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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 Az 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
905-(905,_,,~0180-6/2-905,_,,)" With & =~ 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 1273 ~(1275-127° )" only
excites signal off-resonance with a spectrum that is bimodal, peak-
ing at Awy = Fw;. 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¢, ;-90° ,,:)-
(908, 5—45%5, 5—90g; 5)" has the property that the phase of the signal
depends on By, allowing coarse B; imaging in a one-dimensional
experiment.  © 2001 Academic Press

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

1. INTRODUCTION

The Carr—Purcell-Meiboom-Gill (CPMG) sequented) is

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

The presence of largB, and B, field inhomogeneities com-
plicates the spin dynamics considerably. The analysis of th
CPMG sequence in inhomogeneous fields has been the subj
of a series of recent papers—11). In (6) we showed that in
sufficiently inhomogeneous fields, the amplitude of the first few
echoes exhibits atransient behavior but quickly follows a smoot
decay with a decay rate that is a weighted sunmydhland ¥/ T,.
Therefore, it is still possible to measure relaxation time distri-
butions in the presence of very large field inhomogeneities.

A practical application of this technique is the characteriza
tion of porous media filled with a wetting fluid. It has been
shown that the distribution df, relaxation times of the fluid is
a measure of the distribution of pore sizd¥ (n sedimentary
rocks, these length scales can extend over more than three
ders of magnitudes. To capture the complete relaxation dece
the CPMG sequence must be acquired with short enough ecl
spacing to measure the shortest decay time and with enou
echoes to measure the longest decay time. In practice, this ¢
ten requires the acquisition of several thousands echoes wi
submillisecond echo spacing.

When the inhomogeneity of the magnetic fidbg, far exceeds
the RF field strengthB,, all pulses act as slice-selective pulses
and only a small part of the sample contributes to the signal. |
this paper, we address the question whether composite puls
can be used to increase the slice thickness, which improves tl

a standard sequence for measuring transverse relaxation tinsgmal-to-noise ratio and efficiency of the RF power. Composit
It is well known that the Meiboom-Gill modificatior2 com- pulses have a rich history, but this is a new application and he
pensates for the small inhomogeneities in the static fiefg, not been investigated before. We first review briefly the relevar
and the RF field strengtig,, that are unavoidable in any NMR literature of previous work on composite pulses. In Section 2, w
apparatus. This makes it possible to refocus the transverse niigeuss our new strategy to design Carr—Purcell-like sequenc
netization many times, limited only by the intrinsic relaxatiomvith composite pulses. In Section 3, we illustrate this approac
time of the sample. with a series of novel sequences using simple composite puls

Over the past few years, several new NMR applications hatreat have different excitation bandwidths. We demonstrate e»
been developed that operate in grossly inhomogeneous fielgsrimentally that these sequences improve the signal-to-noi
These applications include strayfield NM8),(well logging for ratio and that they all can be used to measure relaxation time
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In Section 4 we concentrate on modified sequences with novelf adiabatic fast passage is only fully effective fy offsets
dependencies on RF field strengBi, less tharB;. Pulses have been developed with even wider banc
Composite pulses were introduced in 1979 by Levitt andidth by Conollyet al. (32) and by Hwanget al. (33). These
Freeman 12) to improve the performance of population inpulses are composites of only full adiabatic fast passages. Th

version by the 180pulse. Soon afterward, they demonstrateday, the bandwidth is not limited by the strengthRf but only
that composite pulses can also be used to improve the pertoy-the width and sweep rate of the frequency modulations.
mance of the 180pulse used as a refocusing pulé8)( They Alternatively, when the 180pulses in a CPMG sequence
showed that in the presence of modest RF inhomogeneities, #ne replaced by single adiabatic fast passages, every even ec
180, refocusing pulse should be replaced by the composite puiseefocused in inhomogeneous fields. Zweckstetter and Hola
90,-18Q,—90;. WhenB, inhomogeneities are present, they sug34) have used this approach, complemented with MLEV phas
gested that 93-27Q—9Q; provides better compensation. Basedycling, to measure accurately tfig decay in modestly inho-
on this pioneering work, longer composite pulses consisting wfogeneous fields over hundreds of echoes.

a concatenation of phase-shifted® Qfulses that improved the

Compensation for botBy and By inhomogeneities simultane- 2. STRATEGY TO DESIGN COMPOSITE PULSES FOR

ously were developed ¢, 19. _ GROSSLY INHOMOGENEOUS FIELDS
Tycko (16) introduced coherent averaging theory and the

Magnus expansion to the analysis of composite pulses. ThisNe are looking here for composite pulses for a new appli-
approach makes it possible to quantify the deviation of a giveation: the pulses must be able to refocus the magnetizatic
pulse from anideal pulse in powers®iy, Aws, or any other pa- in grossly inhomogeneous fields repeatedly a large number
rameter of interest. Using this method, Tyekal.(17) showed times, display an improved bandwidth, preserve the intrinsic er
that the previously found composite pulsg9870—9Q, com-  ror compensation scheme of the CPMG sequence, and not a
pensates to first order fdd, inhomogeneities and that the com-any spurious time dependence on the decay of echo amplitud
posite pulse 18p-18G,;—18¢ compensates to firstorder fBf  that cannot be easily corrected.

inhomogeneities. They also found longer sequences that comTo maximize the amplitude of a given echo in the presence o
pensate foBy or B; inhomogeneities to higher orders. Severajrossly inhomogeneow andB; fields, refocusing pulses con-
different recursive expansion schem&84{21) have been devel- taining elements of adiabatic fast passages, as discussed abc
oped that allow the systematic construction of longer and longgdve the best performance. The main drawback of such pulses
composite pulses that compensate higher and higher ordersheft for a given maximum RF strengtB;, these pulses are nec-
the Magnus expansion. A review of recursive expansions cassarily much longer than composite pulses based on hard F
be found in 22). Simbrunner and Stollberge8)(studied the pulses. The minimal echo spacing, is therefore much longer
error terms for the CPMG sequence with composite pulses ptghen adiabatic pulses are used. In our application, this coul
posed previously for modest inhomogeneities. They pointed dishit the detection of fast-decaying components. Even if the RF
that these terms can be reduced by specific phase-shifting ofgerength is high enough to allow short enough echo spacings,
initial 90° pulse with respect to the refocusing pulses. is unlikely that these sequences will have overall higher signal

A different approach is based on the observation that in te@noise ratio. Short refocusing pulses can generate many mo
Carr—Purcell sequence, two subsequent Iilses act ideally echoes in a given time, resulting in an overall higher signal-to
as a unity operator. Howeve; and By inhomogeneities will noise ratio. For our application, the same argument also favol
lead to deviations. By proper phase-shifting of subsequerit 18dmple composite pulses over the long, higher order compos
pulses, these deviations can be compensated to various degigepulses that were mentioned above. For this reason, we a
Shakaet al. (23) demonstrated that by using the MLEV phaseoncentrating here on short composite pulses. A generic forr
cycling schemesX4), the refocusing pulses treatindy magne- is shown in Fig. 1, where both the initial and refocusing pulses
tization more symmetrically. Gullioet al. (25, 29 introduced a can consist of several phase-shifted RF pulses. We have al
16-step phase-cycling scheme they named XY-16. They showeduded a periodra of free precession following the initial
that this approach is still effective in the presence of RF amptemposite pulse.
tude imbalance between the different channels.

Another interesting class of refocusing pulses is based on adi-
abatic fast passage®?, 28. Ugurbil et al. (29, 30 introduced
equivalent 180pulses that are composites of two half adiabatic
fast passages and are effective even in very inhomogergous
fields. In 1991, Garwood and K&Y) introduced a symmetric
adiabatic pulse, named BIR-4, that improves Baebandwidth 3
while retaining the excellenB; performance. This pulse is a ie e e e
composite of one full and two half adiabatic fast passages with "
appropriate phase shifts between them. With such sequences, ths. 1. schematic pulse diagram of generic CPMG sequence with com
By bandwidth scales with the maximum strengttBefsince the posite pulses.
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2.1. Asymptotic Echo Amplitude period, only the first term in Eq. [2] contributes to the observec

In the absence of relaxation or diffusion, the evolution fotsﬂggnjéy;ﬁoii'gngéi:mress'on of the first term gives therefor

any composite pulse over a refocusing cycle can be describe
by a net rotationR 5, characterized by an axigz and an angle
ag. Both the angle and the axis depend on the experimental Masy = Ag (N3 - R4{Z}). [3]
parameters, the frequency offs&tyg, and the RF field strength,

ws. Similarly, we can describe the evolution of the compositle ¢ vinh fields. th totic f 31 oft
excitation pulse by a net rotation that we ¢&ll,. Here we have h strongly inhomogeneous fields, the asymptotic form [3] ofter

ignored scalar couplings. Using this notation, the magnetizatiglﬂpIies already after the third echo, as shown below an@)in (

at the time of the formation of thBlth echo,my, is given by
(6, 9): 2.2. Optimization of Asymptotic Echo

The simple expression [3] for the asymptotic echo allows
my = Rg‘ Ra{2} = Rp(hs, Nag) R4 {2} [1] an efficient two-step strategy to optimize the ratio of signal-to:
noise. Since only magnetization in the transverse plane can |

c|j1etected, the effective axis of rotatidig, should lie completely

Here we have assumed that the initial magnetization is along ‘nethe transverse plane over as large a ranga®f ande, as
zdirection. The magnetizatiaony is normalized with respect to Ipossible. Given the refocusing pulse, the excitation pulse s

its initial T“agn"”de'\"o- '.” Eq. [1], the braces |nd|cat_e the vecto uenceA should then be chosen such that it rotates the vecic
the rotations are operating on and the arguments in parenthe%gﬁto fiz over the relevant range of inhomogeneities. Note tha
characterize the rotation by its axis and rotation angle.

X - . the optimization process naturally divides into two steps; the
A.S in (23), we CC.)UId pa;e the strategy for finding optimal co irst oge only invoilaves the refocusi)rllg pulse, and the secgnd Ste
posite pulses on identifying sequences that have a net resulﬁw\%lves the excitation pulse:
anglex as close tar as possible over awide range of frequency '
offsets and RF strengths. The evolution over two refocusing cy-e Refocusing pulse: maximizis |
cles approximates then the unity operator and in this ideal casee Excitation pulse: maximizei - R 4).
the initial magnetizatiorR 4 {2} is completely refocused at ev-
ery second echany = R 4 {2}. However, Eq. [1] shows that
Zzzod‘Iar\:Ig::joenrsfoorft:]?sea?ar;)%fagr? tt?g a%(iigl:ﬁtgjs?gsi?g;g ag.In contra;t, inour e_lpplica_tiong is irreIevar_It. It. is th.e.direc—

) %dn of the axidip that is crucial. For our application, it is more

as required in our application, the angle must be extremely Cl%?portant that the 1€§prefocusing pulse is ay* pulse” than a
to = over the whole relevant range. “180° pulse.”

Our approach is based instead on the observation that for any. <ot necessary that the directionfuf is constant within

re?taet;?/r;’c?greigft:]hj ::(?Ser;\;arlgteasﬂ?ﬁalw;ilyiz tsl?j igr:gjvsggd%% transverse plane for all values of the offset frequency. If i
Eg [1] as 5- is, the magnetization for all offset frequencies will be in phase
' at the end of the refocusing cycle and the spectrum of the ect

is a pure absorption spectrum.

In most previous applications of composite pulses, it was im
portant to generate pulses that had a certain overall rotation anc

mn = fAig (N - Ra{2})
+[Ra{2} — Np(hs - Ra{2})] cosNap) 2.3. Effect of Relaxation on the Asymptotic Echo

+ (A x Ra{2}) sin(Nag). [2] The analysis above shows that in sufficiently inhomogeneou
fields and in the absence of relaxation, the initial echo ampli

The first term corresponds to the magnetization along the eigé#des show a transient behavior but then quickly approach
vector with eigenvalue 1 and does not depend on the echo nifiinstant amplitude given by Eqg. [3]. With relaxation, these
ber N. In contrast, the second and third terms oscillate wilater echo amplitudes will decay. 16)(we have analyzed the
a frequencyr. The total signal is obtained by weighting thedecay of the standard CPMG sequence with hard padses.
contributions ofny (Awo, w1) with the occurrences afwpand  The results also apply to a CPMG sequence with composit
w1 in the sample. For large echo numbelks, the second and Pulses: Relaxation leads to an exponential attenuation of tt
third terms oscillate rapidly as a function afwg because the asymptotic echo amplitude with a decay rate that is a weighte
cosine and sine terms with the andlez enhance the modestaverage of 1T; and ¥/ T:
frequency dependence af;. The frequency resolution of the
acquired signal is limited by the acquisition time that is neces- n2 2
sarily shorter thame. Therefore, in sufficiently inhomogeneousmgsy | (kte) > fig 1 (Ais - R4{Z}) exp{ —ktg (% + %) }
fields and high enough echo numb&tsthe second and third 2 1
terms will average out completely. After this initial transient (4]
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Equation [4] shows that whel, # T, the exact decay time whereT is the duration of the acquisition window and is neces-
depends on the offset frequenéywy and RF strengthe;, sarily shorter thare.
through the dependenceitf andR 4 on these parameters. For This formulation of the problem lends itself to an opti-
large inhomogeneities, the initial decay rate is of the form  mization using a computer search routine that maximizes th
signal-to-noise ratio, Eq. [9], for the particular inhomogene-
1 1 (Mg ns (s Ral®))yp0 (1 1 ity, f(Awo, w1). Itis straightforward to add extra experimental
= ' (?2 - T_1> [5]  constrains to the optimization problem, such as maximum pea
power, overall duration of composite pulse, or minimum stef
WhenT; # T,, the decay is in general slower thap. The §ize for phase and amplitude. For different optimizatio'n func-
coefficient in front of the term AT, — 1/T, is a positive _tlons, such an gpproach has been demonstrated prewou_slyf
constant<1 that must be determined for a given compositgStance by Lurie36), Poon and Henkelmar8{, 3§, and Bai
pulse, field inhomogeneity, and acquisition bandwidth. &t al-(39).
large Awg inhomogeneities, we find that the coefficient is
typically in the range of 0.1 to 0.2.

Tt T2 (5. (A5 - Ral2) avo.on

3. EXAMPLES OF SPECIFIC COMPOSITE PULSES

2.4. Optimization of Sequence for Particular ) )
Field Inhomogeneity In the rest of this paper, rather than presenting results of con

o ) ) ) ~ posite pulse obtained by computer optimization for a specific

For a field inhomogeneity that is characterized by a disthis|g inhomogeneity and experimental constraints, we investi
bution functionf (Awo, w1), the asymptotic echo shape W'thoubate the properties of some new, but simple composite pulse
relaxation can be calculated from the transverse asymptotic Mg@ase individual composite pulses can then be used as buil
netizationMasy | (Awo, w1) = Masyx +iMasyy, givenin Eq. [3] jng plocks for the construction of overall sequences that stil

by Fourier transformation have the inherent error correction of the standard CPMG se
guence, but different responses with respect to frequency offse
Masy(t) = // dwy dAwg f(Awo, 1) or RF field strength. Such sequences can also be used as start
points in computer searches for more refined sequences, redt
X Masy 1 (Awo, w1) expli Awot}, [6] ing the phase space that must be searched in the optimizatit
process.

wheret is measured from the nominal echo center. To evaluateWe will start with the standard CPMG sequence with hara
the spectrunmasy | (Awo, 1), the effective axidiz of the re- 90 and 180 pulses, discuss different phase cycling schemes
focusing cycle must be calculated as a functiomafy andw; and explain the role of the delay, indicated in Fig. 1.
for the particular composite pulse sequence. For this purposé.fien we discuss refocusing pulses of the forni-9690".

is most convenient to take advantage of the expressions gi®eRMG sequences using such pulses have been discussed
by Counselkt al. (35): A rotation characterized byi(, ;) fol-  fore for small field inhomogeneities8X. Here we study the
lowed by asecond rotation characterizedfyy (), is described performance for general inhomogeneities and discuss the o

by a net rotation around an axis, and an anglers, given by timal value of z4. We then discuss a new type of refocus-
ing pulse suitable only for inhomogeneous fields. This nove
a1 o A o\ . (o). . pulse refocuses perfectly at offset frequenctesy, = +w;,
COS(?) = COS(E) COS(E) - S'”(j) S'”(E)”l “N2 hut not on resonance\wy = 0. In Section 4, we focus on
composite pulses that display novel dependencies on RF fiel
[7] strengths.
To test the theoretical analysis, we have performed protol
o). (o az . a1 . %2\ .. NMR experiments in the fringefield of a Nalorac 2-T supercon-
sm(7>n12 - Sm(?) COS(E) Mot COS(?) sm(5>n2 ducting magnet on a sample of water that is slightly doped witt
NiCl to reduce the relaxation time to around 100 ms. The sampl
— sin(—l) sin(—z)ﬁl x Ay. [8] was placed on-axis 50 cm outside the magnet, where the fiel
strength is 41.4 mT with a gradient of 132 mT/m. A Teflon rod
For optimal detection, a window function matched to this ed}vgas placed }/elrt'?C:EI)Iyl\/'lr;thev\?ti.CO,'[Lt.ha:I[_'?I tuned dtot;[]he Larmlo r
shape should be used. The resulting signal power-to-noise ragiol oy o S riz. WININ this_Tetion Tod, the sampie
is proportional to cell is a 2-cm long cyllndrlc_al ceII. of 2 cm diameter, oriented
horizontally along the gradient direction. An Apollo Tecmag
S /2 spectrometer was used for the pulse generation and signal &
=~ x f dt masy(t)mzsy(t), [9] quisition. The nominal RF pulse amplitude wago = 27 x
N -T/2 10 kHz with a resulting pulse duration taf) = 25us.
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1 mogeneous fields where this frequency offset is negligible, th
two sequences give therefore the same response.

3.1.2. Optimization of4. The magnetization following a

o
3 standard 99 pulse of duratiorig is given by
) L A

Uy = — C;zozwl (1 — cosQtg)

(10]

u o1 sinQt
= - 90,
YT Q

5 4 3 -2 -1 o 1 2 3 4 5
Awg / 0y g

) o ~ whereQ = 1/Acu?, + wf is the nutation frequency. In Fig. 3 the
FIG. 2. Transverse componeng, y of the axis describing the refocusing .

cycle for a standard 1§0pulse as a function of normalized frequency offset!n_phase compongmy, and out-of-phase compongnwx, are
Awo/wy.0, and RF field strengtiay; /1 o. Herews o = By o is the nominal RF  Plotted as a function of offset frequency and RF field strength
field strength withwy ot1g0 = 7. The echo spacing was assumed tbe 7tigo.  The expression for the asymptotic echo, Eq. [3], shows that onl
The solid contour lines indicates,y = 0.9, the dashed ones indicatgy = 0.  the component of the initial magnetization along the net @iyis,
isrefocused. Since for the standard J B&focusing pulsdis has
only components in th§-2 plane, the out-of-phase component
3.1. Standard CPMG Sequence WiB0° Refocusing Pulses —Ux does not contribute to the asymptotic echo.
o N ] The overall phase shift between the initial excitation pulse an
The direction of the net axigs as a function of offset fre- e refocusing pulses in the Meiboom and Gill modification was
quency and RF field strength for a refocusing cycle consisting @{osen to maximize the projection of the initial transverse mag
ahard 180 pulse between two periods of free precession can Rgtization ontdi close to resonance. The frequency range ove

obtained by repeatedly applying the expressions [7] and [8] aflich the projection is optimized can be significantly increase
is plotted in Fig. 2. Explicit expressions can be foundan For

symmetry reasons, the transverse comporignt, always lies
along they axis. Therefore, the asymptotic magnetizatiog, in-phase component
has only components in thechannel. With a hard 180refo- "
cusing pulse, Eq. [3] shows that the largest possible asymptot
transverse magnetizationng y. This is achieved if the initial
pulse tips the magnetization exactly aldig

RN W s O

o
=
3.1.1. Phasing. With a simple hard 90pulse as initial exci- &
tation pulse, Eq. [3] shows that the phase of the initidl @@lse
should be phase-shifted relative to the refocusing pulsestip90
maximize the projection of the resulting magnetizati®n,{z},
onto the axigiz. This is exactly the Meiboom and Gill modifica-
tion (2). In practice, this phase shift is alternated betw¢&0° Ao/ @10
and—90 in successive acquisitions and the measured signal | out-of-phase component »
added and subtracted. This basic phase cycling scheme elin T
nates any dc offsets and any signal that was not generated by t
initial 90° pulse. In our spin dynamics calculation, this phase 2
cycling is included by eliminating the component ofR 4{Z}. E
As a consequence, the largest possible asymptotic transver g
magnetization is reduced n%’y from np y mentioned above.
Balibanuet al. (10) found numerically that the modified se-
quence 90-(18G—-18C ,)" gives essentially identical results to
the standard CPMG sequence;98Q)". This can be under- 5 4 3 2 1 0 1 2 3 4 5
stood most easily as follows: The standard CPMG sequence Awg / @40
the rotating frame rotating at the RF frequenoy, appears as
the modified sequence in arotating frame that rotates at a slightl§f!G. 3. Transverse magnetizationyy, following a single 99 pulse as
different frequencywge + 7 /te. This equivalence holds as |onga function of normalized fr.equency offsebwo/w1,0, and RF field strength,
as the pulse duration is much shorter than the echo spacifij:+°; Top panel shows in-phase componenj, and bottom panel shows
- “of-phase component). The magnetization is normalized with respect to
Therefore, the modified sequence corresponds to the stand@frhe solid contour lines indicatey y = +0.9, the dashed ones indicate
CPMG sequence with a small frequency offset¢te. Ininho-  m, , = 0.

—_

5 4 3 2 1 0 1 2 3 4 &
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by adjusting the time 4 shown in Fig. 1. Close to resonance,s [ T : 5 ; ; : 5 ; ]

Awp = 0, the deviation of the phase of the initial transverse mags o[ [ i A & A f A AL A LA A AL Agw
netization,¢4 = —arctan(ix/uy) is linear in offset frequency, T2 3 4 5 8 7 8 8 10
Awp. Analogous to the standard process of phasing of NMb; .7 : s
spectra, we compensate this linear phase deviation by includig LA A J A ;“\\ LA A A I 1®
a periodr 4 of free precession. We have previously show®) ( T s T s s v s s 1o
that for the standard CPMG sequence, the optimal valuefor _ T T P ‘ —
1 2 3 4 5 6 7 8 9 10
COSfo1tg) — 1 _ : .
- w1 Sin(a)ltgo) ' [11] .g 1—— i i ﬁ"‘ I {ﬁ‘», E “ﬂ‘ ; ‘L ; ;“‘r‘ ; (‘M Pl J‘}q i “\\ ] (D)
@ oLttt el b e ]
For RF field strengths close to the nominal valugg, this time 1 ? ° ! ° ° ! ° ° *°
interval is given by T il idi it iite
/I AN At At e e s s

TA = —2tgo/7'[. [12]

ignal

T T )

The negative sign indicates that the initial pulse interval shoul”
be reducedby 2tgo/7r. This result can be interpreted as fol-
lows: The magnetization following the real 9pulse can be

thought of as being generated by afictitious pulse atimgear-  FIG.5. Experimental results of the initial 10 echoes measured with different
lier. The in-phase magnetization of this fictitious pulse is givéﬁPMG-like pulse sequencesin aconstantgradient. For each echo, the acquisiti

by u = Uy cOS(AwnT U, sin(Awez ) and is plotted in window is 256us long with an echo _spacir_1g of 1 ms. The RF f_ield strength was
Y Uy.opt Y (A 0 A) + Ux ( 0 A) P settow; = 27 x 10 kHz. In-phase signal is shown as a solid line, out-of-phase

Flg. 4 '_I'_he refocusmg cy_cles, charactenzedR_)y, operate on signal is dashed. (A) Standard CPMG sequence @®Q;)" with 7,4 = 0. (B)
this fictitious magnetization that appears a titaeoefore the same as A, excepy = —2tgo/7. (C) CPMG with Levitt-type composite pulse
first echo. From a comparison of Fig. 3 and Fig. 4, it is apparemith 6 = 270° : 905—~(90;35-27C 55— 90;59)" With T4 = —2tgo/7. (D) CPMG
that by choosing the correct value of, the bandwidth of the Wwith Levitt-type composite pulse with = 90° : 90;~(90;5-90}35-90;5)" with

e . . . — i _ o _ n i
initial transverse magnetization with the correct phase can be= 0 (E) Symmetric off-resonance sequence Gi{I2%-12747)" with

L . T4 = —tgo. (F) Antisymmetric off-resonance sequence g2112%-1274)"
significantly increased.

. e . ) A . witht4 = 0.
Experimental verification is shown in Fig. 5. The top two

panels compare the first 10 echoes measured with the standard
CPMG sequence using = 0 (A) andry = —2tgo/7 (B). After S
the first echo, the adjusted sequence generates echoes |dig#ing shape of the echoes depends on the initial timing of the

than those of the standard sequence. The data also show thafgifé/ence. This demonstrates that the timing affects the sign
bandwidth. Itis also apparent that with the improved timing, the

shapes of the echoes approach the asymptotic shape faster tt
with the standard timing. With the adjusted timing, the seconc
and third terms in Eq. [2], which give rise to the transient effect
in the initial echo amplitude, are minimized.

For different refocusing pulses discussed below, the @xis
is not always confined to thg-z plane. In such cases, the same
approach can still be used to compensate the dispersion of tl
directions to first order, but the optimal value fog will be
in general different from Eq. [11]. Similarly, different excita-
tion pulses will result in different optimal values fey. As an
example, the half adiabatic fast passage is an excitation puls

Echo Number

0)13{031‘0

5 4 3 2 1 0 1 2 3 4 5
Awy ! ;¢ sequence that can be used to generate transverse magnetiza
' thatis all in they channel. In the limit of a slow frequency sweep,
FIG.4. In-phase magnetizatiomy, following a 9G, pulse and a period of the resulting transverse magnetizatiomjs= 0, uy = w1/ .
free precessiony = —2tgo/7. The magnetization is normalized with respectin this case, the direction of the transverse magnetization an
to Mo, the solid contour lines indicatey = 0.9, and the dashed ones indicatethat of the transverse component of the aiisare identical

my = 0. The magnetization immediately after a°8ulse, shown in Fig. 3, . . _ . -
can be thought of as being generated by a fictitious pulse at tisgpe2earlier and the optlmal value is4 = 0. Itis interesting to note that

with the in-phase response shown here. This fictitious pulse has a much bro&2gpite this property, at the nominal value of RF field strengtt
bandwidth for in-phase magnetization when~ w1 o. w1 = w10, the excitation bandwidth of the CPMG sequence
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using the half adiabatic fast passage is smaller than the ban in-phase component
width for the standard CPMG with a hard 9fulse and the °3

optimal value oft 4. 4 05
(=]
3.2. Levitt-Type Composite Refocusing Pulse 2 & "
The first 180 composite pulses introduced by Levitt and 2
Freeman12) were of the form 99-6,—9C;. Using Egs. [7] and 1 -0.5
[8] it is easy to show that on resonance and at the nominal R
field strength, the net axiig; for such composite pulses is always 5 4 3 2 4 0 1 2 3 4 5 =
in the transverse plane, but not pointing along Xhdirection: Awg / 49
iz = cos@/2)X + sin@/2)y. In order to use such composite
pulses as refocusing pulses in place of a38dse, the compos- : oul-okphase comparent : ;
ite pulse must be phase-shifted relative to the initial pdlse T_
by 90°-9/2. This corresponds to the generalized Meiboom-Gill 4 0.8
modification. With these phase-shifted composite pulses, we ce &
construct a whole family of new pulse sequences that are of th< 5
form g2
1 0.5

905—(905_g,2~0180-0/2-9G0_4,2) " [13]

Like the standard CPMG sequence, these sequences compt Awg / 19
sate for small pulse imperfections and result in a large asymp-

totic echo, because the initial magnetization is predominantl IG.§. Transverse components of axis cha_ractenzmg ref_ocusmg cycle witl
composite pulse 99:-270,5-9G4; as a function of normalized frequency

collinear with the net axigiz. The direction offiz for these reet Awg/ar o, and RF field strengthas: /w1 o. Top panel shows the in-phase
composite pulses is not confined anymore to k2 plane as componentn; y and the bottom panel the out-of-phase componeng, . The
was the case for the standard CPMG sequence. As a coresge spacing was assumed totee= 7t1go. The solid contour lines indicate
guence, the asymptotic echo can have both in- and out-of-phése= +0.9. the dashed lines indicatg ; = 0. The in-phase component has a
components, and the optimum valueof will be in general wider sweet spot neasn = w10 for this composite pulse than for the standard
. . 180 pulse, shown in Fig. 2.
different from the previous value ef2tyg/. In order to choose
the optimal value of for a specific problem, we must study the
dependence dig over the relevant values of offset frequency, InFig. 7, we showthe transverse componentgdbr another
Awo, and RF field strengtly,. Within this family of composite Levitt-type refocusing pulse with = 90°. In this case, the sweet
pulses, the optimization procedure reduces to a two-dimensiospbt at Awo/w1 0, w1/w1,0) = (0, 1) is reduced compared to the
search in thé—t 4 plane. previous sequences. However as compensation, this compos
One example of such a sequence with= 270> has been pulse is able to refocus magnetization far off-resonance in a r
previously studied by Simbrunner and Stollbergrfor mod-  gion around Awo/w1 o, w1/w1.0) = (£+/2, +/2). Onresonance,
erately inhomogeneous fields. The composite”J@@se 99— it refocuses the initiay magnetization. Off resonance, it is the
27G0-9Q; was initially found by Levitt and Freemarld) to initial x magnetization that gets refocused. To take advantage
compensate for modeatw, inhomogeneities and Tyckd§) this property, the initial excitation pulse must be chosen such ¢
showed that this pulse sequence compensatesdglinhomo- to maximize (s - R 4{2}) over the whole range. Figure 3 shows
geneities in the lowest order of the Magnus expansion. In Fig.tBat the simple 9Dpulse is well suited for this purpose. In this
the transverse componentsfigf of a refocusing cycle with a case, itis necessary to choasg= 0. Note that the asymptotic
90],5-270,,5-90; 35 composite pulse are shown. Compared tmagnetizations, calculated with Eq. [3] for the nominal echc
the standard refocusing pulse shown in Fig. 2, the sweet spotseifiter, have opposite sign favwy = ++/2w1 o and appear in
fiz near the values ofwy = 0, w1/w1 o = 2n — 1) are broader the out-of-phase channel. Therefore, these contributions inte
with respect tcAwyg, but narrower with respect to;. Figure 5C fere destructively at the nominal echo center, but interfere cor
shows the first 10 echoes measured with these refocusing pulstesctively at a timektgo/+/2 from the nominal echo center and
in a constant gradient and the nominal RF field strengily.  give rise to an antisymmetric signal in the in-phase channel. Th
The echo peak is indeed higher than with the previous de-superimposed to the symmetric signal from the contributior
quences. Itis also apparent that in this case, echo signal appelrse to resonance. In Fig. 5D, it is demonstrated experimel
in both channels and cannot be phased into a single chantedly that the combined effect results in echo amplitudes large
even though the range of Larmor frequencies in this sampletiign those obtained with the standard CPMG sequence. Tt
symmetric. advantage only exists in sufficiently inhomogeneous fields.
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in-phase component 1

0.5
0
-0.5
5 -4 3 2 41 0 1 2 3 4 5 e
Awmg / M40 A0-)0"" W40
ouliok-phase compenant 1 FIG.8. In-phase componemy, y, of axis-characterizing refocusing cycle
with composite pulsa/igcg—ﬁgqao as a function of normalized frequency
offset, Awp/w1,0, and RF field strengthy; /w1 0. The out-of-phase component
0.5

ng,x vanishes for all offset frequencies and RF field strengths. The echo spacir
was assumed to lig = 7t;go. The solid contour lines indicatgs,y = 0.9, the

0 dashed lines indicateg y = 0. The sweet Spots are Atwp/w1,0 = +(2k — 1);
wl/wlvo =2k — 1, withk = 1,2,....

are based on a single 12&xcitation pulse and are illustrated
=t in Fig. 9. At an off-resonance frequency Atvy = tw; 0 and
the nominal RF field strengih, o, @ 127;’, pulse rotates the ini-
tial Z magnetization onto the-§ axis. In this casery = 0
FIG.7. Transverse components of axis characterizing refocusing cycle with
composite pulse 98-90;35-90;5 as a function of normalized frequency offset,
Awp/w1,0, and RF field strengthy; /w1 0. Top panel shows the in-phase com- 127°%, ta = -tgo
ponent,nz y and the bottom panel the out-of-phase componeniz x. The
echo spacing was assumed totpe= 7tigo. The solid contour lines indicate
ng,i = £0.9, the dashed lines indicatg ; = 0.

/w9

3.3. Off-Resonance Pulses

We give here even clearer examples of pulse sequences th
can be used to refocus magnetization repeatedly in inhomoge
neous fields, but that are completely ineffective in homogeneou:
fields. These sequences are based on the new composite rel
cusing pulse 127127 .. The pulse angles are chosen to be 127%, 1, =0 ]

V2 .90° = 127.3°. On resonance, the two 12pulses off-

5 4 3 2 1 0 1 2 3 4 5
Awg / 049

set each other and have no net effect on the spin dynamics 05
However, off resonance at\wo/w1.0, w1/w10) = (£1, 1), the éc—’

two pulses rotate the magnetization around two perpendicula~ 0
axes with a nutation angl@t;»7 of 180°. This is illustrated in <]

Fig. 8, where we display thg component of the net axfgs for 05
the complete refocusing cycle consisting of the period of free

precession, the composite pulse 3227, and another pe- 48 5 4 0 A 48 8 4 B -

riod of free precession. Note that with this composite pulse, the
net rotation axidiz always lies in they—2 plane, independent
of offset frequency or RF f_ield_ strength. This composite180 Fig. 9. Transversey magnetizationmy, following initial ~/290° pulse.
pulse can refocus magnetization neaw/w1,0, w1/w1,0) = (Top)y magnetization following/29G; pulse and a period of free precession of
(£[2k — 1], [2k — 1]), wherek is an integer. This should be durationz 4 = —tgo. (Bottom)y magnetization foIIowingL/EQ()g0 pulse without

compared to the standard Ise that refocuses magnetiza_any additional free precession period. The magnetizatipis normalized with

. respect toMp, the solid contour lines indicatey, = +0.9, and the dashed
tion near @wO/wl?’ w1/w10) = (O, [2_k - 1]) ones indicateny = 0. Note that in both cases, the magnetization neas =
There are two simple ways to excite initial transverse magneok — 1)w, o; w; = (2k — Lywr o is completely in the transverse plane and

tization collinear withz of this composite pulse. Both methodsalong thety axis.

AUJQJ"’(U-]IQ
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and the spectrum of the asymptotic echo will be antisymmetri, 1.5r———T—T
in frequency. Alternatively, a 127pulse, followed by a period 1.0r 7
of free precession for durationy = —tgg, rotates the initiak g'ﬁ' / \ ]
magnetization onto the § axis for bothAwg = w1 o. This re- P
sults in a symmetric spectrum of the asymptotic echo. The tw o
off-resonance pulse sequences are therefore given by

(A)

Spectrum

Echo Shape

1.6 T T T T
1.0~ A B

AN

:|.278—(].278—].273)_8(_1)'1 with T4 = —tgo [14]
-0.5- L

127—(12%-1274)" with 7, =0. [15] 4 5 o0 2 4
15

The experimental results shown in Fig. 5E and 5F confirm thi% :):g

analysis. For the symmetric distribution of Larmor frequenciezg 0.0 b
in our sample, the symmetric sequence [14] results in a synt -os

metric, in-phase echo signal and no out-of-phase signal. Inco . )
trast, the antisymmetric sequence [15] produces no in-phag 4,
signal and an antisymmetric echo signal in the out—of-phasé 0.5

channel. 0.0 i
.05 1 1 | 1 1

(B)

Spectrum

Echo Shape

e

(©)

Spectrum

(D)

Spectrum

Ech

3.4. Comparison of Different Broadband Pulses

1.0_ T T T T T ]
The examples above illustrate the power of our new apL-U‘j 0.5 —\/\ -
b

pe

(E)

proach in designing pulse sequences for grossly inhomogenecg 00 «
fields. It is apparent that many more sequences can be cal 050, 11
structed with different properties. For instance, Fig. 7 show o
that the refocusing pulse 99-9G,:—-90;; can be easily mod- 05l 7 i
ified to refocus magnetization neaAdo/w10, w1/w10) = 0.0
(£[2k — 1], [2k — 1]), by simply lengthening all the pulses by a & -0.5 .
factor of /2. Therefore, we see immediately that the sequenc "% o % 4
1275—(127-127,-127,)" with 74 = O has similar proper- t/ tyg

ties off-resonance atw; o as the antisymmetric sequence [15],

but in addition will refocus some of the magnetization on reso-FIG.10. Comparison of measured asymptotic echo shapes (left) and spect
nance (right) for six different CPMG-like sequences. The scale is kept the same fo

Th Its f I h in Fia. 5 fi th%li sequences. In-phase signal is shown as a solid line, out-of-phase signal
€ results for all sequences shown In F1g. 5 confirm shed. (A) Standard CPMG sequencg-908Q,)" with 74 = 0. (B) Same as

the shapes of the echoes quickly approach an asymptotic liRiéxceptr4 = —2too/7. (C) CPMG with Levitt-type composite pulse with=
after only a small number of echoes. In Fig. 10, we compare thBr: 905—(9G;3:-27G,c—9G 30" with 74 = —2teg/7 . (D) CPMG with Levitt-
asymptotic echoshapes and the corresponding spectra for thé¥gf composite pulse with = 90° : 90;~(90;5-90;35-90;5)" with 74 = 0.
sequences. The comparison of the first two spectra shows 1??%1 ymmetric oﬁ'r‘?o”ame sequence Gd127-127g)" With " ~tao.
choosing the correct value far, increases the bandwidth for F) Antisymmetric off-resonance sequencegi2{127-127g,)" with 4 = 0.
the standard CPMG sequence significantly. Close to resonance,
the response of the sequencg-9090;,:—-270,:-9C55)" with In Fig. 11, we demonstrate that all these sequences are su
T4 = —2tgo/7 is the flattest of all sequences studied. This is iable for measuring relaxation times. For each sequence, we us
agreement with previous worlg (16 that focused on modestthe corresponding asymptotic echo shape shown on the left
inhomogenetities. Fig. 10 as matched filterl () to extract an echo amplitude for
For sequences, B, E, andF, the axisiz of the refocusing 400 echoes. For all sequences, the first few echo amplitud
cycle has only transverse components alongjtlaeis. This is show the characteristic transient behavior due to the second a
reflected in the measured spectra: the spectra are all absorptthird terms in Eq. [2] and already discussed in detailénfér
like and appear only in th& channel. This is in contrast to thethe standard CPMG sequence. After the third echo, the ecl
sequences with Levitt-type composite puls€sgnd D) that amplitudes for all six sequences decay exponentially. Withi
have spectral contributions in both the in-phase and the out-ekperimental error, the time constants for the six sequenc
phase channel. The magnitudes of the last two speletam@F) are identical and equal to the intrinsic relaxation time of the
are very similar. Comparison of the two measured spectra caample that was determined independently tdpe T, =107
firms that by changing the excitation pulse, we can contrpis. In these measurements, the echo spacing of 1 ms is sh
whether the two spectral lobes are excited with the same or gmough to make diffusion effects insignificadtl). For sam-
posite sign. ples withT; # Ty, Eq. [4] predicts a slightly different decay rate

Spectrum

1.0 T T T T T

F

Echo Shape
Spectrum
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R T T to-noise ratio. Using the simple composite pulse€iand D,

the signal-to-noise can be further improved by over 1 dB. If the
limiting factor is not the peak power, but the average pokg,

the advantage of these sequences disappears. In a constant gr
ent and fixed echo spacing, the signal-to-noise ratio for a give
sequence scales likB/N « P, The average power in turn
is to a good approximation proportional to the duration of the
refocusing pulse, which is listed in the third column of Table 1.
Based on these scaling arguments, we calculate the expect
relative signal-to-noise ratio of the different sequences usin
fixed average power and list them in the last column of Table 1
The results show that with constant average power, the standa
CPMG sequence with the optimal valueof, sequence, is
superior to the other sequences considered.

Echo Amplitude

4. CPMG SEQUENCES WITH NOVEL B, DEPENDENCIES

I I 1 1 I
9 o &R0 00 400 In the previous section, we have concentrated on pulse s
Time:: frms ] guences that have interesting properties in the presence
FIG. 11. Decay of echo amplitudes measured with the six different s&trongly inhomogeneouB, fields. Here we show that using
quences. After the first few echoes, the amplitudes for every sequence decaytlhe same approach, we can also design novel pulse sequen

ponentially with identical relaxation times. It equals the independently measurgtht exhibit improved performance in the presence of strongly
valuesT; = T, = 107 ms for this sample. The relative amplitudes are "Steﬂ]homogeneouBl fields ’

in Table 1. (A) 9G—(18Q,)" with 4 = 0. (B) 9G—(18G,)", 74 = —2to/7. )
(C) 9G—(90,55-2703,c-90; 30)", 7.4 = —2tao/. (D) 9E—(90;—9G;5-9C;e)", To measure th&; dependence of a sequence experimentally

14 = 0. (E) 123—(12%-12%5)", 74 = —too. (F) 12%~(127-12%,)", We keptour experimental setup, having a homogeneous RF fie
74 =0. and a constarBg gradient across the sample, but we repeated th

measurement with 25 different RF field strengths in the rang
for the different sequences. This was not tested with the curresfitd. 92w, o to 3.13w; 0. The timing of the sequence was kept
measurements. identical.

The echo amplitudes shownin Fig. 11 measured with differentin Fig. 12 we show the measur& — B, dependencies of the
sequences decay with the same time constant, but have diffeeggyimptotic echoes for three different sequences. In the top tw
overall amplitudes. In Table 1, we compare the relative eclpanels, results are shown for the standard CPMG with two dif
amplitudes and the resulting increases in signal-to-noise rafé®@ent values for 4. These results of the CPMG sequence show
for the six sequences. that in the vicinity of resonancéywo ~ 0, the echo amplitudes

The relative signal-to-noise ratio is proportional to the squashange sign when the RF strength is increased threefold. In tt
of the relative echo amplitude and is listed in the fourth copresence of sufficiently inhomogeneous RF fields, signals fror
umn of Table 1. The measurements were made using a fixed ®fferent regions will therefore cancel each other and reduc
field strength, or fixed peak power. Simply adjustingto its the signal-to-noise ratio. Note that regions with different offset
optimum value for the standard CPMG sequence increases fitgjuencies Awg, do not pose the same problem. Such signals
echo amplitude by 15%, leading to a gain of over 1 dB in signakppear with different Larmor frequencies and even though the

might interfere destructively at the nominal echo center, the

TABLE1 will interfere constructively elsewhere without a reduction of

Comparison of Relative Echo Amplitudes, Pulse Durations, and  gverall signal-to-noise ratio.
Signal-to-Noise-Ratios for Fixed Peak Power and for Fixed Average Before we proceed with discussing new pulse sequences, v
Power for the Six Sequences Listed in Fig. 5 want to call attention to another feature apparent in the dat

shown in Figs. 12A and 12B: these results confirm that for the
standard CPMG sequence, the optimal value pflepends on
Sequence Rel. amp. Pulse duration Fikgehk FixedPae ¢y, as predicted by Eq. [11]. The delay f@)of t4 = —2tgo/m

(S/N) (dB)

A 1 t180 0 0 was chosen to optimize the bandwidth fof = w1, as dis-
B 1.15 tigo 112 +1.2 cussed before. The measurements show thassad,3his timing
c 1.30 Y2180 +2.3 -17 reduces the signal bandwidth compared to the timing= 0.
D 1.28 F2tig0 +21 +04  This is expected based on Eq.[11], becaugse= O is closer
E 1.23 V2tgo +18 03 thanty = —2tgo/7 to the optimal value ofi-2tey/37 for this
F 1.16 V2t1g0 +13 -0.2

RF field strength.
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RF field strength. On resonance, this pulse acts as a nomir
90; pulse for an RF field strength of both o and 3vq,0. More
complicated composite pulses can be designed that extend tl
behavior to higher odd multiples af; o.

The bottom panel of Fig. 12 shows the measuvgdiepen-
dence of the asymptotic spectrum when the initig} §0lse
of the CPMG sequence is replaced with the composite puls
45 45-90;s:

(A)

Spectrum

(45 45-9G;5)—(18G)". [16]

(B)

These measurements confirm the theoretical analysis. With th
simple modification of the sequence, the signal around resonan
has now the same sign for RF strength in the range of b1 3

In the presence of inhomogeneous RF fields in this range, tt
asymptotic signals will all add coherently and not cancel eac!
other. The out-of-phase spectrum of the asymptotic echoes st
vanishes for all values af wg andw; as with the standard CPMG
sequence. In all three cases shown in Fig. 12, the spectra ha
no contributions whem\wj + w? = (2w10)?. At these values,
the refocusing pulses act as 36fulses and do not refocus the
magnetization.

Spectrum

(@)

4.2. Selective Signal fas; = w0

In a different application, one might want to isolate signals
that originate from regions with an RF field close to the nomina
value, w1 o. In grossly inhomogeneous RF fields, the standar
CPMG sequence will generate significant signals at every od
multiple of the nominal field strength, K2+ 1)w1 . This isola-
tion can be achieved using a modified CPMG sequence with &

FIG.12. Measured in-phase spectra of asymptotic echoes versus RF fihitial pulse.4 designed such that it projects thenagnetization
strengthw /w10, for three different sequences. (A) Standard CPMG sequenomto the axidiz at the nominal field strengtlu; o, but perpen-
905-(18Q)" with 74 = 0. (B) Same as A, exceply = —2too/7. (G) Com-  dicylar to it at all odd multiples aby o. With the standard 1
posite 90 pulse: (45 45-90;5)—(18Q,)" with 4 = 0. refocusing pulse, this implies that the composite pulse shoul

tip the Z magnetization onto th§ axis atw; = w1 0 and onto
4.1. Sequences without Signal Inversiomwat= 3w; o theX-2z plane forw, = (2k + 1)w1,0, Wwherek =1, 2, . ...

Spectrum

The change of sign in the standard CPMG signalatg3is
caused by the initial nominal 9Qulse. At 3v1 o, the initial pulse 1
acts as a 270pulse and rotates the magnetization onto-tie
axis, while the direction ofiz is still along they direction. This
combination leads to a negative signal. To avoid this, the stand: 2
90 pulse must be replaced by a composite pulse that rotates E
initial magnetization onto the positivi axis for all relevant g
RF field strengths. One solution is to use a half adiabatic fa
passage with the RF ending on resonance along ttteannel.
This approach works for any value ®f as long as the adiabatic
condition is fulfilled. For a more limited range ef, values, it 5 4 3 2 1 0 1 2 3 4 5
is possible to use simple composite pulses instead. Awg/ @19

The simplest composite 9pulse that rotates magnetization
from the +Z direction onto thet+¥ direction for bothw; o and ; Y A X S
3w1 o is the binary pulse _90... Figure 13 shows thé ambli- pul§e app_lled to initiak magnetlgatlon. Thg dlsplayed magnetization is nor-

1,0 yp 4]—515 45" " 9 A p. malized with respect thlo, the solid contour lines indicatey = +0.9, and the
tude of they component of the resulting magnetization followingjashed ones indicate, = 0. On resonance, this pulse acts as a nomingal 90
this composite 90pulse as a function of offset frequency angulse at RF field strength of botby o and 3o o.

FIG. 13. Transversey magnetization following 45,.-90;; composite
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in-phase component the direction of the net axifz depends onw;, coupled with
excitation sequenced that are matched to these refocusing
pulses, i.e., that maximiz&s; - R 4{2}.

In Section 3.2, we showed that on resonance and for the non
inal RF field strengthy; = w10, pulses of the form &) , ,—
6180-0/2=905_4,» act for all values oft as 18Q refocusing
pulses. Among this class of pulses, the pulse wWith= 45
is suitable for the purpose @&; imaging. The transverse com-
ponents of the net axi§y for the composite refocusing pulse
e B s 90, 5—45,5,5-9Q; 5 are shown in Fig. 14 as a function of fre-

Awg / ®1,0 guency offsetAwg, and RF field strengthy;. It shows that at
the nominal RF strengtla); =~ w1, and in the vicinity of reso-

out-of-phase component

™ — 1 na_mce,Awo ~ 0, Az is pointing in they direction and therefore
this composite pulse refocuses theomponent of the magne-
& 41 05 tization. In contrast, ab; ~ 3wy 0, N IS pointing along thek
33 direction and the asymptotic signal will have a different phase.
= 0 To take advantage of this refocusing pulse, we also must fin
g2 an excitation pulse that rotates the inittatnagnetization onto
11 . , 05 they axis forw; = w10 and onto th& axis forw; = 3wy 0. The
simplest such pulse is 2%, -—90" ,, 5. In Fig. 15, the transverse

5 4 3 2 1 0 1 2 3 4 5 -1

A{DO ! (l)1,

in-phase component

FIG. 14. Transverse components of axis characterizing refocusing cycl
with composite pulse 99 5-45)5,5—90%,5. The solid contour lines indicate
ngx,y = 0.9, the dashed linass x y = 0. Note that near resonance, the afkgs
forw1 = w1,0andw1 = 3wy o are both in the transverse plane, but perpendicular
to each other.

W40

5
4
3
2

(1)11'"

The binary composite pulse gb5,,—6G, ,, where = 1]
54.74° is the magic angle, fulfills these conditions for the first
three odd multiplek = 1, 2, 3. Therefore, the modified CPMG 5 4 3 2 1 0 1 2 3 4 5§

sequence Awg / 0 ¢

(45> 195—60355)—(18Q,)" [17] out-of-phase component

has a maximum response around= w1 o butdoes notgenerate
an asymptotic signal fap; = 3, 5, and @1 o.

w = WU,

4.3. B Imaging

031;0)1’0
)]

As was pointed out before, contributions from regions with
different values 0B can be distinguished by Fourier transfor-
mation of the echo signal. However, contributions from region:
with different RF field strengths cannot be separated in a sin
ilar way. Here we demonstrate a new CPMG sequence usir Awg / 10

composite pulses that can overcome this shortcoming to some . ) .
FIG. 15. Transverse magnetization following .82, :—9C" ,, ; composite

degree' The main idea is to take advantage of the S[Ijjt&ﬂe pulse. Top panel shows in-phase magnetizatiop, and bottom panel shows
For the Stande_‘rd _CPM_G sequence, the phase of the spectfyidt.phase magnetizationmy. The magnetization is assumed to be initially

of the asymptotic signal is alwaysy, independent of thé, in thermal equilibrium. The displayed magnetization is normalized with re-

andB; distributions characterizing the sample. The out-of-phageect toMo, the solid contour lines indicate,y, = +0.9, and the dashed

spectrum only contains noise contributions. We can overcorf{§s indicateny = 0. Note that around resonanao = 0, and for the
rpmal RF field strengthp; = w10, the magnetization is pointing along

TR . . . 0
this |Im|t¢f:1t|0n anc_j design Seq_uences with c_omposﬂe pulses tﬁ% y direction, whereas for three times larger RF field strengtlyy = 0
enCOd_e information on RF f!eld Strength in the signal phasggq., — 3wy 0, the magnetization is out-of-phase and points along-the
For this purpose, we must find composite 1§Qilses where direction.

4 3 2 1 0 1 2 3 4 5 -
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4.4, Comparison of On-resonance Behavior

In-phas . . "
i We have demonstrated that using composite pulses, it is po

sible to design CPMG-like sequences that still have the inherel
error compensation of the standard CPMG sequence and gen
ate large asymptotic signals, but have modifigdependencies.
In Fig. 17, we summarize these modifications by comparin
the measured responses close to resonance for three differ
sequences. The three sequences refocus all the magnetizat
along they direction when the RF field strength equals the nom:
inal RF field strengthy; . With the standard CPMG, the signal
vanishes whew, reaches @i o and fully inverts at &1 o.

With the modified sequence (45-90;5)—(18Q,)", the sign
ofthe signal does not change as the RF field strength is increas

Spectrum
[=}

-1
5

Out-of-phase

h*]
w
Echo Amplitude
S o
w o
[

(O] / 40 \‘\‘\‘\‘\“
-1 -1.0 +4
_5 -4 } D ]
324 0 49 5, 3 4 s 1.0 1.5 2.0 25 3.0
Awg/ g o,/ o,
FIG. 16. Bj imaging: Measured spectra of asymptotic echoes of compos- (G) 1.0 b e AR e t
ite pulse sequence (B, 90 ,, 5)-(9%, :—45,5,:—9%, ;)" as a function of 2
normalized RF field strength; /w1 0. In-phase responsayy, is shown on top, 3 0.5 ™ g
out-of-phase responsemy, at the bottom. For these measuremenjs= 0. =
E 0.0
<
(o]
L . . . i S 0.5
magnetization following this pulse is shown. In the vicinity of 7]
resonance, this pulse indeed fulfills our requirement. -1.0 ;
Combining the two elements, we can construct an example of 1.0 1.5 2.0 2.5 3.0
a “B; imaging” CPMG sequence: O/ 0,
. n (H) 1.0 ?e;b'vv
(22'567.5_90)—22.5)_(9(%7.5_4ﬁ57.5_9%7.5) . [18] L]
© A
3 05
Note that in this sequence, the phases of the individual pulses E 0.0 e o
differ only by multiples of 90. o
We have tested this sequence experimentally. The results 8 0.5
for the spectrum of the asymptotic echoes as a function of RF 1.0
field strength are shown in Fig. 16. Not too far from resonance 1.0 1'5 2.0 25 3.0
—w10 < Awp < wio the signal for the nominal RF field o,/ oy,

strength,w1 ~ w1, peaks in the in-phase channel and the

contributions to the out-of-phase channel are small. &¢ 3 FIG.17. On resonance asymptotic echo amplitudes versus normalized R
the experimental results show that the situation is reverséeld strengthws/wy o for three different sequences. In-phase amplitudgs,
There is little signal in the in-phase channel, but maximal signf Shown as crosses, out-of-phase amplitudesy, as circles. (A) Stan-

in the out-of-phase channel. This implies that we can cleaf§ic, ChMC sequence §918G,)". (G) Composite 90pulse: (45 45-90;g)-

In the ol phase - Implies / BQ,)". (H) Composite 90 and 180 pulses: (253, c-90" , 5)—(9C; 5~
distinguish contr!butlons from reglons_wnh_ RF field strengths: ___oq;. ). For sequence (H), the phase of the asymptotic echo is direct
of w10 and 3v1 o, i.€., a coarse way dB; imaging. related to the RF field strength.
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threefold. The magnitude of the signal a3 is identical to along the axifiz characterizing the overall rotation by the re-
the signal atw, o, indicating that the full magnetization is re-focusing cycle. This can be achieved by choosing the overa
focused. At intermediate RF field strengths around @ the phase shift between the initial pulse and refocusing pulses aj
signal magnitude generally exceeds the magnitude of the gigepriately on resonance. Dispersion can be compensated
nal acquired with the standard CPMG sequence. For both §est order by proper choice of the time intervg] defined in
guences, the out-of-phase signal vanishes for all values of Rig. 1.
strength. In this paper, we have concentrated on simple composit
With the third sequence, (Z,5-90 ,,:)-(9%,5—455,5— pulses. However, our approach is general and can be used wi
90g,5)", the signal magnitude does not depend as strongly orore complicated composite pulses or with elements involvin
RF field strength as with the previous two sequences and it déesyjuency sweeps or other modulations. It is also straightfor
not vanish anymore at3 . The bottom panel in Fig. 17 showsward to refine the optimization of the composite pulses discusse
clearly that the phase of the signal is changing continuoudigre by using a numerical search routines that take into accou
by /2 as the RF field strength is changed framp to 3w1o. the specific experimental parameter space of interest, addition
Therefore, the phase of the signal can be used directly to infemstraints, and the desired optimization function.
the strength of the RF field.
Analogous to the sequences discussed in Section 3, these se- ACKNOWLEDGMENTS
guences are also useful for measuring relaxation times. In in-
homogeneous fields, the signal amplitudes show the transienthank p. Freed and P. Sen for useful discussions.
behavior for the first few echoes and then decay with the relax-
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