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Frequency-modulated (FM) pulses that function according to frequencies with a high degree of tolerance to RF field inho
adiabatic principles are becoming increasingly popular in many ar- mogeneity. In early NMR experiments, adiabatic passage w
eas of NMR. Often adiabatic pulses can extend experimental capa-  performed by sweeping the amplitude of the polarizing mag
bilities and minimize annoying experimental imperfections. Here,  petic fieldB, in the presence of continuous wave RF irradiation.
adiabatic principles and some of the current methods used to create Nowadays, an adiabatic passage is more often performed |
thgse Pulses are considered. The class1c:<§l adlabaFlc rapld passage, sweeping the pulse frequeneyx(t), while By remains constant.
which is a fundamental element upon which all adiabatic pulses and . e . .

To provide utility in contemporary NMR applications, adia-

sequences are based, is analyzed using vector models in different ro- . . . ) .
tating frames of reference. Two methods to optimize adiabaticity are bat'c_rOta_t'ons must be accomplished rap_ldly relative to the_ re
described, and ways to tailor modulation functions to best satisfy laxationtimesT, andT. Thus, the process is often termed adia-
specific experimental needs are demonstrated. Finally, adiabatic ~baticrapid passaged). Significantresearch efforthas focused on
plane rotation pulses and frequency-selective multiple spin-echo the design of modulation functions which improve the efficiency
sequences are considered. © 2001 Elsevier Science of adiabatic rapid passagé—16). In this work, different ap-
proaches to optimizing modulation functions will be discussed
As an alternative to frequency-modulating the pulse, a mor

common and equivalent approach is to modulate the phase

L. INTRODUCTION the pulse according to the function
The emergence of pulsed NMR in the 196@} stimulated t
much interest in the design of RF pulses, which is now an im- P(t) = /(wRF(t’) — wo) dt’ + ¢(0), [1]
portant area of research in NMR. During the past few decades, J

work on RF pulses has resulted in many new ways to manipulate

nuclear spins and has produced valuable methods to overcomtere w. is the carrier frequency (the center frequency in
annoying experimental imperfections. In recent years, this ars@ bandwidth of interest). To facilitate a classical understanc
of research has experienced a surge of activity due in part to thg, in this work vector analyses will be based on frequency
widespread availability of NMR instruments with hardware anchodulated (FM) adiabatic pulses, even though in practice th
software supporting the use of shaped RF pulses. The abilifyase-modulated version is most often used.

to continuously modulate pulse amplitude and phase (or fre-Adiabatic pulses are becoming increasingly popularinanum
quency) is a standard feature of most modern NMR spectronter of different application$n vivoNMR experiments are often
ters, whereas just over a decade ago, many commercial systperformed with a surface transceiver coil that maximizes sens
did not permit amplitude modulation and could perform onliivity, but has the disadvantage of producing a highly inhomo:
low resolution phase shifts (e.g., in steps of multiples 6f)90 geneous RF field&;). When a surface coil is used to transmit
The ability to modulate both pulse amplitude and phase contineenventional pulses, spatial variations in flip angle lead to sens
ously has brought about renewed interest in an approach usetiity losses, quantification errors, and undesirable coherence
the early days of NMRZ, 3). In those early experiments, NMR As a consequenci vivoNMR experiments are often performed
signals were excited by sweeping the effective magnetic fieldth adiabatic pulses which have the capability to generate un
Besr Slowly (adiabatically) so that the bulk magnetization vectdorm rotations ofM even whenB; is highly inhomogeneous.
M remained approximately collinear wiBy. One experimen- Although commercial RF coils used for high-resolution NMR
tal advantage of this type of adiabatic sweep (or passage) is #ne generally considered to provide highly unifoBnprofiles,
ability to accomplish excitation over a broad band of resonasgnsitivity gains have also been observed when convention
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“square” pulses were replaced by adiabatic pulses in certg@dctory dictates the rotation only for the componenkbthat is
high resolution NMR sequencets#-20). collinear withBeg(t). WhenM is perpendicular t8.¢ during the

In many areas of NMR, the pursuit of increased sensitivity aradliabatic passage, a variable flip angle is produced, since diffe
spectral resolution continues to propel further increases in mag isochromats evolve at different rates atigugt Furthermore,
netic field. Ultra-high field NMR can benefit from the ability offor these perpendicular componentd\f the net rotation axis
certain adiabatic pulses to cover broad bandwidths while mirg-dependent on the initial orientation BF. Finally, immunity
mizing RF power dissipation. As an example, previous work h&sRF inhomogeneity is attained only when the fiBg} orienta-
shown that adiabatic pulses can significantly reduce RF powigmn is on the transverse plane or along the longitudinal axis. Fo
requirements in spin decouplin@1-27). This approach is ad- these reasons, previous work in this area has generally focus
vantageous for the multitude of popular NMR experiments ion the two basic transformations that can be properly achieve
which insensitive nuclei (e.g*3C and'°N) are detected indi- with adiabatic rapid passage. These include: 1) rotating long
rectly via scalar coupling withH. In vivo NMR experiments tudinal magnetizatioM, onto the transverse plane (excitation)
sometimes encounter the problem of insufficient pBakbut and 2) population inversioi; — —M,). The specific types of
this limitation can be circumvented by using certain types & sweeps that accomplish these tasks are known as adiaba
adiabatic pulses that operate over broad bandwidths with Ibalf-passage (AHP) and full-passage (AFP), respectively.
peak RF power. Whein vivoNMR is performed with spatially-  Many NMR experiments require a pulse to perform trans-
selective RF pulses, a frequency shift, such as chemical shiftymations about a rotation axis that remains invariant for all
has the effect of displacing the volume of interest. This probleisochromats, regardless of the initial orientatiorvbf For ex-
can be minimized by using adiabatic pulses that excite broathple, to generate optimal signal with a spin echo sequenc
bandwidths in a highly selective manner. Finally, at the high fré90°-7-180°-r-acquire), the rotation axis of the 18pulse must
guencies used in ultra-high field NMR, conditions may beconmtemain insensitive to changes in resonance offseBrampli-
favorable for dielectric resonances which can have detrimentadle. As mentioned above, a conventional AFP is not suitabl
effects on B homogeneity28). Adiabatic pulses can provide afor performing this type of transformation, which is sometimes
way to deal with this problem as well. called aplane rotation Plane rotations can be performed with

In the early years, the number of parameters that could bemposite adiabatic pulses that were first developed just ove
varied in the process of creating new RF pulses was limiteddecade agodf—56. With these composite adiabatic pulses,
by practical considerations, such as the inability of spectrbtbMR experiments that previously required a unifoBnto ro-
meters to generate small phase shifts. Despite these restrictitais, spins by the correct angles can now be performed with ur
over two decades ago Levitt and Freeman introduced a nopetcedented insensitivity B, inhomogeneity.
approach to compensate for experimental non-idealities using dn this work, we consider some of the current principles anc
train of phase-modulated pulses, collectively known as a comethods used to create adiabatic pulses. We begin with a clas:
posite pulseZ9). The general principle in the design of composeal explanation of the adiabatic rapid passage, which is a fund:
ite pulses is to make the individual pulses cancel each other’s imental element upon which all adiabatic pulses and sequenc
perfections. Despite the fact that the phase shifts used in compare based (Section Il). We then explore the adiabatic conditio
ite pulses are generally much courser than those used nowadays$how it can be used to generate modulation functions tailore
in adiabatic pulses, a variety of useful composite pulses hawemeet specific performance criteria (Section Il1). Finally, adi-
been developed to excite spin systems in particular ways andatmatic plane rotation pulses are described (Section 1V).
compensate for experimental imperfections (for a sampling, see
(29-46) and references therein). To date, composite pulses still
offer the best approach to many types of NMR experiments. II. CLASSICAL TREATMENT OF ADIABATIC

Many adiabatic pulses are closely related to composite pulses. RAPID PASSAGE
In.thg past, composite pulses have been derived from adiab.ﬁgg; The Hyperbolic Secant Pulse in Two Different
principles 6, 37), and conversely, the performance of certain g, mes of Reference
adiabatic pulsesl(/, 47 has been improved using expansion
procedures that were originally developed for composite pulsedJndoubtedly the most popular AFP is the hyperbolic secan
(38, 39. As compared with composite pulses, adiabatic puls@dS1) pulse , 57, 58, which originated from the self-induced
derived from such expansion procedures generally offer t@nsparency effect observed in coherent optical spectroscoy
greatest combined immunity to RF inhomogeneity and res@®9). Using a form similar to Silveet al. (57), the HS1 pulse
nance offset for a given amount of RF power. Such gains ®&n be written as
performance result from the fact that the expanded adiabatic se-
guences are based on ad_iabatic rapid_passage, which is already w(t) = wrlnaX(SeChﬁt))lJriu’ [1]
self-compensated for RF inhomogeneity.

The applicability of the adiabatic rapid passage is restricted to
a small subset of pulsed NMR experiments, sincalat) tra- wherew"®is the maximum pulse amplitude in rad/s, ghdnd
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and the FM function

orrl) —oe = S = uprant(py. [
This form of the pulse can be described in a frame of ref
erence that rotates in concert with a variable pulse frequenc
v wre(t). This frame is known as the frequency-modulated (FM)
I, frame. In the FM frame, the orientation©f remains stationary
during an adiabatic passage.
From Egs. [4] and [5], it is apparent why the HS1 pulse
is sometimes called the sech/tanh pulse. To permit a genel
b y nomenclature to facilitate comparisons of HS1 pulses with othe
adiabatic pulses, we choose to replagé by a single vari-
able A (the amplitude of the frequency modulation), whie
is treated as a dimensionless truncation factor (typically set <
that sechg) = 0.01). As such, the HS1 pulse can be written as

w1(t) = w"®sechP(2t/ T, — 1)), [6]
wrr(t) — oc = Atanh@(2t/T, — 1)), [7]
@“ o whereT, is pulse length.

B (1
1(0) IIB. Visualizing Adiabatic Sweeps in the FM Frame

The motion of the magnetic field components of an adiabati
o _ pulse and its effect on a magnetization vector are most easi
' FIG.1. Themagneticfieldcomponents ofthe hyperbohcsecant(HSl) pul%suanzed ina frequency-modulated frame. To differentiate be
in areference frame that rotates at a constant carrier frequency, called the phfase— diff t EM f ill refer to th b f
modulated (PM) frame. (a) Time dependence of the rBgk) and imaginary We_en | eren_ ) rames' wew _re er 1o them by one o
(B1§') components as viewed from the PM frame. (b) Starting at the origin 8A€ir characteristic rotation frequencies. Hence, the FM fram
PM frame, By (t) spirals out to a maximum value, and then spirals back. described above will be called thegg frame.” As illustrated
in Fig. 2, in thewgrr frame the effective magnetic fieldex(t) is

the vector sum of the field components,

wu are real constants. In an alternative form, Eq. [1] becomes .
w1 = ]/B]_X/ [8]

w1(t) = o"¥sechpt) €0, 2]
where

¢(t) = n(in(sechft))). (3]

This representation describes the HS1 pulse in a referenc
frame that rotates at a constant carrier frequengy This
reference frame is appropriately called the phase-modulatec
(PM) frame because the pulse phagevaries in time §). Ao
Figure 1 shows plots of the HS1 pulse as viewed from the PM Oefr V
frame.

Adiabatic pulses can also be described in terms of a frequencig 5. The effective field vectower and its componentss, and Aw, in
modulation. Accordingly, the HS1 pulse is described by the amfrequency modulated (FM) frame of reference. The FM frame rotates with -
plitude modulated (AM) function variable angular frequency set by the frequency modulatigg(f)) used in the

pulse. The FM frame is also referred to as éhg- frame. The three conditions

shown correspond to (a) far below resonance, (b) at resonance, and (c) far abc
w1(t) = w]'¥sechft) [4] resonance.

_ y Y
Oepp= O )

#
.
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Aw(t) = (wo — wre(t))Z, [9] It is also instructive to consider how this process occurs fol
different isochromats. To facilitate this analysis, the pulse fre:
wherewy is the Larmor frequency of a given spin. During th€luency is expressed as the sum of the carrier frequency plus
adiabatic passagees(t) changes its orientation at the instantaFM function,
neous angular velocitge /dt, where

w1(t) :|
Aow(t) |’

wre(t) = wc + AR(t), [12]

a(t) = arctar[ [10]

whereA is the amplitude of the frequency modulation (relative
to the center frequency) andF,(t) is a dimensionless driving
To facilitate an understanding of adiabatic passage, for the mgnction which varies betweer1 to 1. Upon substitution of
ment letw; have a constant amplitude along tkieaxis of the Eq. [12] into Eq. [9], the longitudinal component ke frame
wrr frame @ =0). If the pulse frequency starts far below respecomes
onance @rr < wp), Aw is initially very large relative tav;.
Thus,weff ~ Aw and the initial orientation ofvess is approxi- Aw(t) = [Q — AR(1)]Z, [13]
mately collinear withe’ (Fig. 2a). Aswrg(t) begins to increase,
Aw(t) decreases and. rotates toward the transverse planeyhereQ (=wo — w) is the resonance offset of a given isochro-
With an AHP,wre(t) terminates at resonanag, at which time  mat. As illustrated in Fig. 3, the trajectory ef«(t), as well as
weft = w1 (Fig. 2b). To perform an AFP, the frequency sweeghe time of resonanced), depend omf2. It can be seen that only
continues past resonance toward the negative extreme, leagirghgle isochromat can be rotated by exactly®ith an AHP.
to a finalwes orientation along-z’ (Fig. 2c). During the sweep, The net rotation of other isochromats depends on the sign ar
M follows wegi(t) provided that magnitude of the resonance offset, as well as the amplitude of
The only way to minimize such offset-dependent excitation with
|weri(t)] > |dar/dl], [11]1 " an AHPistoincrease the amplitudewaf at the end of the pulse.
Conversely, with an AFP, the total angle subtendedJgy

for all time (4). Also known as the “adiabatic condition,” this ) ]
proaches 18dor all isochromats provided that

inequality represents the main guiding principle that is used 3
the design and optimization of modulation functions for adia-
batic rapid passage (Section IlI). Q] < A [14]

FIG. 3. The time dependence of thess trajectory during an adiabatic passage as seen by an isochromat with (a—d) positive and (e—h) negative freqt
offsets in thewgr frame. Each isochroma); and<2_) reaches resonance at different times.(andtg_).
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and thatAw is much greater thaw; at the beginningt(=0) mats which achieve resonance at different timgsdetermined
and end {= Tp) of the sweep. If the latter condition is not satby the condition AF,(t) = 2. Becausew; is constant in chirp
isfied, wegr NO longer approaches the longitudinal axis at on§ig. 4a—c), oscillations iiM,(t) arise from the lack of alignment
or both of these times, and consequently, the resultant swédgweenve andM, which worsen fof2 values approaching the
angle is<180. This normally occurs for isochromats just in-nitial frequency,AF,(0). Similarly, for isochromats that reach
side the boundaries of the frequency sweep, whids only resonance late in the frequency sweep, the final orientation
slightly less tharA. One way to achieve a more uniform inverwe¢ does not align with-z'. These phenomena equivalently re-
sion over the complete range of the frequency swelef)(is duce the degree of inversion attained by isochromats near bc
to employ an AM functionw; (t) that smoothly approaches zercextremes of the frequency sweep. Conversely, withan HS1 pul
at its beginning and end. The advantage of this approach ¢&ig. 4d—f), more uniform inversion can occur becawsé) al-

be revealed by observing the time dependence of the longitows wes to be approximately collinear with at the beginning
dinal magnetizationNl,(t)) in response to AFPs with differentand end of the sweep for all isochromats.

ws(t) functions. The AFPs chosen for the present comparison

were: 1) chirp, which employs a constant (60), and 2) the
HS1 pulse which uses the hyperbolic secant functionidt).
Figure 4 shows the AM and FM shapes for these pulses, along/ector descriptions in therr frame are useful for elucidat-
with M,(t) obtained by numerically solving the Bloch equaing how AHP and AFP pulses are able to induce near perfec
tions. For each casd/,(t) is shown for three different isochro-90° and 180 flip angles despite spatial variations in the RF

IIC. A Doubly Rotating Frame of Reference: Thg; Frame
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FIG. 4. AM and FM functions of the chirp and hyperbolic secant (HS1) pulses, and their effects on longitudinal magnefizgtion (
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other types of pulses. As discussed in Section |V, adiabatic plar
rotation pulses function by forming an echo in thg: frame in

a manner similar to a rotary ech@®lj, except the adiabatic echo
is formed by invertinguess instead ofw;.

The wer frame can also facilitate the design of new types of
pulses (adiabatic or otherwise). To demonstrate this latter poin
consider the possibility of rotating from z” to y” about the ef-
fective fieldE in thewes frame. Becausg” andy’ represent the
same axis, this process yields & @Xcitation in thewge frame
(X', ¥, Z) and in thewes frame &, y”, Z’). The most straight-
forward way to achieve this rotation is to employ constant anc

FIG. 5. Vector diagrams showing the effective field and its componenigqual amplitudes for the field components indhg frame (i.e.,
e v e oy et o e et = i/t = constant). so he remains fxed n they
evél)Lljgion of the ma‘z;fnetization ’\/Zc’tdv'lo in the wes frame. plane ata 4,5ang|e relaj[lve @’ Wlth AM and FM functloqs

based on sine and cosine functions with the same amplitude

this requirement for constamty andda /dt can be satisfied. By
amplitude '®), which is the basis for their highly touted®]  setting the proper pulse length, a rotation of 18BoutE takes
insensitivity.” However, the vector depiction in ther frameas M from z’ to y” (=y”). Figure 6 shows the modulation func-
given in the previous section does not explain vithyfollows tions of this FM pulse and the excitation profile in thg- frame
wef(t) during an adiabatic passage. For this purpose, it is nexs predicted by the Bloch equation. For comparison, Fig. 6 als
essary to define a second frame of reference which rotates vattows the simulated excitation profile of a square pulse. Bot
wef(t), called the & frame.” In thewer frame, the origin of pulses require the sarag intensity ('*/27 = 2.5 kHz). Inter-
the adiabatic condition can be made readily apparent. estingly, the excitation bandwidth of the FM pulse comes close

Figure 5a depicts the relationships betweendheandwer to that of a square 9(Qpulse, which is one of the best pulses for
frames during an adiabatic passage. The axes abthérame compensating errors caused by resonance offset.
are labeled with double primeg/, y”, Z’. Initially, the two
frames are superimposed. As the adiabatic passage proceeds, the
wett frame rotates aboyt (=y”) with an instantaneous angular I11. OPTIMIZATION OF MODULATION FUNCTIONS
velocityde /dt, while wef remains collinear witlz”. By the end
of the pulse, the two frames are related by an angfég angle)
which is determined by the extent of thes sweep. Many different functions have been proposed to drive the

Figure 5b shows the relationships betwéé¢rand the mag- amplitude and frequency modulations of adiabatic pulse:
netic field components in thes frame. The rotation of theet (4, 5, 7, 8, 10-15, 19, 25, 37, 47, 54, 57, 60, 62-Fbr more
frame abouy’ gives rise to afictitious field component aloyly than a decade, considerable effort was focused on the desi
which has an instantaneous magnitude equddt@dt. Thus, in  of modulation functions which maximize the inequality of the
thewes frame, the effective magnetic fiek(t) is the vector sum adiabatic condition (Eg. [11]). Many of the previously proposed
of wes(t) and @o /dt)y”. To simplify the picture, let us choose amodulation functions were derived from theoretical analyse:
pair of modulation functionsy; (t) andAw(t), such thatves and considering only the center isochromé& £ 0); consequently,
da/dt are constants for the duration of the adiabatic passagethie efficiency of these pulses generally degrades as the resonat
this caseM simply evolves aboUE on the cone of angle. As  offset increases.
shown in Fig. 5bM never strays beyond an angleffom wg. An extraordinary property of the HS1 (or sech/tanh) pulse ic
When the adiabatic condition given by Eq. [11] is well satisfiedts insensitivity to increases " beyond the threshold value
¢ is small, and thus, the motion bf closely traces the trajectory needed to sufficiently satisfy the adiabatic condition. With the
of wet(t) in thewgr frame. HS1 pulse, the magnitude of the longitudinal magnetizatioy) (M

Likewise, for components &l that are initially perpendicular is essentially uniform inside the distinct borders governed by thi
to wetr, the angle betweeane(t) andM remains within 99+ ¢.  limits of the frequency sweep. The latter feature is a consequent
Thus,M stays approximately perpendiculardgs(t) when the of the fact that the adiabaticity is invariant whegg(t) crosses
adiabatic condition is well satisfied. This principle is exploitethe X'y’ plane for all isochromats in the sweep rangei <
in the adiabatic plane rotation pulses described in Section IVQ2 < A (12, 13. In Section IIIB, we present methods used to

The analysis in thes frame above isolates the perturbatiomenerate arbitrary pulse shapes with this property that we ca
(i.e., [da/dt]y”) that must be minimized to achieve the desiredffset-independent adiabaticity (OIA).
rotation with an adiabatic pulse and explains the origin of the With any set of modulations functions, the trajectory of
adiabatic condition (Eq. [11]). Itis also noted that thg frame  wes(t), as well as the time at which the adiabatic condition is
is a useful platform to visualize the behavior of adiabatic andost likely to be violated, are functions of the experimental

[lIA. Adiabaticity
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FIG. 6. A pulse that has AM and FM functions based on sine and cosine functions with equal amplitudes. (a) With this choice of modulation functions
properly setting the pulse length, the pulse can produce arb&tion about the effective fiel in thewess frame, which is equivalent to a net rotation of90 the
orr frame. (b) Amplitude 1/27) and frequencyAF,/27) modulations used for the FM pulse. (c) Comparison of the normalized excitation prfifgsNio)
produced by the FM pulse (solid line) versus a conventional square pulse (dashed line). The FM pulse was 41% longer than the square pulse, Bfgpodduce
the bandwidth aMxy/Mo = 0.8 with 86% of the energy used by the square pulse. (d) Phase profilesMi{i@roduced by the FM and square pulses.

variableso™ and 2. A procedure known as the numericallyO to 1 and—1 to 1, respectively. In the following sections, we

optimized modulation (NOM) method offers the possibility talescribe two different ways to tailor and optimizgt) andF;(t)

obtain driving functions which yield optimal adiabaticity acrosto satisfy different experimental requirements and conditions.

a specified range ab"® and/or<2 values ¢, 64, 67. By this

latter approach, the time-dependence of the AM and FM fungig. Offset-Independent Adiabaticity (OIA)

tions is distorted to ensure that the level of adiabaticity (across )

the desired range @™ and < values) does not fall below a_ With conventional pulses (e.g., AM only pulses), approx-

certain threshold level at any time during the pulse. The NoOWpately equal amounts of RF energy are delivered to ever

procedure is described in Section I11C. isochromat in the bandwidth at any given time during the pulse
With either optimization procedure (OIA or NOM), the adi/Nthe method used here, an equal amount of RF energy is appli

abatic condition must be expressed as a ritjovith explicit O all isochromats, b.ut this energy is dlstrlbutgd §equentlally [

dependence on the variable@®, Q, andt. Accordingly, for t|me_overthe bandwidtteg). Accordmgl_y, _the principle of OIA

the time interval equal to the pulse duratifipand for the offset requiresK (o', 2, t) to be equally satisfied for all values af

interval |2] < A, the adiabatic condition is expressed as a ratipside the frequency sweep bandwidBW). .
With most reasonable choices for the driving functiéié)

weﬁ(a);nax, Q. t) and F,(t), the adiabatic factoK is smallest at the time when
—’ resonance condition is achieved (i.e., wheR(ty) = Q). At
this timetg,, wert lies on thex'y’ plane, and thusye(te) < wi"™
A2 [(wTaXFl(t)/A)Z T [Fa(t) — Q/A]Z] Obvio.usly, the maximum aIIowgbIe value of"®* i; _subjegt to
= —= . : experimental constraints, and in many cases, it is desirable
“1 |(Fa(t) — 22/ A)Fa(t) — Fa()F2()] accomplish the task using the lowest possilJ&. OIA pulses
> 1, [15] provide the same degree of adiabaticity for the different isochrc
mats in the range- A < Q < Aat that critical timeg when the
whereq is the rate of change of the orientationwf(t). The effective field crosses the transverse plane.
functionsF1(t) andF;(t) describe the shapes of the AM and FM  To derive the formula for offset-independent adiabaticity, the
envelops, which are dimensionlesss and have values in the raadiabaticity equation (Eq. [15]) is simplified by noting that at

K (o™ Q,t) = ’ -

3
2
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timest = tgq, the pulses in Table 1 were selected for broadband application
both BW and wi"® scale inversely withl,, while the perfor-
Fo(to) = Q/A. [16] mance factoQ remains unchanged. Notice that all pulses listed
in Table 1 require approximately the sami* value. Also note
Substitution of Eq. [16] into Eq. [15] yields that pulses with the flattest AM functions perform rotations with
the lowesw™ values, since the RF energy is distributed more
(wlma"Fl(tQ))2 17 evenly in time. The ideal AM shapes approach that of the chiry
AF(te) [17] pulse, but with smooth transitions to zero at the extremities
Based on this logic, we have developed a class of flattene
Hence the identity HS1 pulses using a non-linear argumey{t;) = Bt" (instead
of Bt) inthe driving functions, wheredenotes normalized time
K (to) AFo(to) = (a);“"""Fl(tQ))2 [18] (i.e.,r =2t/T,—1,fortinthe range [0Tp]). With these latter
pulses, called HSn pulses, the smoothness of the transition at t
specifies the relationship between the two driving functiongxtremities of the AM function can easily be tuned by adjust-
F1(t) andF5(t). It states that, for all isochromats witf2| < A, ing the parameten (13). Similar AM shapes can be generated
(0" F1(te))? must be greater than the rate of change of the frby stretching known adiabatic pulsekl), as well as by using
quency sweep\F,(tq) by the same factor Kg). Equation [18] the NOM procedure described in the next section. Although no
can thus be used to calculate pairs of AM and FM functiortiscussed here, highly efficient OIA pulses for applications re
which yield constanK (tg) for all isochromats. In other words, quiring spatially-selective inversion (e.g., in MRI experiments)
any pair of modulation functions that can satisfy Eq. [18] wiltan be generated using an extension of the OIA formalism thé
achieve uniform adiabaticity a&F,(t) sweeps through reso-accommodates a time-depend8gtgradient {4).
nance for all values of2 in the sweep range. To further illustrate the features of offset-independent adia
Table 1 lists several examples of OIA inversion pulses thhaticity, Eq. [15] was used to ascertain the dependenée @
conform to the OIA equation (Eg. [18]). The results shown wetthe variables2 andz. Figure 7 shows plots df (€2, t) for four
obtained by numerical simulation of the Bloch equation usirgjfferent pairs of modulation functions, all usifig = 2 ms,
A/27 =25 kHz andT, =2 ms. Performance parameters thaf/2r = 5 kHz, and the threshold value eff*® that induces
are compared include) the minimum value ot that is 99% inversion ¥1,/Mo < —0.98) at2 = 0 with each pulse type.
needed to perform 99% inversiokl{/My < —0.98) at the cen- To indicate the time, that each isochromat reaches resonance
ter of the bandwidthiji) ™, the root mean square (rms) ofthe FM function of each pulse is overlaid on each plot (dashe
the amplitude modulation, ariil) the inversion profile quality line). As predictedK is the same at all, with HS1 and HS8
factor, Q = 27 BWggy,/@]™, whereBWagy, is the bandwidth (Figs. 7a and 7b, respectively). Upon close inspection, howeve
in which M,/Mg < —0.80. Although the parameters chosen fait can be seen that the adiabaticity drops slightly in regions im
mediately adjacent to th&F,(t) curves at the extreme times,
and this phenomenon is most prominent in HS8 (Fig. 7b). As

K(te) =

TABLE 1 expected, such minor differences in the adiabaticity are reflecte

Modulation Functions and Performance Comparison in the M,/Mq profiles of these pulses, as shown in Figs. 8 and 9

of Some OIA Inversion Pulses* The advantage of HS8 over HS1, however, is its ability to per:

W/270 /27 fprm the trqnsformatipn with con.siderably less peak RF powe

Pulse  Fy(7) Fa(7) (kHz) (kHz) Q¢  (i.e., to achieve 99% inversion with these HS1 and HS8 pulse:

Lorentz

o"™/2r = 3.34 and 1.8 kHz, respectively).
VB As illustrated in Fig. 7, the OIA method ensures that the adi-
HS1  sechfr) %‘%} 756 328 14.81 abaticity is uniform for all isochromats at tintg, but provides

o gz T ptant(VAr) 1149 325 1508

Gauss exé— ﬁzzrz) %rrf%_,)) 613 329 1467 NOWaYy to contrpl the adiabaticity at other t.imes. As describgc
in the next section, the NOM method provides a way to avoic
HS8®  sechfr") [ secti(pz") dr 371 325 1449 (ropping below a specified minimum adiabaticity at any time
chirp 1 T 3.38 3.38 11.24 during the pu|se_
&The performance parameters)'®, »]™, and Q, were determined from
SiT“'gﬂfgﬁ;‘j&ﬁ{ﬂ:gJ‘e’iﬁ ;”ngpdjcze;"; \east 99% inversiaglly < IIIC. Numerical Optimization of the Adiabatic
ey P ’ °=  Condition (NOM)

S @i’ s the root mean square valueof(t). , Obviously, it is not possible to analytically solve Eq. [15] to
Q is a quality factor defined astB Waoo/ @', whereBWeoy is the band- btai : ir of dulation f fi that sati the adi
width for better than 90% inversiotM_ /My < —0.80). 0 a!n a ””'9,“9 pairo ,mo ulationtunc Ions_ atsa |§fy e aat
en — 8; F»(r) must be obtained by numerical integrationfaf(r)2; || < abatic condition at all times. However, solutions to this problen

2t/ Tp. can be found by selecting some initlal and F, functions and
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FIG.7. Plots of adiabaticityK ) as functions of resonance offs€)(and normalized timex(. (a) HS1 using»!"®/27 = 3.34 kHz, (b) HS8 using"®/27 =
1.8 kHz, (c) tanh/sech using]'®/2r = 1.2 kHz, and (d) a NOM version of tanh/sech usinfj®/2r = 2.12 kHz. Other pulse parameters wekg2r = 5 kHz
andTp = 2 ms.

then driving them with an unspecified functiait) which is In the NOM procedure, the goal is then to find thg) func-

non-linear in time. Accordingly, Eq. [15] becomes tion, for the range o™ and @ values of interest, which
keeps the adiabaticity from falling below a certain vajugat
any time during the pulse. This requirement can be expresse

K (o™, 2,1) o
P2 (@R Fa(n)/A) + [Faln) - /A]) -
- : : L K(of'™ 2,t) = yo. 20
™ [(Faln) — 2/ AF (1) — FaEDIGIO) (1. 2. = 70 [20]
[19] Upon combining Egs. [19] and [20] and re-arranging terms
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Integration of Eq. [23] yields
n
) = o [ A fmal] [24]
0

This integral can be solved numerically to obtain a set @él-
ues and the correspondihgalues. Numerical interpolation on
this data set then yields the desired functigft), which is then
used to driveF; andF; in the optimized pulse. Becaugé) is
constructed numerically, we refer to the modulation functions
obtained by this procedure as NOM (numerically optimized
modulation). Obviously, this numerical procedure is distinctly
different from iterative minimization algorithms which have
C d been used to optimize composite and other types of pulse
(75).

By showing some examples, the strength of the NOM proce
dure becomes readily apparent. As stated above, the first st

M,/M, | M,/M, in the process is to make an initial choice for the modulatior
SR M N functions,F; andF,. For demonstration purposes, we begin by
0331 o3 /.”'lll interchanging the modulation functions normally used for HS1
§§§ : 5 §§§ ﬁln.',’,’m ) Specifically, the functions used are
075 § 075 ]

1.00 1.00
e L oty 2y, Filt) =tanh(Pt/T) (0 <t < 05Ty) [25]
6 6
Q2 Tho o (k) Q/2n R0 (HZ)  Fy(t) = tanh(B(L—t/Ty)) (0.5T, <t < Tp) [26]

(kHz) (kHz)
sechf3) — sech(Bt/Tp)
FIG. 8. Theoretical inversion profilesM;/Mp) as functions of resonance FZ(t) = 1-— SeChﬁ) (O <t= O'STp) [27]
offset () and RF amplitude 4"®), as produced by (a) HS1, (b) HS8,
(c) tanh/sech, and (d) a NOM version of tanh/sech. Pulse parameters w?:re(t) sech(g(1—t/T,)) — sechp)
2 =

(05T, <t < Tp)

A/2m = 5kHz andTp = 2 ms. 1— sechﬁ)
(28]
we have
£ (X Other parameters in this tanh/sech pulse are identical to thos
A(t) < (0™ Q. 1) ’ [21] used for the OIA pulses in Section IlIB, excep{'®/27r =
- Y0 2.12 kHz, which is the threshold value determined from simula-
tions to produce 99% inversion at the center of the bandwidth o
where this pulse. Figure 7c¢ shows the adiabaticky) ©f the tanh/sech
pulse as a function & andz. By following along the FM func-
f (wlmax, Q. t) tion that is overlaid on the plot, itis apparent that the adiabaticity

attg varies for different isochromats. The adiabaticity is great-
_ R [(w®F1(n)/ A)2 + [Fo() — 2/AF] 22] ehst forlisoczromats the:jt ref;a.ch rtalsoqance clcr)]se_ to tr;]e midpointr
= oM T(E N o AVE — F(nE : the pulse. As expected, this pulse inverts the isochromat at t
1 (F2(n) /AF(n) 1mFali center of the frequency sweep with a relatively lof** value,
but the degree of inversion quickly diminishes on either side o

3
2

For each value of, there is a unique set af"* and2 values

. . o Q =0, as shown in Fig. 8c.
at which f (0"®, Q, t) achieves a minimum valuénin(y). If ’
then(t) at eachy is set equal to this minimum value, then the The NOM procedure was performed on the tanh/sech puls

S max .
condition set by Eq. [21] will be fulfilled over the range®f'®* gvezr Lhe range_4 kHZS %53 k:Z’ WE'Iewl N wa(ljs fixed at |
and values of interest. Equatingt) with fmin(n) defines the 12kHz. AsFigs. 7. and 8d show, the NOM proceadure succes;
time derivative ofy(t) as a function of; itself, fully tran_sformed this ta_nh/sech pulse into a puls_e_W|th hlghly
competitive features. With the NOM pulse, the minimum adia-

d Frin(1) baticity is uniform for all isochromats in the bandwidth specified

() = —n(t) = —mn? [23] for the optimization (Fig. 7d). Furthermore, the superior quali-
dt Yo ties of the inversion profile produced by this NOM pulse (Fig. 8d)
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FIG.9. (a) AM and (b) FM functions, and (c) inversion profiles of the four pulses, HS1, HS8, tanh/sech, and a NOM version of tanh/sech. Inversion pi
in (c) were calculated using/27 = 5kHz andT, = 2ms.

approach those of the HS1 pulse (Fig. 8a), while doing so withnge—0.33 < /A < 0.33 andw"/A = 0.02 to 1 (67). To
considerably less peak RF power. These features can be s#escribe the resultant NOM pulse analytically, it can be approx
more clearly in Fig. 9, which shows the AM and FM functiongmated by the tanh/tan functions,
and the corresponding inversion profiles produced by the four
pulses considered so far.

Although the optimization above was performed allowing w(t) = wT%any(@) (0 <t < 0.5Ty) [29]
only a single parametef£) to vary, the optimization can also be Tp
performed over a predefined range of multiple variables (e.g.,

o™ andQ, simultaneously). For example, we previously per-  , (t) = wTaxtanf<2§<1 _ L)) (0.5T, <t <Tp) [30]
formed the NOM procedure on the tanh/sech pulse over the Tp
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tang(2t/ T, — 1)) IV. ADIABATIC PLANE ROTATION PULSES

t . .
an) IVA. A Need for the All Purpose Adiabatic Pulse

with constantg = 10,« =arctan[18], anR = 40 (=AT,/x). As mentioned earlier, the classical adiabatic passage offel
This tanh/tan AFP pulse is well suited for the purpose of irbnly limited utility in contemporary NMR, sincé must be
verting spins rapidly in experiments that do not require a shafifoved from point to point in alignment with the sweeping effec-
transition between inverted and non-inverted spectral regiofige field, we(t). For this reason, an AFP can induce population
With this pulse, the inversion bandwidth is limited by the abilitynversion, but is not a suitable refocusing pulse for spin-echc
to satisfy the adiabatic condition off resonance, not the extagéneration.
of the sweep range, which by design is much wider than opera-The limited versatility of the classical adiabatic passage cre
tional bandwidth. With lown"® values, the adiabatic conditionated a need for a general purpose adiabatic pulse that can conv
can be sufficiently satisfied only for isochromats with Larmag]| initial states oM into the final states that would result after
frequencies near the center of the frequency sweep range, siag¢€deal pulseCompositeadiabatic pulses are the product of
the sweep rate accelerates very rapidly in either direction aw@gearch which sought to develop such pulses. The first adi:
from the center of the pulse. batic pulses to accomplish this task belong to a class of pulse
To further highlight the features of different modulation funcknown asB;-insensitive otation (BIR) pulses47-50, 52, 5%
tions, two of the common conventional pulse types (squaTt@o of the most versatile BIR pulses are shown in Fig. 10. Thes
and sinc-shaped pulses) were compared with tanh/tan and H8R pulses have the ability to generate a uniform flip angle for
pulses using Bloch simulations. In each case, pulse paramag-components oM that lie perpendicular to the rotation axis.
ters were set to prodeca 5 kHz bandwidth (fwhm). The™  The flip angle can be any arbitrary value and is determined b
value of each pulse was adjusted to produce 95% inversigfe or more phase shifta ) that take place at specific times
(M/Mo = —0.9) at the center of its inversion profile. Of in-during the pulse. As shown in Fig. 10, these composite adiabat
terest are the resultant values«@f®, Ty, and the relative RF pulses are constructed from two fundamental segments: an A-
energy Ere) used with each pulse (Table 2). For example, @Fig. 10a) and its inverse (Fig. 10b). The first generation plan
the threshold value ab{"™* where the tanh/tan pulse achievegotation pulse known as BIR-1 (Fig. 10c) lacks compensation fo
satisfactory inversionNl,/Mo < —0.9), the required RF energy resonance offset# 0). However, the pulse known as BIR-4
is nearly identical to that needed to produce the same degregri§ 10d) can rotate magnetization vectors about an axis that ce
inversion and bandwidth with an ordinary square pulse. Howe highly invariant to resonance offsets in the rajgle< A. In

ever, the square pulse requitgS™ to be almost twofold greater this section, we provide a theoretical framework to analyze an
than that required by the tanh/tan pulse, whereas the duratioiefive such pulses.

the tanh/tan pulse is fourfold longer than the square pulse. Like
most AFPs, for a range of"® values above the threshold valuayvB. Vector Description of BIR Pulses

needed to achieve adiabaticity, the tanh/tan pulse continues toI hough . ¢ - f
produce complete inversiom,/Mo ~ —1). Of course the in- Although BIR-1 is not compensated for resonance offset, fol

version produced with the conventional pulse is proportion{le Sake of simplicity we begin with a vector description of

to cos@"™T,). Thus, for many applications that require nonBIR-1 for the case of2 = 0. The motions otverr andM dur-

selective spin inversion, it may be preferable to use the tanh/9f 2 90 BIR-1 of Ieng_tth are shown n the‘)R.F frame in
pulse instead of the square pulse since the RF energy deposiitt§- 11a-d. At the beginning of BIR-drg is applied on reso-

is the same (when using the minimun{™ value needed to nance Aw(O): O): Thus', gpllke thg classical adiabatic passage
achieve inversion with the adiabatic pulse) and the adiabafifScribedin Section I, initiallyer lies on the transverse plane
pulse has the additional feature of continuing to produce invéF—e" (0)=90) and is perpendicular to the equilibrium mag-

sion in spatial locations that experience a lagg# value (e.g., net|z.at|on,M0.bA vecéor anaIyS|rs] surr]nlar tol tt;)at perforrged n
in the regions closest to the RF coil). Section Il can be used to prove that the angle betweg@mandM

willremain between 90-¢ and 90 + ¢ during the pulse. To sim-

TABLE 2 plify the problem, here we assume that the adiabatic condition i
well satisfied fert(t) > |da/dt]), so thate can be set to zero.
In this analysis, the initial phase af; is arbitrarily chosen to

wre(t) — o = A< ), 0O<t<Tp) [31]

Performance Comparison of Different Pulses Used for Inversion

Pulse® Tp (ms) /27 (kHz) E2, coincide withx’ (Fig. 11a). During the first half of BIR-Lyes
180° square 0.16 268 1 sweeps fronx’ to Z, while M rotates aboubes (Figs. 11a-b).
tanh/tan R = 40) 0.64 1.41 1 At t = T,/2, the orientation oM can be obtained from the
180 sinc 0.94 2.57 0.87 solution of the Bloch equation,

HS1 (R = 20) 4.0 1.35 1.20
@ For all pulsesBW(fwhm) =5 kHz. dMm dw

— =M X weig =M x

— 2
b Relative RF energyEel fOT" w2(t) dt. dt dt’ (32]



DESIGNING ADIABATIC PULSES 167

a AHP b Inverse AHP
©p | ®y
ORp = O Qg - O 4]
ﬁ
¢ ¢
0 T, 0 T,
C BIR-1 d BIR-4

r 1 T 1
P

FIG. 10. AM, FM, and phased) functions for (a) the adiabatic half-passage, (b) the inverse adiabatic half-passage, and the adiabatic plane rotation |
(c) BIR-1 and (d) BIR-4.

wheredW/dt is the rate of change dfl aroundwes since the  The A¢ phase shift between the first and second segments
equation has the form of the angular momentum precessiBIR-1 determines the flip angle and the final orientation of the
equation 4). Provided that the adiabatic condition is satisfieg.y frame relative to therg frame. In 90 BIR-1 (Figs. 11a—d),
throughout the first segment of the pulbgjs in thex'y’ plane the transformation of thees; frame in relation to therg frame is
att = T,/2 and the accumulated evolution angje @boutwer  equivalent to a90° rotation abouy’ followed by a—90° rota-

at this time is simply tion aboutx’. Inthewgg frame, the net rotation & is equivalent
to a—90 rotation aboutx’, followed by a 90 rotation (phase
To/2 shift) aboutz'. It is also possible to show that BIR-1 can induce
¥ (Tp/2) = / weir(t) dt. [33] any f_Iip angle. by se.ttingw = 180 +9,'in which case the net
rotation ofM is equivalent to a-6 rotation about’, followed

0 by a phase shift of aboutz'. Although Fig. 11 shows only the

By this point in time { = T,/2), a time-reversed AHP has beeﬁ’eCt(_)r motions for the initial condition d&fl alongZ, the plane _
completed. Atthis halfway point, the orientationafy isinstan- otation properties of the pulse can be revealed by performin
taneously inverted by jumping the modulation frequency frogimilar vector analyses withl having other initial orientations.
Ato —A and the second half of the pulse is simply a normal N the presence of a resonance offSe(=wo — wc # 0),
AHP using AM and FM functions which are mirror images of '€ Performance of BIR-1 degrades for two reasons. First,
those used for the first half. To produce the desired flip afgle"©t@ry €cho in thever frame may not be achieved, since the net
the phase ofs; used in the second half of the pulse is shifte§V0lUtion ofM aboutwes depends o2 according to
relative to the first half byA¢ = 180 + 6. Accordingly, we
sweeps from-2' to —y’ during the second half of 9BIR-1
(Figs. 11c-d). V== [ Vi@ + @~ ARQOPdt
In the werr frame,M rotates abouk” in opposite directions 0

Tp/2

during the first and second halves of the pulse, so that the net

T
evolution angle) for the total pulse is zero. Thus, the centoak ? 5 5

flip, together with the subsequent time reversal of the modulation + / Vie®)? +(Q - AR1)2dt,  [34]
functions, compensate (refocus) the evolution which took place To2

during the first and second halves of the pulse (/g = 0).
This phenomenon is equivalent to a rotary edhit) (n thewer Where the two terms describe the evolution angles in the first ar
frame. second halves of BIR-1, respectively. When# 0, the first and
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[35]

Q
a(0) = arctar(a)lﬁ)(),

wherew™™ = w1(0). As |2] increaseswes(0) acquires an in-
creasing component alozfy and as a result, an increasing com-
ponent of the initial longitudinal magnetization is spin locked
with wefr. In BIR-4, the component dfl that becomes spin-
locked withwe is returned ta’ at the conclusion of the pulse,
since the initial { = 0) and final { = Tp) orientations Okves

are the same. Thus, the desired flip angle is not achieved ft
an increasing fraction d¥1 as|Q2| increases. Like conventional
RF pulses, the only way to minimize this problem, and thus
broaden the bandwidth, is to increase the RF amplitad¥]
used in BIR pulses. Thus, BIR pulses cannot produce increa
ingly wide bandwidths with arbitrarily low peak RF power as
can be achieved with the classical adiabatic passages discus:s
above.

The complete sequence of diagrams in Fig. 11 depicts th
vector motions of BIR-4, which is a composite adiabatic pulse
consisting of four adiabatic segments. The third segment begir
(Fig. 11e) where BIR-1 ends (Fig. 11d). A phase s} of
the middle two segments of BIR-4 creates a flip angle equal t
6 when

Ap =2 4180 [36]

2

M

¥ i

The rotation axis fop is determined by the initial phase of;

in BIR-4 (x" in the present example). As shown further below,

Yot IS always zero with BIR-4, provided tha is included in
FIG.11. (a—d) Evolution ofues andM in thewge frame duringa 90BIR-1  the sweep rangeyrr(t).

(and the first half of a 180BIR-4). Thick, curved arrows represent precession

of M aroundwes. The evolution ofwes is implied by the thin, curved arrows IVC. Derivation of BIR Pulses by Recursive Expansion
and the orientation of thees frame at each time point = 0, Tp/2, andTp)

is indicated by the double primed axes in parentheseg.evolves toward?’ Composite pulses have been derived by a variety of ap
(a), whileM remains perpendicular to it and disperses dugtmhomogeneity e%roaches. One class of methods which has proven to be parti

(b). Att = Tp/2, west is instantaneously inverted and the transverse compon ufarl successful is based on the general principles of similarit
of wefr is shifted by 270 (c). During the second half of BIR-1yeff evolves y 9 p p -

toward—y’, and drivesM back to its initial coherence, which now takes placéranSformations‘_(Aﬁ _76: 77. By the_se methods, PU|3€S that are
along —x’ of the wrr frame (d). This represents the final state produced b§elated by a similarity transformation are combined to produce

a 90’ BIR-1 and the halfway condition for a 18®IR-4. (e—h) Second half g longer pulse that provides a higher degree of compensation f

of a 180 BIR-4. weft continues to evolve from the previous state (d) towardyme experimental non-ideality, such as resonance offset. St
Z (e). The process of dispersion (f) and coherence recovery (g) repeats Witrheater compensation can be ac':hieved by repeating this proce
the secondvesr flip accompanied by a&270° phase shift. The final state (h) is 9 P y rep 9 P

achieved withwef along its initial orientation, but witi inverted in thewge ~ ON the compensated pulse. This expansion procedure can be
frame. peated as many times as necessary to attain the desired deg
of compensation. This general approach has been used to der
some of the best composite pulses available today, includin
second integralsin Eg. [34] may be unequal, in which case the hevadband super cycles used in spin decoupling (e.g., MLE)
rotation ofM aboutwes is no longer zero (i.e., arotary echois nd77) and WALTZ (78)).
longer formed in theyes frame). As described further below, this A related approach used to derive composite pulses is bas
problem is eliminated with BIR-4, which is essentially doublen a recursive expansiol3g). This procedure is most easily
BIR-1. However, a second unavoidable problem arises becaaseaducted in the PM frame (that rotates with the carzigr
the initial orientation ofuve tilts out of the transverse plane byusing a phase-modulated form of the pulse (instead of the FN
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function). To construct a composgéiabaticpulse by recursive frequency, and phase, the Hamiltonian is simply

expansion, a starting element must be chosen which should be a

pulse that transformis into any combination ofy andly. In the Here = w1 exp(il,¢) 1y expll o). [40]
derivation of BIR pulses, this starting element can be any AHP.

A propagation operatd® is used to describe the action of thi5’For a time-dependent adiabatic pulse, the equation of motic
AHP. The second step in the recursive expansion procedur?Eia_ [38]) must be solved according to

to form the inverse sequen¢By) ! by time reversal and phase
inversion, or alternatively by omitting the elemédtfrom some

very cyclic pulse sequence. Although the former method (time
reversal and phase inversion) is an exact inverse sequence for )
the center isochromat only(= 0), BIR pulses derived by this The time-dependent propagatdi(t) operates on the density
simple approach have the shortest possible lengths. In the fif@grator from the left and is given by

step of the process, the inverse propagator is phase-shifted by the

p(t) = U(®)p(OU (1) [41]

desired flip angl® and then concatenated to give the sequence . !
(P,)~* (Py), which is the simplest of the adiabatic plane rotation U(t) = T expy —i /H(t/)dt/ , [42]
pulses, BIR-1. 0

Arelated approach, the symmetric recursive expansion proce-

dure by Garwood and Kél{), yields symmetric sequences with = . . . (
greater tolerance to resonance offsgts{0), although at the ex- whereT isthe Dyson time-ordering operator which places term:

pense of doubling the length. To produce a symmetric sequer!lr(]: the integration in order of increasing time to the left. The

by this procedure, the inverse sequetieg—* is phase shifted initial density operator is assumed to be in thermal equilibrium

by only 6,2 and then concatenated to givR, ) ~1(Po). Next, and in the present analysis, is expressed in reduced form
this sequence is time reversed to g, X (P,.4,2), Which

is then concatenated with the original sequence. The resultis a Iz = p(0). [43]
general formula for time-symmetric sequences of arbitrary flip
angled, The action of an adiabatic pulse can be determined by a ste

wise evaluation of the elementary rotations produced by a st

_ 1 quence of N square pulses with incremental changes in amp!

(Px) " (Prss/2) (Poj2)  (Po). [37] tude and phase. Alternatively, it can be seen from the vectc

analysis in Fig. 3 that the net effect of an AHP or AFP can b

Sequence [37] yields BIR-4 whdp, is an AHP. Regardless of described simply by a set of pure rotations when the adiabat
whether chronological order is followed from right to left or vicecondition is fulfilled and the perturbation arising frafa/dt in
versa, sequence [37] generates the same spin response sinbe iber frame can be neglected. Accordingly, in thgr frame
has reflection symmetry in time. the adiabatic rapid passage is described by the propagator

IVD. Analytical Description of Adiabatic Plane Rotations U =expisl;) exp{Aaly)expiglz)exply1z),  [44]

Before proceeding with further theoretical analyses of oM ares is the phase abs, 1 is the total angle of evolution about

&os;lite {atdlalbar:lc zugisytrwetftl;]ﬂ brrlifllyn:;onader some maﬂlSéff given by Eq. [33], and\« is the change in the orientation
alical lools heeded fo treat the probiem. of wet (i.€., the net sweep angle) given by
When ignoring relaxation, the density operatorof the

spin system evolves according to the Liouville-von Neumann Aa = a(T,) — e(0). [45]
equation,
Equation [44] is valid for any set @$,(t) and Aw(t) functions,

o(t) =i[p(t), H(D)], [38] provided that the adiabatic condition (Eq. [11]) is satisfied anc
thatwest is approximately collinear with the longitudinal axis at
E: 0. Upon satisfying these requirements, the transformatior
F]oduced by an adiabatic passage can be described analytice
S

whereH(t) is the time-dependent Hamiltonian governing th
response of the system. In the rotating frame, the HamiItoni§
for an isolated spirican be expressed as

UlLU ! = I,(cosy — ¢) cosAa cosp — sin(yr — ¢) sing)
+ ly(sin@y — ¢) cosg + cosy — ¢) CosAa sing)
With a single square pulse, which has constant amplitude, + I (costy — ¢) sinAc) [46]

H(t) = QI + Hre(t). [39]
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ulyu 1 = | (=sin@y — ¢) cosAa cosp — cosfy — ¢)sing)  using different values ofz, Tp, and flip angles (=2A¢) are
_ ) compared with the theoretical predictions given by Eq. [51].

+ ly(cosfy — ¢) cosp —sin(y — ¢) COSAaSING)  Figyres 12 and 13 show the results fee 90° and 45, respec-

+ 1,(sin(y — ¢) sinAa) [47] tively. The utility of BIR-4 to perform refocusing in spin-echo

experiments is shown in Fig. 14. The magnitude and phase of t
UlLLU ™! = I (cosg sinAa) + ly(sing sinAa) + 1,(cosAx) refocused magnetization in Fig. 14 were calculated using for
[48] mula in Ref. 49). In all cases, the agreement between Eq. [51]
and the Bloch equation improves as the choice of paramete!

Similarly, the reverse AHP (Fig. 10b) used for the first segmef'(t\ andTp) increases the adiabaticity of the pulses used in the
of BIR-4 has the propagator simulations.

U =exp-ivl,)expigl,) explaaly) exp-igly). [49] yg, 180 Adiabatic Pulses for Achieving

Equation [49] is valid for any reverse AHP, provided that the Frequency-Selective Refocusing

adiabatic condition is satisfied and that the final orientation of BIR pulses were the first adiabatic pulses to accomplish ai
weff IS approximately collinear with the longitudinal axis. bitrary flip angles with immunity td; inhomogeneity. Before
From this point forward, AHPand AHR are used to de- the introduction of BIR pulses, applications of adiabatic pulse:
note forward and reverse AHPs, respectively. Accordingliyn NMR were generally limited to the two types of adiabatic ro-
the four consecutive segments of BIR-4 can be written #stions (90 excitation and population inversion) that tolerated
[AHP,J[AHP{][AHP,J[AHP;]. This sequence describes the orspatial variation of the RF field amplitude;"™®. As discussed
der by which Egs. [44] and [49] are multiplied to yield the BIR-4arlier, certain AFP pulses (e.g., HS1) have abrupt bordes$ (

propagator, that sharply demarcate the edges of the inversion bandwidtl
and therefore, these pulses are often used in applications requ
U =exp(ol,)expiAasly) explyl,) expi A¢l ,) ing frequency-selective inversion. Unfortunately, the excitatior

. bandwidth produced by a truncated AFP (i.e., an AHP) is no

X exp{(Aar + Aar)ly) eXpli Apl ) expl (Y +¥1)12) sharply demarcated. Because BIR pulses are composed of mi

x exp=ivy, 1) exp(Aaly) expigl,), [50] tiple AHP segments, frequency-selective excitation cannot b

performed with current BIR pulses. However, by using similar

where subscripts f and r denote angles associated with; AHinciples to those used above to construct BIR pulses, multipl
and AHR, respectively, and\¢ is the phase shift of the middle AFPs can be combined to create frequency-selective jléde

two segments. Transformations induced by BIR-4 can also tmation pulses. These latter pulses are relevant to the wide v

described by the rotation matrix riety of spin-echo experiments that utilize frequency-selective
refocusing.
1—2cod(Aay)sirP(Ag) cosai)sin(2Ag)  —sin(2Aat)sirP(Ag) The first adiabatic pulse to perform frequency-selective re
N= [ —cos@ag)sin(Ag) cos(2¢) —sin(Aay) sin(2A¢) ] focusing was developed by Conoly al. (51). This refocusing
—sin(2Aa ) sirf(A¢)  sin(Aay)sin(2A¢) 1 — 2sirf(Aay)si?(Ag)

pulse is a composite of a 36@diabatic sweep and an AFP, sepa-
[51] rated by aflip ofves. The 360 segment serves the sole purpose
of creating a rotary echo ine; frame that cancels the phase
Toarrive at Eq. [51], itwas assumed tipat O (i.e., initiallyw1is  dispersion {/) created by the AFP. To accomplish this task, the
alongx’) and thatAas + Aay = 7 (i.e.,wesr closely approaches 360° pulse must have the same duratioft?**andAvalues as the
the longitudinal axis at the extremes of the frequency sweep¥-P, and should be based on the same AM and FM shapes. As.
Note that the) dependence has dropped out of Eq. [51], becauakernative, a symmetric refocusing pulse has been created fro
BIR-4 generates a perfect double rotary echo indgheframe 3 consecutive identical AFPs that have relative lendikst,
(even whenj, # ;). Dependency of is retained inAos (the  Tp/2, Ty/4 (55). In the latter composite refocusing pulse, the
angle subtended by during the AHP segments). For thew;(t) andg(t) functions have reflection symmetry in time. Sym-
central isochromat® = 0), Axs = 90° and Eq. [51] reduces to metric refocusing pulses of this type offer the advantage of pro
a pure rotation of angle&¢ about thex” axis. ducing a perfectly symmetric response in frequency sp2@e (
Equation [51] describes BIR-4 under ideal conditions (i.e., Despite the common need for frequency-selective refocus
when the adiabatic condition is perfectly satisfied) and can gy in many types of experiments, the two adiabatic refocus
used to reveal the best performance that BIR-4 can theorétig pulses described above have yet to gain wide use in NMF
cally attain. In other words, the theoretical performance pr&heir major disadvantages include the long duration and hig
dicted by Eq. [51] represents a gold standard to gauge tRE power required to perform the three consecutive AFPs the
choice of parameters and modulation functions used in BIR-€bmprise these pulses. However, in an important developmer
In Figs. 12-14, data obtained from Bloch equation simulatiofnolly et al.recognized that the phase variatian) generated
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FIG. 12. Bloch equation simulations (c-h) using different values Aoand T, in 90° BIR-4, as compared with (a and b) theoretical predictions assumin
100% adiabatic conditions (Eg. [51]). The left column of plots (a, c, e, g) shows normalized transverse magnétigainas a function of frequency offset
Q and peak RF intensity"®, while the right column (b, d, f, h) presents the phase of that transverse magnetization as a function of the same parameters
Simulations of 90 BIR-4 based on the tanh/tan modulation functions for (c andl&r = 25 kHz andT, = 1 ms; (e and f)A/27 = 100 kHz andT, = 1 ms; (g
and h)A/2r = 50 kHz andT, = 2 ms.
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FIG. 13. Bloch equation simulations (c—h) using different values Aoand T, in 45° BIR-4, as compared with (a and b) theoretical predictions assuming
100% adiabatic conditions (Eg. [51]). The left column of plots (a, c, e, g) shows normalized transverse magnéfig@hanas a function of frequency offset
Q and peak RF intensity!"®, while the right column (b, d, f, h) presents the phase of that transverse magnetization as a function of the same parameters
Simulations of 45 BIR-4 based on the tanh/tan modulation functions for (c and @t = 25 kHz andT, = 1 ms; (e and f)A/27 = 100 kHz andTp = 1 ms;
(g and h)A/27 = 50 kHz andTp = 2 ms.
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FIG. 14. Bloch equation simulations (c-h) using different valuesAoand T, in 180° BIR-4, as compared with (a and b) theoretical predictions assuming
100% adiabatic conditions (Eg. [51]). The left column of plots (a, c, e, g) shows the percentage of the magnetization refocusédbiR & ¥8&ne rotation pulse
as a function of frequency offs€ and peak RF intensity{"®*, while the right column (b, d, f, h) presents the phase as a function of the same parameters. (¢
Simulations of 180 BIR-4 based on the tanh/tan modulation functions for (c and/&r = 25 kHz andT, = 1 ms; (e and f)A/27 = 100 kHz andT, = 1 ms;
(g and h)A/27 = 50 kHz andTp = 2 ms.
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a arising from diffusion and chemical exchange can be reduce
Qn“" K AFP (82-849. In the standard implementation, an AHP is typically
A = — W~ used for excitation, although any choice of excitation pulse (ol
M — - sequence) can be used. Figure 16 shows a representative ime
b a
AHP  AFP AFP AFP AFP AFP AFP
AM | 1||..
M —— 1 Vi V| V| 1
| L/ L | — | — | —
G, _ A S— A I'W i
Gy l L Y W
G, A Aa A AENNS SEmES

FIG. 15. (a) Double spin-echo sequence using two AFPs. (b) LASER se
quence designed for localized spectroscopy. Refocusing is performed by th
pairs of broadband AFPs applied in the presence@i@dients (&, Gy, G;). In
the present implementation, each AFP pulse is a hyperbolic secant (HS1) pL
(57).

by a single AFP could be compensated using two AFPs ™
a double spin-echo sequendB). Versions of this sequence b
(Fig. 15a) are gaining wide use in many areas of NMR. Owve
the past decadén vivo NMR sequences have often exploited
the features of double spin echoes to overcome problems aris
from B; inhomogeneity in imaging and localized spectroscop
(e.g., 79, 80). More recently, Hwang and Shaka extended th
principles of double spin echoes and referred to the techniq
as “excitation sculpting”§1). By analyzing spin echoes with
propagation operators, they rigorously showed that the phe
variation (/) created by any RF pulse (AFP or otherwise) is

Cr+PCr
NAA

Cr+PCr

o
<
(&

perfectly compensated in the even echoes (as generated witt 55

even number of pulses). In recent years, excitation sculpting h © ki

become commonplace in high resolution NMR sequences, d WM
toits robust performance and the high selectivity of its refocusiramea . T . T ! T , T .
profile. 5 4 3 2 1

Here we provide an experimental demonstration of the vers ppm
tility of adiabatic spin-echo sequences in imaging and localize
spectroscopy. The spectroscopic sequence, as shown in Fig. ]
is an adiabatic Carr-Purcell train constructed from three sets
double spin echoes. This sequence was design@ufiMospec-
tro_scopy and iS. called LA.SER W.hiCh stands focalization b.y FIG. 16. Human brain imaging and spectroscopy using adiabatic spin-echc
,adlabathSd_eCtlver efocusing y With LASER, volume S(?Ie(:tlon.sequences. Data were acquired at 4 Tesla using a circularly polarized surface c
is accomplished by three pairs of AFPs, each of which delifs rr transmission and signal reception. (a) Image acquired with a double spir
eates a slice orthogonal to the other two slices in space. Tdego sequence using repetition tiee2.5 s and echo time: 80 ms. The white
selected volume is at the intersection of the three slices, whégs shows the position of the localized volume acquired with the sequence i

the spins are refocused following each AFP pair Magnetizatiglg' 15b. To demonstrate the effectiveness of the volume selection, projectior
: f the voxel were acquired with a gradient recalled echo sequence append

OUtSId_e the V_Olume_Of_mter,eSt IS dgphased py SuPpIemerﬁﬁLe LASER sequence. (b) Water-suppress$edpectrum acquired from the
crushing gradients as done in excitation sculpting. By selectiigicated (2 cm volume of brain. This spectrum was acquired in 64 excitations
slices with pairs of HS1 pulses that produce excellent refocusitiing repetition time= 6 s and echo time- 36 ms. The AFPs were HS1 pulses
profiles, the edges of volume are extremely sharp and the sigiéih BW=5.5kHz andT,, = 3.6 ms. The supplemental spoiler gradients (black
to-noise ratio from inside the volume is maximized. Because tH@n9les in Fig. 15b) had amplitudes of 3.2 and 1.1 G/cm. Water suppressio

ins repetitively receive 18@ins. the sequence also offers th was performed with the VAPOR techniqug&7(. Mild resolution enhancement
Spins repetitively v IPS, qu Gvas used in processing. Abbreviations used for peak assignments are: inosi

advantages of a Carr-Purcell train. Specifically, anti-phase ¢@r), creatine (Cr), phosphocreatine (PCr), glutamate (Glu), glutamine (Gin)
herence resulting from J coupling and apparenshortening choline compounds (Cho), N-acetyl aspartate (NAA), and lactate (Lac).
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