively at the nominal echo center, but interfere c
structively at a time±t90/

√
2 from the nominal echo center an

give rise to an antisymmetric signal in the in-phase channel.
is superimposed to the symmetric signal from the contribu
close to resonance. In Fig. 5D, it is demonstrated experim
tally that the combined effect results in echo amplitudes la
than those obtained with the standard CPMG sequence.

advantage only exists in sufficiently inhomogeneous fields.
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FIG. 7. Transverse components of axis characterizing refocusing cycle
composite pulse 90◦45–90◦135–90◦45 as a function of normalized frequency offse
1ω0/ω1,0, and RF field strength,ω1/ω1,0. Top panel shows the in-phase com
ponent,nB,y and the bottom panel the out-of-phase component,−nB,x . The
echo spacing was assumed to betE = 7t180. The solid contour lines indicat
nB,i = ±0.9, the dashed lines indicatenB,i = 0.

3.3. Off-Resonance Pulses

We give here even clearer examples of pulse sequence
can be used to refocus magnetization repeatedly in inhom
neous fields, but that are completely ineffective in homogene
fields. These sequences are based on the new composite
cusing pulse 127◦x–127◦−x. The pulse angles are chosen to√

2 · 90◦ = 127.3◦. On resonance, the two 127◦ pulses off-
set each other and have no net effect on the spin dynam
However, off resonance at (1ω0/ω1,0, ω1/ω1,0) = (±1, 1), the
two pulses rotate the magnetization around two perpendic
axes with a nutation angleÄt127 of 180◦. This is illustrated in
Fig. 8, where we display they component of the net axiŝnB for
the complete refocusing cycle consisting of the period of
precession, the composite pulse 127◦

x–127◦−x, and another pe
riod of free precession. Note that with this composite pulse
net rotation axiŝnB always lies in thêy–ẑ plane, independen
of offset frequency or RF field strength. This composite 1◦

pulse can refocus magnetization near (1ω0/ω1,0, ω1/ω1,0) =
(±[2k − 1], [2k − 1]), wherek is an integer. This should b
compared to the standard 180◦y pulse that refocuses magnetiz
tion near (1ω0/ω1,0, ω1/ω1,0) = (0, [2k− 1]).
There are two simple ways to excite initial transverse mag
tization collinear witĥnB of this composite pulse. Both method

nd
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FIG. 8. In-phase component,nB,y, of axis-characterizing refocusing cyc
with composite pulse

√
290◦0–

√
290◦180 as a function of normalized frequenc

offset,1ω0/ω1,0, and RF field strength,ω1/ω1,0. The out-of-phase componen
nB,x vanishes for all offset frequencies and RF field strengths. The echo sp
was assumed to betE = 7t180. The solid contour lines indicatenB,y = 0.9, the
dashed lines indicatenB,y = 0. The sweet spots are at1ω0/ω1,0 = ±(2k− 1);
ω1/ω1,0 = 2k− 1, with k = 1, 2, . . ..

are based on a single 127◦ excitation pulse and are illustrate
in Fig. 9. At an off-resonance frequency of1ω0 = ±ω1,0 and
the nominal RF field strengthω1,0, a 127◦y pulse rotates the ini
tial ẑ magnetization onto the±ŷ axis. In this case,τA = 0

FIG. 9. Transversey magnetization,my, following initial
√

290◦ pulse.
(Top) y magnetization following

√
290◦0 pulse and a period of free precession

durationτA = −t90. (Bottom)y magnetization following
√

290◦90 pulse without
any additional free precession period. The magnetizationmy is normalized with
respect toM0, the solid contour lines indicatemy = ±0.9, and the dashed
ones indicatemy = 0. Note that in both cases, the magnetization near1ω0 =
±(2k − 1)ω1,0; ω1 = (2k − 1)ω1,0 is completely in the transverse plane a

salong the±y axis.
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and the spectrum of the asymptotic echo will be antisymme
in frequency. Alternatively, a 127◦x pulse, followed by a period
of free precession for durationτA = −t90, rotates the initial̂z
magnetization onto the+ŷ axis for both1ω0 = ±ω1,0. This re-
sults in a symmetric spectrum of the asymptotic echo. The
off-resonance pulse sequences are therefore given by

127◦0–(127◦0–127◦180)
n with τA = −t90 [14]

127◦90–(127◦0–127◦180)
n with τA = 0. [15]

The experimental results shown in Fig. 5E and 5F confirm
analysis. For the symmetric distribution of Larmor frequenc
in our sample, the symmetric sequence [14] results in a s
metric, in-phase echo signal and no out-of-phase signal. In
trast, the antisymmetric sequence [15] produces no in-p
signal and an antisymmetric echo signal in the out-of-ph
channel.

3.4. Comparison of Different Broadband Pulses

The examples above illustrate the power of our new
proach in designing pulse sequences for grossly inhomogen
fields. It is apparent that many more sequences can be
structed with different properties. For instance, Fig. 7 sh
that the refocusing pulse 90◦45–90◦135–90◦45 can be easily mod
ified to refocus magnetization near (1ω0/ω1,0, ω1/ω1,0) =
(±[2k− 1], [2k− 1]), by simply lengthening all the pulses by
factor of

√
2. Therefore, we see immediately that the seque

127◦0–(127◦45–127◦135–127◦45)
n with τA = 0 has similar proper

ties off-resonance at±ω1,0 as the antisymmetric sequence [1
but in addition will refocus some of the magnetization on re
nance.

The results for all sequences shown in Fig. 5 confirm
the shapes of the echoes quickly approach an asymptotic
after only a small number of echoes. In Fig. 10, we compare
asymptotic echoshapes and the corresponding spectra for t
sequences. The comparison of the first two spectra shows
choosing the correct value forτA increases the bandwidth fo
the standard CPMG sequence significantly. Close to reson
the response of the sequence 90◦

0–(90◦135–270◦225–90◦135)
n with

τA = −2t90/π is the flattest of all sequences studied. This is
agreement with previous work (8, 16) that focused on modes
inhomogeneities.

For sequencesA, B, E, andF , the axisn̂B of the refocusing
cycle has only transverse components along theŷ axis. This is
reflected in the measured spectra: the spectra are all absor
like and appear only in thêy channel. This is in contrast to th
sequences with Levitt-type composite pulses (C and D) that
have spectral contributions in both the in-phase and the ou
phase channel. The magnitudes of the last two spectra (E andF)
are very similar. Comparison of the two measured spectra
firms that by changing the excitation pulse, we can con

whether the two spectral lobes are excited with the same or
posite sign.
POSITE PULSES 117
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FIG. 10. Comparison of measured asymptotic echo shapes (left) and sp
(right) for six different CPMG-like sequences. The scale is kept the same
all sequences. In-phase signal is shown as a solid line, out-of-phase sig
dashed. (A) Standard CPMG sequence 90◦

0–(180◦90)
n with τA = 0. (B) Same as

A, exceptτA = −2t90/π . (C) CPMG with Levitt-type composite pulse withθ =
270◦: 90◦0–(90◦135–270◦225–90◦135)

n with τA = −2t90/π . (D) CPMG with Levitt-
type composite pulse withθ = 90◦ : 90◦0–(90◦45–90◦135–90◦45)

n with τA = 0.
(E) Symmetric off-resonance sequence 127◦

0–(127◦0–127◦180)
n with τA = −t90.

(F) Antisymmetric off-resonance sequence 127◦
90–(127◦0–127◦180)

n with τA = 0.

In Fig. 11, we demonstrate that all these sequences are
able for measuring relaxation times. For each sequence, we
the corresponding asymptotic echo shape shown on the le
Fig. 10 as matched filter (11) to extract an echo amplitude fo
400 echoes. For all sequences, the first few echo amplitu
show the characteristic transient behavior due to the second
third terms in Eq. [2] and already discussed in detail in (6) for
the standard CPMG sequence. After the third echo, the e
amplitudes for all six sequences decay exponentially. Wit
experimental error, the time constants for the six sequen
are identical and equal to the intrinsic relaxation time of t
sample that was determined independently to beT1= T2= 107
ms. In these measurements, the echo spacing of 1 ms is

op-enough to make diffusion effects insignificant (11). For sam-
ples withT1 6= T2, Eq. [4] predicts a slightly different decay rate
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FIG. 11. Decay of echo amplitudes measured with the six different
quences. After the first few echoes, the amplitudes for every sequence dec
ponentially with identical relaxation times. It equals the independently meas
valuesT1 = T2 = 107 ms for this sample. The relative amplitudes are lis
in Table 1. (A) 90◦0–(180◦90)

n with τA = 0. (B) 90◦0–(180◦90)
n, τA = −2t90/π .

(C) 90◦0–(90◦135–270◦225–90◦135)
n, τA = −2t90/π . (D) 90◦0–(90◦45–90◦135–90◦45)

n,
τA = 0. (E) 127◦0–(127◦0–127◦180)

n, τA = −t90. (F) 127◦90–(127◦0–127◦180)
n,

τA = 0.

for the different sequences. This was not tested with the cur
measurements.

The echo amplitudes shown in Fig. 11 measured with differ
sequences decay with the same time constant, but have diff
overall amplitudes. In Table 1, we compare the relative e
amplitudes and the resulting increases in signal-to-noise r
for the six sequences.

The relative signal-to-noise ratio is proportional to the squ
of the relative echo amplitude and is listed in the fourth c
umn of Table 1. The measurements were made using a fixe
field strength, or fixed peak power. Simply adjustingτA to its
optimum value for the standard CPMG sequence increase
echo amplitude by 15%, leading to a gain of over 1 dB in sign

TABLE 1
Comparison of Relative Echo Amplitudes, Pulse Durations, and

Signal-to-Noise-Ratios for Fixed Peak Power and for Fixed Average
Power for the Six Sequences Listed in Fig. 5

(S/N) (dB)

Sequence Rel. amp. Pulse duration FixedPpeak Fixed Pave

A 1 t180 0 0
B 1.15 t180 +1.2 +1.2
C 1.30 5/2 t180 +2.3 −1.7
D 1.28 3/2 t180 +2.1 +0.4
E 1.23

√
2 t180 +1.8 +0.3
F 1.16
√

2 t180 +1.3 −0.2
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to-noise ratio. Using the simple composite pulses inC and D,
the signal-to-noise can be further improved by over 1 dB. If
limiting factor is not the peak power, but the average powerPave,
the advantage of these sequences disappears. In a constan
ent and fixed echo spacing, the signal-to-noise ratio for a g
sequence scales likeS/N ∝ Pave. The average power in tur
is to a good approximation proportional to the duration of
refocusing pulse, which is listed in the third column of Table
Based on these scaling arguments, we calculate the exp
relative signal-to-noise ratio of the different sequences u
fixed average power and list them in the last column of Tabl
The results show that with constant average power, the stan
CPMG sequence with the optimal value ofτA, sequenceB, is
superior to the other sequences considered.

4. CPMG SEQUENCES WITH NOVEL B1 DEPENDENCIES

In the previous section, we have concentrated on pulse
quences that have interesting properties in the presenc
strongly inhomogeneousB0 fields. Here we show that usin
the same approach, we can also design novel pulse sequ
that exhibit improved performance in the presence of stron
inhomogeneousB1 fields.

To measure theB1 dependence of a sequence experiment
we kept our experimental setup, having a homogeneous RF
and a constantB0 gradient across the sample, but we repeated
measurement with 25 different RF field strengths in the ra
of 0.92ω1,0 to 3.13ω1,0. The timing of the sequence was ke
identical.

In Fig. 12 we show the measuredB0−B1 dependencies of th
asymptotic echoes for three different sequences. In the top
panels, results are shown for the standard CPMG with two
ferent values forτA. These results of the CPMG sequence sh
that in the vicinity of resonance,1ω0 ≈ 0, the echo amplitude
change sign when the RF strength is increased threefold. I
presence of sufficiently inhomogeneous RF fields, signals f
different regions will therefore cancel each other and red
the signal-to-noise ratio. Note that regions with different off
frequencies,1ω0, do not pose the same problem. Such sign
appear with different Larmor frequencies and even though
might interfere destructively at the nominal echo center, t
will interfere constructively elsewhere without a reduction
overall signal-to-noise ratio.

Before we proceed with discussing new pulse sequence
want to call attention to another feature apparent in the
shown in Figs. 12A and 12B: these results confirm that for
standard CPMG sequence, the optimal value ofτA depends on
ω1, as predicted by Eq. [11]. The delay for (B) of τA = −2t90/π

was chosen to optimize the bandwidth forω1 = ω1,0, as dis-
cussed before. The measurements show that at 3ω1,0, this timing
reduces the signal bandwidth compared to the timingτA = 0.
This is expected based on Eq.[11], becauseτA = 0 is closer

thanτA = −2t90/π to the optimal value of+2t90/3π for this
RF field strength.
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FIG. 12. Measured in-phase spectra of asymptotic echoes versus RF
strength,ω1/ω1,0, for three different sequences. (A) Standard CPMG sequ
90◦0–(180◦90)

n with τA = 0. (B) Same as A, exceptτA = −2t90/π . (G) Com-
posite 90◦ pulse: (45◦−45–90◦45)–(180◦90)

n with τA = 0.

4.1. Sequences without Signal Inversion atω1 = 3ω1,0

The change of sign in the standard CPMG signal at 3ω1,0 is
caused by the initial nominal 90◦ pulse. At 3ω1,0, the initial pulse
acts as a 270◦ pulse and rotates the magnetization onto the−ŷ
axis, while the direction of̂nB is still along theŷ direction. This
combination leads to a negative signal. To avoid this, the stan
90◦ pulse must be replaced by a composite pulse that rotate
initial magnetization onto the positivêy axis for all relevant
RF field strengths. One solution is to use a half adiabatic
passage with the RF ending on resonance along theŷ channel.
This approach works for any value ofω1 as long as the adiabat
condition is fulfilled. For a more limited range ofω1 values, it
is possible to use simple composite pulses instead.

The simplest composite 90◦ pulse that rotates magnetizatio
from the+ẑ direction onto the+ŷ direction for bothω1,0 and
3ω1,0 is the binary pulse 45◦−45–90◦45. Figure 13 shows the ampl

tude of they component of the resulting magnetization followin
this composite 90◦ pulse as a function of offset frequency an
POSITE PULSES 119
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RF field strength. On resonance, this pulse acts as a nom
90◦x pulse for an RF field strength of bothω1,0 and 3ω1,0. More
complicated composite pulses can be designed that extend
behavior to higher odd multiples ofω1,0.

The bottom panel of Fig. 12 shows the measuredω1 depen-
dence of the asymptotic spectrum when the initial 90◦

0 pulse
of the CPMG sequence is replaced with the composite p
45◦−45–90◦45:

(45◦−45–90◦45)–(180◦90)
n. [16]

These measurements confirm the theoretical analysis. With
simple modification of the sequence, the signal around reson
has now the same sign for RF strength in the range of 1 to 3ω1,0.
In the presence of inhomogeneous RF fields in this range
asymptotic signals will all add coherently and not cancel e
other. The out-of-phase spectrum of the asymptotic echoes
vanishes for all values of1ω0 andω1 as with the standard CPMG
sequence. In all three cases shown in Fig. 12, the spectra
no contributions when1ω2

0 + ω2
1 = (2ω1,0)2. At these values

the refocusing pulses act as 360◦ pulses and do not refocus th
magnetization.

4.2. Selective Signal forω1 = ω1,0

In a different application, one might want to isolate sign
that originate from regions with an RF field close to the nomi
value,ω1,0. In grossly inhomogeneous RF fields, the stand
CPMG sequence will generate significant signals at every
multiple of the nominal field strength, (2k+ 1)ω1,0. This isola-
tion can be achieved using a modified CPMG sequence wit
initial pulseA designed such that it projects theẑmagnetization
onto the axiŝnB at the nominal field strength,ω1,0, but perpen-
dicular to it at all odd multiples ofω1,0. With the standard 180◦y
refocusing pulse, this implies that the composite pulse sh
tip the ẑ magnetization onto thêy axis atω1 = ω1,0 and onto
the x̂–ẑ plane forω1 = (2k+ 1)ω1,0, wherek = 1, 2, . . ..

FIG. 13. Transversey magnetization following 45◦−45–90◦45 composite
pulse applied to initial̂z magnetization. The displayed magnetization is n
malized with respect toM0, the solid contour lines indicatemy = ±0.9, and the

g
d
dashed ones indicatemy = 0. On resonance, this pulse acts as a nominal 90◦

x
pulse at RF field strength of bothω1,0 and 3ω1,0.
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FIG. 14. Transverse components of axis characterizing refocusing c
with composite pulse 90◦67.5–45◦157.5–90◦67.5. The solid contour lines indicate
nB,x,y = 0.9, the dashed linesnB,x,y = 0. Note that near resonance, the axesn̂B
forω1 = ω1,0 andω1 = 3ω1,0 are both in the transverse plane, but perpendicu
to each other.

The binary composite pulse 45◦90−2θ–60◦90−θ , where θ =
54.74◦ is the magic angle, fulfills these conditions for the fir
three odd multiples,k = 1, 2, 3. Therefore, the modified CPMG
sequence

(45◦−19.5–60◦35.3)–(180◦90)
n [17]

has a maximum response aroundω1 = ω1,0 but does not generat
an asymptotic signal forω1 = 3, 5, and 7ω1,0.

4.3. B1 Imaging

As was pointed out before, contributions from regions w
different values ofB0 can be distinguished by Fourier transfo
mation of the echo signal. However, contributions from regio
with different RF field strengths cannot be separated in a s
ilar way. Here we demonstrate a new CPMG sequence u
composite pulses that can overcome this shortcoming to s
degree. The main idea is to take advantage of the signalphase.

For the standard CPMG sequence, the phase of the spec
of the asymptotic signal is always±ŷ, independent of theB0

andB1 distributions characterizing the sample. The out-of-ph
spectrum only contains noise contributions. We can overco
this limitation and design sequences with composite pulses

encode information on RF field strength in the signal pha
For this purpose, we must find composite 180◦ pulses where
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the direction of the net axiŝnB depends onω1, coupled with
excitation sequencesA that are matched to these refocusi
pulses, i.e., that maximizênB ·RA{ẑ}.

In Section 3.2, we showed that on resonance and for the n
inal RF field strength,ω1 = ω1,0, pulses of the form 90◦90−θ/2–
θ180−θ/2–90◦90−θ/2 act for all values ofθ as 180◦y refocusing
pulses. Among this class of pulses, the pulse withθ = 45◦

is suitable for the purpose ofB1 imaging. The transverse com
ponents of the net axiŝnB for the composite refocusing puls
90◦67.5–45◦157.5–90◦67.5 are shown in Fig. 14 as a function of fre
quency offset,1ω0, and RF field strength,ω1. It shows that at
the nominal RF strength,ω1 ≈ ω1,0, and in the vicinity of reso-
nance,1ω0 ≈ 0, n̂B is pointing in theŷ direction and therefore
this composite pulse refocuses theŷ component of the magne
tization. In contrast, atω1 ≈ 3ω1,0, n̂B is pointing along thêx
direction and the asymptotic signal will have a different phas

To take advantage of this refocusing pulse, we also must
an excitation pulse that rotates the initialẑ magnetization onto
the ŷ axis forω1 = ω1,0 and onto thêx axis forω1 = 3ω1,0. The
simplest such pulse is 22.5◦67.5–90◦−22.5. In Fig. 15, the transverse

FIG. 15. Transverse magnetization following 22.5◦67.5–90◦−22.5 composite
pulse. Top panel shows in-phase magnetization,my, and bottom panel shows
out-of-phase magnetization,−mx . The magnetization is assumed to be initial
in thermal equilibrium. The displayed magnetization is normalized with
spect toM0, the solid contour lines indicatemx,y = ±0.9, and the dashed
ones indicatemx,y = 0. Note that around resonance,1ω0 = 0, and for the
nominal RF field strength,ω1 = ω1,0, the magnetization is pointing along
the y direction, whereas for three times larger RF field strength,1ω0 = 0

andω1 = 3ω1,0, the magnetization is out-of-phase and points along the−x
direction.
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FIG. 16. B1 imaging: Measured spectra of asymptotic echoes of comp
ite pulse sequence (22.5◦67.5–90◦−22.5)–(90◦67.5–45◦157.5–90◦67.5)n as a function of
normalized RF field strengthω1/ω1,0. In-phase response,my, is shown on top,
out-of-phase response,−mx , at the bottom. For these measurements,τA = 0.

magnetization following this pulse is shown. In the vicinity
resonance, this pulse indeed fulfills our requirement.

Combining the two elements, we can construct an examp
a “B1 imaging” CPMG sequence:

(22.5◦67.5–90◦−22.5)–(90◦67.5–45◦157.5–90◦67.5)n. [18]

Note that in this sequence, the phases of the individual pu
differ only by multiples of 90◦.

We have tested this sequence experimentally. The re
for the spectrum of the asymptotic echoes as a function of
field strength are shown in Fig. 16. Not too far from resona
−ω1,0 < 1ω0 < ω1,0 the signal for the nominal RF field
strength,ω1 ' ω1,0, peaks in the in-phase channel and
contributions to the out-of-phase channel are small. At 3ω1,0,
the experimental results show that the situation is rever
There is little signal in the in-phase channel, but maximal sig
in the out-of-phase channel. This implies that we can cle

distinguish contributions from regions with RF field streng
of ω1,0 and 3ω1,0, i.e., a coarse way ofB1 imaging.

ctly
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4.4. Comparison of On-resonance Behavior

We have demonstrated that using composite pulses, it is
sible to design CPMG-like sequences that still have the inhe
error compensation of the standard CPMG sequence and ge
ate large asymptotic signals, but have modifiedB1 dependencies.
In Fig. 17, we summarize these modifications by compar
the measured responses close to resonance for three diff
sequences. The three sequences refocus all the magnetiz
along thêy direction when the RF field strength equals the no
inal RF field strength,ω1,0. With the standard CPMG, the signa
vanishes whenω1 reaches 2ω1,0 and fully inverts at 3ω1,0.

With the modified sequence (45◦−45–90◦45)–(180◦90)
n, the sign

of the signal does not change as the RF field strength is incre

FIG. 17. On resonance asymptotic echo amplitudes versus normalized
field strength,ω1/ω1,0 for three different sequences. In-phase amplitudes,my,
are shown as crosses, out-of-phase amplitudes,−mx , as circles. (A) Stan-
dard CPMG sequence 90◦0–(180◦90)

n. (G) Composite 90◦ pulse: (45◦−45–90◦45)–
(180◦90)

n. (H) Composite 90◦ and 180◦ pulses: (22.5◦67.5–90◦−22.5)–(90◦67.5–
45◦157.5–90◦67.5)n. For sequence (H), the phase of the asymptotic echo is dire

related to the RF field strength.
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threefold. The magnitude of the signal at 3ω1,0 is identical to
the signal atω1,0, indicating that the full magnetization is re
focused. At intermediate RF field strengths around 2ω1,0, the
signal magnitude generally exceeds the magnitude of the
nal acquired with the standard CPMG sequence. For both
quences, the out-of-phase signal vanishes for all values o
strength.

With the third sequence, (22.5◦67.5–90◦−22.5)–(90◦67.5–45◦157.5–
90◦67.5)n, the signal magnitude does not depend as strongly
RF field strength as with the previous two sequences and it d
not vanish anymore at 2ω1,0. The bottom panel in Fig. 17 show
clearly that the phase of the signal is changing continuou
by π/2 as the RF field strength is changed fromω1,0 to 3ω1,0.
Therefore, the phase of the signal can be used directly to i
the strength of the RF field.

Analogous to the sequences discussed in Section 3, thes
quences are also useful for measuring relaxation times. In
homogeneous fields, the signal amplitudes show the trans
behavior for the first few echoes and then decay with the re
ation times characteristic of the sample.

5. CONCLUSIONS

We have developed a new approach for designing modi
CPMG-like sequences with composite pulses that maintain
error-correcting properties of the original CPMG sequence.
have demonstrated new sequences that exhibit improved sig
to-noise ratio in grossly inhomogeneous fields and that are s
able for relaxation time measurements. Using this approac
is also possible to shape the excitation bandwidth. For ex
ple, one of the new sequences produces echoes with a bim
spectrum in inhomogeneous fields. Depending on the de
of the initial pulse, the spectrum can be excited with eith
an even or an odd symmetry. We have also demonstrated
quences with novelB1 dependencies that improve the perfo
mance in very inhomogeneousB1 fields or that allow coarseB1

imaging.
Our new approach is based on Eq. [3]. This expression

scribes the asymptotic magnetization that forms coherently f
echo to echo and decays with the relaxation time character
of the sample. The other components of the magnetization
phase rapidly in inhomogeneous fields and only contribute to
initial amplitude transient observed for the first few echoes.
have taken advantage of the simple geometrical interpreta
of Eq. [3].

By concentrating on the asymptotic magnetization, the co
plicated full expression for an echo following a large numb
of pulses gets reduced to a simple expression that only invo
the initial excitation pulse and the properties of a single
focusing cycle. This makes it possible to gain new insig
into the relevant spin dynamics and find new sequences
are optimized for different specific properties. We have sho
that it is essential to match the excitation pulse with the re

cusing cycle such that the initial transverse magnetization l
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along the axiŝnB characterizing the overall rotation by the r
focusing cycle. This can be achieved by choosing the ove
phase shift between the initial pulse and refocusing pulses
propriately on resonance. Dispersion can be compensate
first order by proper choice of the time intervalτA defined in
Fig. 1.

In this paper, we have concentrated on simple compo
pulses. However, our approach is general and can be used
more complicated composite pulses or with elements involv
frequency sweeps or other modulations. It is also straight
ward to refine the optimization of the composite pulses discus
here by using a numerical search routines that take into acc
the specific experimental parameter space of interest, addit
constraints, and the desired optimization function.
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