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The problem of signals generated in and received from regions  applications. Within the framework of this optimistic stance,
outside the active coil area is discussed in the context of using two articles note that transition-band signals may be undesire
standard measurement techniques. Some of the conceptual and  gnd discuss their possible elimination by restricting the sampl
practical consequences of the existence of such transition-band \,5jume using a microcell) or its suppression via a complex
signals are highlighted. Examples include radiation damping,  gopame of gradient slice-selection techniques applied to
PUISE'W'd.th calibration, I'neShape and radiofrequency hon_nogene- selectively excited resonancg)( Although both methods are
ity tests, improper saturation, and exchange- and relaxation-rate useful in their own right, the first one involves some inconve-

determinations. One interesting implication is that apparent sam- ) | . e field inh
ple-to-sample variations in the calibrated 90° pulse width values NIENt sample preparation, sensitivity, aBd field inhomoge-

are a function not only of probe tuning and bulk susceptibility ne?ty prpplems, While the second one, in addition to possibly
effects, but also of the linewidths involved. A semi-quantitative be€ing difficult to implement, does not solve the problem that

treatment of the phenomenon is also given. © 1998 Academic Press hard read pulse excites transition-band spins throughout tt
Key Words: high-resolution NMR; transition-band signals; line- spectrum. Therefore, none of these techniques have becor
shape; Bloch simulation; implications. standard NMR tools.

So far a study of the main characteristics of transition-banc
signals has not been reported. In this article | will attempt tc

In high-resolution NMR the sample is routinely preparegring the issue into focus in the context of using standarc
such that it extends well over the active radiofrequency (ffheasurement techniques. Some of the conceptual and practi
transmitter/receiver coil area in order to avoid lineshape dignplications of transition-band signals will also be highlighted.
tortions caused by susceptibility discontinuities at the ends gkamples involve radiation damping, pulse-width calibration,
the sample volume and sample tube. As required in magfeshape and rf homogeneity tests, residual signals upon sz
applications, the coil produces a spatially almost unifaf®  uration, and exchange- and relaxation-rate determinations. .
field strength within its active area embracing a ca. 10-mngemi-quantitative treatment of the phenomenon will also be
long region of the sample along theaxis. Ideally, theyB,(2) given.
function should be rectangular, i.e., constant along the activeThe material used as the primary experimental subject fo
(a) sample height\z® [yBf(2z) = constant] and falling in- exploring the main features dH transition-band signals was
stantly to zero at the upper and lower edges of the coil. Whidgmply a concentrated solution of chloroform dissolved in
the first requirement can be adequately realized, in practice hMSO-d;. For further demonstration some more complex sys:
sharp drop inyB; is unattainable. Consequently the totalems were also studied.
sample volume consists not only of nearly uniformly excited All NMR measurements reported here were carried out witt
Az® and unexcited vertical layers, but also of intermediate, latest-generation Varian 5-mtti{ *°N—>'P} PFG Indirect-
weakly excited “transition band” (tr) regiorsz" within which  nmr probe (300 MHz) on a Varian INOVA 300 instrument
yBj(z) decreases from its maximum value to zefl). (Ac- (3a). The presence of transition-band responses was als
cording to Jahnke’s measuremenB, (the upper and lower checked and verified on the following probes and instruments
transition bands add up to cover approximately a similar veia) Varian 5-mm™/*°F/**N-32P/(old) switchable probe (300
tical region as the active sample volume itself. MHz), Varian INOVA 300 spectrometer3@); (b) Varian

Apart from a few examplesl(2), the existence of signals 5-mm *H{**N-3P} PFG Indirect- nmr probe (400 MHz),
generated in and received from the transition bands has beeivarian INOVA 400 spectrometeBb); (c) VarianH 4-mm (40
almost completely ignored phenomenon in the high-resolutiait) Nano - nmr probe (400 MHz), Varian INOVA 400 spec-
NMR literature, in line with the notion that, being not onlytrometer 8b); (d) Varian 5-mm*H{**N-3P} PFG Indirect:
weakly excited but also weakly detecte®),(such “extrater- nmr probe (500 MHz), Varian INOVA 500 spectromet8a);
restrial” signals are so small as to be safely disregarded in m¢sx Varian 5-mm*H{**C/**N} PFG Triple - nmr probe (500

1090-7807/98 $25.00 334
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



TRANSITION-BAND SIGNALS IN HIGH-RESOLUTION NMR 335

MHz), Varian INOVA 500 spectrometei3§); Bruker 5-mm null-point artifacts can nevertheless be observed (Fig. 1a
IH{31p10710Ng} PFG probe, Bruker Avance DRX-500 specthus the above explanation is misleading. Null-point arti-
trometer 8c); Bruker 5-mm triple-resonancéH{**C/*°N} facts are also cited as being indicative of unshielded prob
PFG probe, Bruker Avance DRX-500 spectrometgd)(In coil lead pickup; this suggests a probe manufacturing prob
each case transition bands were present and were very singan that should be corrected by a lead shielf). (The
in their defining characteristics, although some differences mull-point anomalies demonstrated below clearly originate
finer details were observed owing to the specifics of prolieom the Az" region rather than improper shielding. [In our
architecture. The problem seems to be universal in termsaase, as expected froyB,(z) field plots of well-designed
probe design as well as generation type. probes {, 2, 7-9, the water-drop test7] revealed no lead
pickup.]
OVERVIEW OF THE PROBLEM
PRELIMINARY EXPERIMENTAL AND

The rf field experienced by the transition regidz" is CONCEPTUAL CONSIDERATIONS
inhomogeneous due to its spatial gradiam{. If a pulse of
nominal strengthyB$ and duration pw produces a flip angi® In the x'y’z rotating frame &, field taken to be stationary
within the active sample region, transition-band spins expesglong thex’ axis causes spins, assumed to be resonant with tf
ence an effective fieldB] < yB$ and an effective flip angle irradiation, to nutate in they plane withyB; angular fre-
6" < 62 In most applications transition-band signals are ovegquency. The spatially inhomogeneoBY field of the region
shadowed by the much larger active-volume transverse mag" is then associated with a range of nutational frequencie
netization generated by typical read pulses. A common maniABY. By envisioningAz" as consisting of very thirsz"
festation of transition-band signals is seen, however, when tigschromatic regions of homogeneiRY field such thatAz"
main transverse component is eliminated by a 180° or 366° X §z", we may anticipate the phenomenon of phase ran
pulse. In practice a small signal is nevertheless detected whatmization 8), i.e., the rapid dephasing, in a characteristic
stems from the transition-band spins whose more sluggisime T%,, of isochromatic transition-band spins during tran-
pulse response gives rise to an observable transverse magient nutation abouk’. It is tempting to argue that with
tization which is easily mistaken for a lineshape-distorted formcreasing pw the transition-band signal simply disappears du
of the main signal itself. An example is seen near the nuth a quick destruction of its net observable magnetization a
points of pw-arrayed CHGI'H spectra (Fig. 1a). Note thatspins fan out in they plane.
from the perspective offered by Fig. 1a the transition-band However, a closer look at the experimental behavior of
problem appears relatively “harmless,” a point to be disprovésiédnsition-band signals indicates that a more subtle pictur
below. should in fact be invoked. Figure 2 shows the experimenta

There appears to be some confusion in the NMR literatulieeshape (nonspinning) of the CHCH resonance where the
about the exact source of such null-point artifacts. Theansverse component &% was attenuated by using (a) an
phenomenon is usually interpreted, not necessarily in thetive-volume pulse anglé® = 180° + § (5 denotes a small
context of transition bands, in terms of the co-occurrence pbsitive angle) and (b)? = 360° + §. In case (a) the active-
B, and B, inhomogeneities 4, 4a, 5. When discussed involume peak has turned negative, but transition-band spin:
relation to transition bands, the artifact is rationalizd%) having experienced an effective pulse angle< 180°, are
according to the concept that in addition Bq inhomoge- detected as (broad) positive wings. In Fig. 2b the active:
neity being manifested in theB! < yB2 relationship, the volume peak has turned positive, and the wings appear to sp|
AZ" spins are also broadened and slightly shifted in resato a pair of narrower negative inner wings and a pair of
nance frequency with respect toz® spins due taB, inho- broader positive outer wings.
mogeneity; this may suggest that with good shimming suchBy giving advance credit to the experimental results anc
“rogue” signals can be eliminated, since the main-fielditionalization offered below, it now proves useful to postulate
inhomogeneity factor is removed from the problem. (Athat the observed inner and outer wings originate from twc
shown below,AZ" spins can actually interfere with NMRdistinct ensembles of isochromat&z layers (whatever the
experiments by having a “life of their own” that is unrelate@xact position of those layers withixz" might be), denoted as
to B, homogeneity.) Elsewhere, null-point distortions anegionsAz® = 3 8z° andAz° = I 825, respectively (note that
described ), not in connection with transition bands, buthis definition allows forAz® + Az® < AZ"). Thus the total
solely as caused by a spatially very inhomogene8ys detectedsample volume is modeled as comprising three mair
field which results in some sample regions experiencinggions:Az® Az, andAz°. Each region is then associated with
slightly greater or slightly smalleryB; values than the a net magnetizatioM', averageexperienced rf poweyB!, rf
applied nominalyB, field strength. On any modern specinhomogeneityyAB}, and time constant%iz*p and Tl¥ where
trometer, excellenB, homogeneity within the active sampld = a, b or ¢ [; andT, are assumed to be invariant alor)g
volume is, of course, a standard feature, while conspicuotiBus in Fig. 2a, wher#® = 180° + §, the broad positive
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FIG. 1. Pulse width (pw) dependence of the CHCH resonance (concentrated, nonspinning sample, 300 Miz: 10 s from inversion-recovery
experiments) obtained withB3 = 2.067 X 10° rad s * on-resonance pulses (the 90° pulse widthgis 7.6 us for the active volume), pw incremented inus-
steps, four transients collected for each pw. (a) Normal conditions, relaxation delay 60 s. (b, c, d) A continuous on-resonance presatBativesfagglied
(decoupler channel) for 60 s prior to acquisition (no relaxation delay) at various precalipBg@dwer levels, exposing the nonoscillatory behavior of the outer
wing (ow) originating from theAz® region of the transition band. Vertical scales were increased with respect to (a) as denoted. For each array the plottec
show the active-volume CHgresonance and one oscillatifdC satellite that is unaffected g, and is 110 Hz upfield of the main peak.
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FIG.2. CHCI,*H resonance (nonspinning) obtained with the transmitter set on-resonance and an active-volume fliptaagle (a) slightly greater than
180° and (b) slightly greater than 360°. (a) The narrow main peak di#talready turns negative, while the broader wings originating foarh + Az° are
still positive (0" < 180°). (b) The main peak has turned positive, and the wings break into two distinct parts: a narrower inner wing (iw) associAtd witt
(180° < 6P < 360°), and a broader positive outer wing (ow) associated Aith The*°C satellite signals are accompanied by similar transition-band response
as the main resonance.

resonance comes from the transverse componm’it + To rationalize the above behavior, we must consider the
M. in accord withg®® < 180°. In Fig. 2b, wher@® = 360° following. Under the influence of on-resonance rf irradiation,
+ 8 the inner wings correspond to 18& eb < 360 and the the net moment vectdvl decays in a characteristic damping
outer wings tof° < 180° (as shown below§® can actually time T%, (or rate constanR?,) defined (0, 11 as

never reach 90°), which is indicative ofy@8% > yBY > yBS

relationship.
Further insight is gained by looking at the process “in 1 L, 1/1 1
motion” asM? MP, andM € nutate in the Bloch sphere (Fig. 3). T, ~ R T ol T, + T + yABy, [1]

As the main peak passes througjh= 180° (nadir-pass #1), the
wings due taAz° + AZz° remain positive. As the active-volume

signal goes through® = 360° (zenith-pass #1), the inner wingsyhere the first term represents the shrinkageMbfdue to
due toAz° lag behind, while the outer wings dueAa® remain  rejaxation T, andT? have their usual meaning) ag has an
positive. The slower oscillation of the inner wings can bmhomogeneity on the ordekB,. [Equation [1] rests on the
tracked by monitoring further revolutions of the net magnetimplicit and simplistic assumption that the decay caused by r
zations (passes #2, #3 and #4). On subsequent nadir-passemHtiinogeneity is exponentiall().] Two main scenarios
lineshape becomes less well defined as compared to passs#buld be distinguished: (a) foB;, > R% , the motion ofM
partly because off-resonance effects cumulate with the numpgunderdampedi.e., a periodic nutation comblned with slow
of revolutions in the nadir area. This appears to be less ojamping due to relaxation and rf inhomogeneity; (b) in the
problem for zenith passes, where off-resonance errors tendifgit of yB, < R%,, M shows aroverdampednonoscillatory
be self-compensating. time evolution. [For active-volume spins experiencing good rf
Although the outer wings stay positive in round #1 (anHomogeneity and having natural relaxation times on the orde
its remnants are still visible in round #2), they fade away iof seconds, whether the spin response is underdamped
further rounds and become difficult to detect beside the masperdamped typically depends on whether Byeirradiation
signal and the inner wings. More direct experimental evfalls in the “high-power” or the frequency-selective “low-
dence regarding their behavior comes from using a lopgwer” (12) category.] When only the relaxation term in Eq.
continuous presaturating fiel, targeted at the main signal[1] is taken into account, both cases can be accurately de
of the CHC} resonance (Figs. 1b, 1c, and 1d). While thecribed by the complex analytical solutions of the generalize
main signal and the inner wings are easily subdued, tBoch equationsi3, 14. In typical cases wher€, andT% are
outer wings are quite insensitive to saturation. Applicatioon the order of seconds, for a hard pulse wif on the order
of a relatively mild saturation power (Fig. 1b) leaves somef 10° rad s*, the mild damping ofM? observed on the
residual active-volume signal whose oscillatory pulse widtiicroseconds timescale (Fig. 1a) is due to a slight rf inhomo
dependence is unaffected; in addition, the outer wings sh@eneity rather than relaxatiodB? and ABS are much larger
aperiodic progress toward steady state. When an approphianAB$, and since theB,(z) function is not known in detail,
ately strongyB$ field is applied which completely sup-the inhomogeneity terdB, precludes the accurate calculation
presses the main signal as well as the inner wings, ftthe magnetization trajectory, particularly in the limit of
causes only mild saturation withikz® (Figs. 1¢ and 1d), the overdamping.
residual outer wings give an even more conspicuous non-n line with Figs. 1-3, the above classification readily offers
oscillatory pulse-width dependence. a model according to which spins in the® and Az regions
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FIG. 3. Lineshapes obtained as the active-volume GHB8lresonance (nonspinning, transmitter on-resona®cassumed to be along théaxis) nutates in the
zy plane of the Bloch sphere and passes through-thaxis (“nadir-pass”) and the z axis (“zenith-pass”) in four subsequent revolutions. (Nadir-pass #1 corresponc
to the vicinity of 6* = 180° and zenith-pass #1 to that@f= 360°.) For each pass, pwH = 2.067 X 10° rad s %) was incremented in 0.s steps.

give a slightly and significantiynderdampedwhile those in  which, for the coupled transverse component, gives
AZ° give anoverdampedesponse to the applied pulse.
In the Az® area a hard pulse of course delivers high-power

irradiation for whichyB{ > R3;,. With the initial conditionM2 My = Mg exp(—R3t)sin(yBjt). [2b]

= M§ andM$ = MY = 0, after the resonarB, field has

been turned on along’, M? will nutate aboutx’ to give a

damped intensity fluctuation of the approximate fort2)( For Az*where rf inhomogeneity is small, Egs. [2] reflect the
fact that the dominant factor in the time evolutionMf* is a

MZ = M§ exp(—RZ;t)cod yBit), [2a] B2-driven periodic nutational motion.
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Similarly, in the Az° region spins are still underdampedaway, inAz¢, inhomogeneity becomes sufficiently large for

(yBY > Rgf,) and oscillate as overdamping to prevail althoughB; may be on the order
of 10° rad s ! for typical hard pulses. (iii) It may seem
ME =M exq—Rg:t)Coifthft) [3a] attractive to associatAz® with the upper and\z® with the

lower (or vice versa) coil ends. However, this would trans-
late into assuming that theB,(z) profile is not only highly
asymmetric with respect to the upper and lower ends, bu
However, as compared to the active region, oscillation {gig asymmetry is notoriously (i.e., in a wide range of
expected to be significantly damped due to the increa®éBf prohes) such that at one end an overdamped, while at t+
term contributing toR3;. According to Fig. 3 the nutational gther end an underdamped, transition-band spin response
frequencyyB? is slower, but not very much so, than in thejenerated. TheyB,(z) plots appearing in the literature
active region, and therefore we may anticipate %4 > yB; (1, 2, 7-9 do not indicate any such asymmetry. Moreover,
> Rgf)- since the magnetization evolving inBg field is damped by
In the regionAz® whereyB] < RS}, oscillation is overrid- (f inhomogeneity in a time /AB,, while during free pre-
den by damping, and the decay of the longitudinal magnetizgsssion it is damped b, inhomogeneity in a timd@?, in the

Mb = ME exp(—RE*t)sin(yBLt). [3b]

tion is approximated as absence of any obvious correlation betweBp and B,
inhomogeneities, model (iii) does not explain why the over-
M7 = Mg exp(—R31). [4] damped outer wings aralways broader than the under-

damped inner wings. For these reasons scenario (iii) will be

In this case the behavior of the transverse compoktnthas ignored here.
no simple analytical approximation, but is expected to be of In practice probably both schemes (i) and (ii) contribute
biexponential characterl®): after a transient increase, itto the observed behavior of transition-band signals. How
monotonically decays toward steady state. ever, if the nonoscillatory response of the outer wings were

Returning to the concept of phase randomization, clealy be dominantlydue to the weakness, rather than inhomo-
the quick destruction of net magnetization due to a fugeneity, of theBj field, the time evolution of transition-band
dephasing of nutating spins in they plane (rather than spins under the influence of a hard pulse should be highl
relaxation) in an inhomogeneol field is associated with sensitive to transmitter offset. Actually a difference in the
the underdampectase, i.e., typically with high-power irra- multiple-revolution off-resonance response of transition-
diation. Thus for a giveryB,(z) # constant profile, higherband signals and the main resonance only becomes percei
B, fields ensue quicker phase destructid) X1). In the able if the transmitter offset is on the order of 1000 Hz. (By
overdampedase the full fanning-out of isochromatic magsetting the transmitter frequency 200 Hz away from the
netization components cannot evolve: the process is in €HCI; resonance, the obtained response is almost identic:
fect stopped in its initial stage by heavy damping. Thim fine details to the on-resonance behavior shown in Fig. 3.
detected signal is therefol@ways positive irrespective of This supports the substantial contribution of the seconc
the applied pulse width pw. model.

Without making a firm commitment to any specific phys-
ical picture underlying theAz¥Az"/Az° model of the total FURTHER ASPECTS OF FIGURES 1-3
sample volume, three scenarios suggest themselves for con-
sideration. (i) We assumeB,(z) to have, as a first approx- The resonances due thz" and Az° are typically much
imation, a symmetric trapezoidal profile, i.eyBf(z) = broader than the active-volume signal (Fig. 2) as a result o
constant alongAz® and dyB{(z)/dz = constant alongAz". increasingly poorB, homogeneity outside the active coil
Correspondingly,Az° and Az® both experience the sameegion (7, 15. Susceptibility-related, coil-induce, gradi-
degree of rf inhomogeneity, and therefosd® and yBS ents {) probably contribute to this problem, but improving
fall into the high-power and low-power classes by virtue adhimming techniques9j are expected to give better results
distance from the edge of the coil. (i) Th&z® region is in this regard. For the studied nonspinning concentrates
assumed to become overdamped due to extensive rf @HCIl; sample, careful but conventional shimming gave an
homogeneity, rather than low power. This model rests dnner- and outer-wing linewidth ahv?,, ~ 4 Hz andAv§,,
the premise that immidiately outsid®z? the field yBY(z) ~ 8 Hz, respectively (the linewidth of the main resonance
falls according to an increasingly steeper slapeB}(z)/dz. for a small-angle observation pulse was typically$,, ~
We envision bothAz® and Az° as occupying only thosel.7 Hz which, owing to the presence of radiation damping.
parts of Az"" which directly skirt the coil; thugB2, yBP, and decreased substantially upon detuning the probe to Give
vBS may actually be on the same order of magnitude. Up 400.28 s—see below). These widths are reduced by spinnir
a distanceAz® from the coil end, limited rf inhomogeneitythe sample, but the ensuing modulation effec® ére
keeps the system in the underdamped range, but farthdesired during the study of transition-band signals. Sinc
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a T%-related decay can be ignored on the timescale which are often detected as a residual “hump” at the base ¢
B,-pulse-induced evolution of magnetization, differences the main signal upon on-resonance continuous-wave sat
the linewidthsAv),, = 1/7 T} serve only to be helpful imation, are commonly attributed 8, inhomogeneity T, 8).
monitoring the separate behaviorsid spins in a stron@®, Although B, inhomogeneity accounts for theroadnessof
field. If AZ' spins all gave approximately the same linghe hump, the present results indicate that dtéstence
widths, their different damping characteristicsBa would mainly stems from the\z® region. The observed aperiodic
still interfere with null-point detection, as demonstratetehavior of this hump (Fig. 1) is incompatible with the
below in the case of pulse-width calibrations on spinningotion that it originates mainly frorB, inhomogeneity: by
samples. making the academic assumption thgB,(z) = constant
Although for simplicity we make no distinction betweeralong thetotal detected sample length and assuming tha
the upper and lower transition bands, there is no reasonnatural T, and T, relaxation times are on the order of
assume that signals coming from the upper regides and seconds, for a hard pulse wityB, on the order of 1®rad
AZ" behave exactly as those coming from the lower regioss the yBS < Rz, condition is only satisfied i 3* is on the
AZ” andAz®. In addition to assigning somewhat different brder of 106 s (Eq. [1]). This is equivalent to having
field strengths to these regiongB> # yBY and yBS # linewidths on the order of fOHz (implying an impossibly
yBS), the pertinent resonance frequencie§ = yB{, may massiveB, inhomogeneity problem indeed), instead of the
also differ slightly @5 # w5 # 03 # 05 # »5) due to tiny typically observed nonspinning outer-wing linewidths on
variations of the main field3, along z. This explains the the order of 10 Hz. Conversely, for a resonance with, say
slight asymmetry of the lineshapes in Fig. 2. In this respedt,, ~ 16 Hz (i.e.,T5* ~ 0.02 s), theyBf < R} condition
the lineshapes of the inner and outer wings, when treateduasler perfecB; homogeneity would only be valid B <
only two resonances, are not necessarily Lorentzian. Thef@ rad s *. Such weak rf fields cannot be responsible for the
fore the singleT2* and TS$* values derived from the esti-observed behavior of the outer wings, particularly if their
mated linewidths according ta19S = 1/7T5* and as- above-noted insensitivity to transmitter offset is considered
signed to theAz® and Az° regions are only convenientConsequently when a sufficiently powerful on-resonance
approximations. Sometimes finer splittings or spikes withicontinuous-wave saturation is applied, more often than no
the inner wing can also be observed, which might arise frothe observed broad residual signal comes from fN®
differences in the upper- and lower-end effects, specifiegion rather than being the result of a shimming problen
shimming adjustments, environmental disturbances, a vanvolving the active-volume signal itself.
ety of acoustic phenomena®), or possibly the existence of
small segments of relatively high rf homogeneity within the BLOCH SIMULATIONS
falling yB,(2) profile of the Az" region. Although such

details are ignored here, some of them may increase iNap attempt to simulate the behavior of transition-band sig-
proportion in multiple nadir and zenith passes, since thg)s was based on the Bloch equatiobd) xtended with the
inner and outer wings both diminish faster in intensity thafbdiation—damping termsly, 19 to account for the weak ra-

the main signal. All these effects, including the pos,,Siblﬁ’iation damping acting on the active-volume spins of the
difference in the nutational frequencies M and M”, ¢ died CHCJ sample (see below)

might contribute to the disintegration of multiple-revolution
transition-band lineshapes (Fig. 3). i Co
In Fig. 1b the nonoscillatory behavior of the outer wings dM, M, M;

. : = —(w; — wy) M}, = \lM} — ——— 5a
corresponds to the net responseadif isochromatic layers dt (@01 = wo) My 20X TaMg [5a]
8z° that composeAz®. Since within theAz® region the rf i O

; ; o C dMm,, S o o MyM
power falls sharply, spins resident Bz° layers that are Y = (0, — o)) Ml + yBIML — AbME — X2 [5b]
farther from the edge of the coil will be more resistant dt Y TwaMo
to saturation than spins in less distai#° layers. As well, i (Mi)2 + (Mi,)?
the net response of a given succession of “distadu® dtz = —’yBilM)i/, — AM(ML— M) + X - [5¢]

I |
layers is expected to show more pronounced damping than TraMo
that of an ensemble of less distad#® layers. Thus, when
the outer wings are mildly saturated (Fig. 1c), the residualherew, is the rf angular frequency and, andT!, denote the
signal gives a more damped aperiodic pw dependenaeerage Larmor frequencies and characteristic radiation-dam|
than that observed in Fig. 1b. On increasinB2 further ing time constants in the respectie regions { = a, b, c)
(Fig. 1d), detection is limited to even more distant andnd the drivingB, field is assumed to be along the rotating
saturation-resistandz® layers which show even strongeframex’ axis. In the absence &, inhomogeneity, and A},
overdamping. simply stand for the rate constantsT4 and 17T}, respec-

The relatively broad and saturation-resistant outer wingsvely, while in the presence @&, inhomogeneity they are also
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FIG. 4. Simulated time evolution (a) of thigl ‘Z,y, magnetizations (relative intensities are illustrative only) for a theoretica=p8000 us hard pulse and
(b) of the T5*Mi, signal heights of the active-voluntéC satellite { = a), the inner wingsi(= b), and the outer wings (= c) of the main CHCJ resonance
for a theoretical pw= 70 us hard pulse as based on Eqgs. [5] with the inital condiltip . _o) = 0, My,_oy = Mg and theB, field being situated along’
in the rotating frame. Parameters were adjus&)l $uch that the oscillation of the active-volui€ satellite magnetizatiol (s (s0lid circle) is nondamped,
and the oscillations of1® (dotted line) andVi® (dashed line) are mildly damped and overdamped, respectively.

assumed, somewhat arbitrarily, to represent the additiomditained by imposing a5 > AS relationship on the system

damping incurred by the inhomogeneity tem:Bil'in Eq.[1]. (20). (Here A5 and A depart somewhat from their previous
If radiation damping can be ignored and = wyg, for each physical meaning of accounting simply for rf inhomogeneity

AZ region the system progresses toward the steady-state camd should be viewed as formally accounting for the sensitiv

dition ity-of-detection factor as well.) The obtained time evolution of
_ MP, M®, andM,,, (the :*C satellite of CHCJ) and that of the
M, =0 [6a] respective signal heightsy" M|, (21) are shown in Fig. 4.
g Note that the concept of an effective flip angfeis somewhat
: vyBiAiMy . c o L i
M) = 5o [6b] Vague sinceé® cannot reach 90°. Further fine-tuning of param
AiAz + (vBy) eters gave good match with the experimental evolution o
i AALME transition-band signals in the first nadir and zenith passes (Fig
M; = AAL+ (yBL)? [6¢] 5 and 6).

All parameters used in the above simulations are intercon

Note that for a homogeneous rf field Egs. [6] take thgected: yvhen searching for a good fit with experimenF, a}sligh
familiar form Mi, = 0; Miy' = yBLT* Mi/[1 + (yBi)? chgnge in the va_tlue of any parameter open for varl-atlc_m re
T,T¥]: ML = Mi/[1 + (yBL)? T,T¥]. [Inclusion of the duires the aIFeratlon of negrly all qther variables. In principle a
radiation damping terms, apart from yielding more COmp|e.r)gzasonable fit may be ach@vecj with several parameter §ets, a
steady-state solutiond ), has, in the context of the preseni’ that sense those used in Figs. 4—6 are representatives o
study, no appreciable effect on the steady-state condition of fii@ge of possibilities within the limits of the given relative
system.] orders of magnitude20). However, any change on the order-

The use of Egs. [5] to model the behavior of transition-barff-magnitude level renders fitting impossible. For example, the
resonances entails a gross oversimplification: the exact formv@fues of yBj, A3, A3, Mg, and TZ" are to be such that they
the yB,(2) profile is not known, and it is difficult to incorpo- Must, after a steep initial rise and within 7@, bring theM®
rate the fact that withinAz" sensitivity of detection falls, magnetization close to steady state according to Egs. [6] so th
roughly in line withyB,(2); in the transition band the conceptouter-wing signal heights approach the level'3€ satellites
of associating single/B},, A}, and A}, values with entireAz'  (Fig. 1b). By decreasingBS from ~ 10°rad s * to, say,~ 10*
regions introduces inevitable errors. Equations [5] were numéad s %, no set ofA$, A{, or Mg values can be found to match
ically integrated using the Runge—Kutta methd@)(and pa- these conditions (although theéB] < R, condition must be
rameterized Z0) to approximately match the experimentafatisfied, too much overdampingBf < R, causes a too
evolution, relative heights, and linewidths (Figs. 1-3) of atjuick approach to steady state and suppresses the obsen
three signal components. As expected, the approach provedramsient rising and falling oMy —Figs. 1c and 1d). Again,
be the most qualified for the least sensitively detected outhis indicates thayB2, yB®, andyB$ are on the same order of
wings, in which case a reasonable fit with experiment wasagnitude.
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177.6° 178.8° 180.0° 181.2° 182.4° 183.6° 184.7° 185.9° 187.1°

FIG. 5. CHCIl,; *H resonance (nonspinning) passing through @e= 180° condition. (a) First part of experimental FIDs {6 0.5 s) and (b) their
Fourier-transformed lineshapes (100 Hz spectral range) obtained with the transmitter offset 50 Hz from the center of the main peak to give a beating p:
the FIDs (relative to on-resonance irradiation, the offset had no perceivable effect on lineshapes), one transient collected for each pw, relaxation del
spectral width 1000 Hz, acquisition te s (the measured 90° pulse widthgfhis 7.6 us for the active volume). (c) First part of simulated FIDs+00.5 s)
and (d) their Fourier-transformed lineshapes (100 Hz spectral range) composéfi ef MY + M and calculated from Egs. [5] such that for the?
magnetization py, = 7.6 us (20). (e) Behavior of the signal due t2, alone, showing that the “true” 180° pulse width fif}is at 15.2us, while it appears
to be at ca. 15.4s in (b) and (d).

POSSIBLE IMPLICATIONS ity utilization of most pulse sequences and to that end shoul
) o be determined on the specific sample at hand. This, of cours
Pulse Width Calibrations is routinely done by running a pw-arrayed nadir- or zenith-pas:

A knowledge of the exact 90° pulse width gyfor the #1 experiment in which pyg, Or pwseg is located on the
active-volume resonance is a prerequisite for the highest-quademise that at such flip angles the intensity of the excitec
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FIG. 6. Behavior of experimental (a, b) and simulated (c, d, e) CHEIresonance, as in Fig. 5, but passing throughéfhe 360° condition. The “true”
360° pulse width p is at 30.4us, while it appears to be at ca. 3Qu% in (b) and (d).

signal passes through zero. The procedure is visually straighigs. 6b and 6d, p@h ~ 30.7 us, while pwed ~ 30.4 us (Fig.
forward by either interpolating the peak maxima or locating thée). Thus there is a transition-band-related shift (TBRS) in the
signal with approximately equally intense positive and negapparent null point relative to the “true” null point for the
tive excursions. However, transition-band signals can falsifictive-volume signal. As already alluded to by Hu),(in
the results. For example, according to Figs. 5b and 5d, theitable cases the latter can be determined by locating the poi
apparent 180° pulse width Fgwould be 15.35 or 15.4s (an where the narrow main signal emerges as what we may call
almost irrelevant difference) depending on whether peak intésprout” from the broader transition-band signal. This “sprout-
polation is used or we look for the “smallest” signal, while théng point” is readily estimated to be at15.2 us in Fig. 5b and
“real” 180° pulse pyid is at 15.2us (Fig. 5e). Similarly, in 30.4 us in Fig. 6b, thus giving p§&' ~ 7.6 us.
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The magnitude of the TBRS depends on the relative linether. A closer inspection in such cases shows that the upp
widths Avd,,, Av®,, and Av§,,: the narrower the main reso-and lower excursions of the signal have different widths, whick
nance relative to the transition-band signals, the more its bg-incompatible with a simple phase distortion. Consequentl
havior is perceived independently from that of the inner arile application of some line-broadening factor has differen
outer wings. Conversely, ikv3, ~ A2, ~ Av§,, the three relative effects on the positive and negative sides of the signa
signal components become intermingled, and the obsenast the ensuing TBRS (Figs. 7 and 8) can be a test of wheth
pw-dependence in the nadir and zenith areas will approach ttia distorted lineshape is due to transition-band effects.
of thecombinedAz* + Az + Az° system, resulting in a larger  The above points imply that apparent sample-to-sample var
TBRS and more difficulty in locating the sprouting pointations in the calibrated 8" values are a function not only of
There may be two obvious reasons for such similarity iprobe tuning and bulk susceptibility effec&4, but also of the
linewidths: (a) if the main resonance is broadened (due to pdmewidths involved! Another implication is that the error
shimming, chemical exchange, etc.), the ensuing broadeningafised by the TBRS can be removed by searching for th
the wider transition-band signals will be relatively less isprouting point rather than the apparent null point in pw
proportion. An illustration of this effect via artificial line calibrations.
broadening comes from comparing the TBRS of Fig. 7b with
that of Fig. 7a, as well as that of Fig. 8b with that of Fig. 8aResolution Enhancement
A “natural” case is shown in Fig. 9 where g&Y for the
exchange-broadened NMe resonance in compducatries a
larger TBRS than the narrower OMe signal [note how mu
more clearly the sprouting poinf]j can be detected for the
OMe signal]. (b) With highly sophisticated shimming or b
spinning the sample (see belowdySs may be significantly
decreased; intriguingly, this again results in more difficulgpw
calibration.

A related but more subtle point is that in the presence

Since the inner and outer wings are much more strongl
C(ij]amped in 8B, field than the active-volume signal, the appli-
cation of multiple-revolution pulses decreases their relative
contribution to the main resonance. This results in an improve
ineshape regarding the base of the main resonance and can
utilized as a mild resolution enhancement as an alternative t
other frequency-domain or time-domain data-manipulatior
B(—:T-chniques which usually give a greater loss in signal-to-nois
- . . : : ratio 4b). By applying a pulse that is, e.g., the five-revolution
radiation damping, the linewidth becomes a function of A& ( t%%uivalent of a 90° pulsedf = 17 X 90°), the achieved

23) and can be much narrower near the nadir than near . . .

. o . . : . resolution enhancement is typicalty0.1 and~0.25 Hz on
zenith area; this must be taken into consideration during the RW.ina and nonspinning samoles. respectivel (Fig. 10). Th
calibration of strong samples (see also below). P g P g ples, resp y (Fg. '

. . . . .. obtained resolution enhancement may be increased further |
With multiple-revolution pulses the broadening factor in the . . ) 2 b c
L gsing large transmitter offsets: due to thB$ > yB; > yBI
observed TBRS becomes less significant due to a decrease ?f . . . . |
. A ; ationship the signal reduction caused by off-resonance e
the transition-band contribution (Figs. 7e and 7f and 8e and 8f). . . " ; .
. ; o cts is larger on the transition-band signals than on the mai
The resolution enhancement obtained by spinning the sam-
: . . -resonance.
ple is relatively larger for the outer wings than for the main
signal. Again, this typically increases the TBRS (Fig. #a :
; ! . . . Saturation
Fig. 7c and Fig. 8a— Fig. 8c) and is the reason for obtaining
different pwghP values in spinning vs nonspinning samples.  As discussed above, the residual signal detected in or
In some instances the TBRS can lead to a gross miscalibrasonance continuous-wave presaturation experiments (Fig.
tion of pwy, (Figs. 7c and 7d), particularly in nadir-pass #bften comes from the transition-band region, as illustratec
experiments where the main resonance “works” against thether in Fig. 11. Full saturation of the “total” signal can be
combinedAz® + Az signals as opposed to zenith-pass expeachieved only by severely compromising selectivity.
iments where to some extent the inner and outer wings com-or on-resonance (semi-)selective rf fiels, the decay
pensate each other. For zenith-pass experiments the TBRSréde RS, of the active-volume magnetization (Eq. [1]) is
the studied CHGlsample led to a=0.1-us overestimation of determined mostly byT 3 rather than rf inhomogeneity,
pWyg; in many experiments even this relatively small error ighich has little phase-randomizing effect sing®3 is on the
undesired, e.g., if py is used as the basis of calculatingprder of only 10—100 rad¢". By using Egs. [5] to simulate
selective shaped pulses. the oscillation ofM?in B,, the mild experimental damping
The transition-band contribution near the null point can babserved as a function &, irradiation time inyB3 calibra-
easily mistaken for a phase error coming from off-resonantien experiments for CHGlwas consistent with3 = 1/T5
effects 6). Such apparent phase errors are typically moét 5* ~ 0.2—0.3 s), and the inclusion of any further damping
conspicuous in spinning samples with relatively narrow outéactor intoA$ and A3 resulted in too much calculated damp-
wings (also making identification of the null point more aming. Thus, in the case of signal “B” (Fig. 11), by simply
biguous—Figs. 7c and 8c) or broader active-volume signaisingA3 = 1/T3 andA? = 1/T, (T2 ~ 7 s, T8* = 0.19 s),
where one of the outer-wing lobes can be less visible than tgs. [6] indicate that saturation with respect to the active-
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FIG. 7. Pulse-width dependence of the CHH signal (transmitter on-resonance, $fV~ 7.6 us for the active volume), showing the apparent shift of
the null point @ ) relative to the sprouting poirifi) [off-scale for (e) and (f), pulse droop assumed to be zero] and the calculated apparent 90° pulse ggitith p
depending on the relative widths of the main and transition-band signals as determined from the first (a, b, ¢, d) and fourth (e, f) nadir passes; pw incre
in 0.1-us steps, relaxation delay 10 s, acquisition time 4 s, one transient collected for each pw, experiments run in succession (same tuning paramete
denotes the exponential line-broadening factor applied.
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FIG. 8. Pulse-width dependence of the CHCH signal, as in Fig. 7, but showing the first (a, b, ¢, d) and fourth (e, f) zenith passes (relaxation delay 5

volumeMZ should be practically 100% even for the mildestaturation-resistant due to the combined effect of experienc
saturat|on powetyB3 = 71.4 rad S* applied in Fig. 11. The ing a smaller and more inhomogenedisfield. TheyB,(z)
residual signal mostly comes from the outer wings which aprofile may be significantly different from thgB,(z) profile,
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FIG. 9. The first nadir and zenith passes for the OMegY'® = 1.2 Hz) and the downfield NMe signak ¢Y¥® = 3.8 Hz) of compound.. The transmitter
was set midway between the two signals situated 32 Hz apart; pw incrementedgis Stéps, relaxation delay 10 s (the same result was obtained with 60 s
acquisition time 4 s, one transient collected for each pw, nonspinning sampieQ IHz, solvent GDg. The apparent null points{ ) are shifted differently for
the “narrow” and “broad” signal relative to the sprouting poifi)(

and an assessment & and A{ is not as readily accessibleened resonance (although some contribution of the latter to tf
as for hard pulses. Note, however, that rf inhomogeneitietected “hump” cannot always be ruled out).
alone can reduce substantially the “saturability” of a reso-
nance. For example in the hypothetical case whgsg =
vB3 = 71.4 rad s?, a relatively mild rf inhomogeneity,
represented as; = A\ = 100, gives only a 34% saturation Similarly to pulse-width calibrations, the result of any ex-
of the M$ component according to Egs. [6]. periment based on monitoring a resonance passing through tl
The residual signal stemming from transition-badinho- “null” condition may be falsified due to the transition-band
mogeneity shows some resemblance but is principally unientribution. For example in a ForseHoffman-type experi-
lated to the well-known “hole-burning” effect caused by thenent @5), after selective inversion of one of the slowly ex-
frequency-selective irradiation of By-inhomogeneity-broad- changing NMe resonances in compouhdcf. Fig. 9), the

Chemical Exchange and Relaxation Measurements
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C
C
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pw: 7.3 us 7.3 pus 128 ps 7.3 pus
nonspinning nonspinning nonspinning spin = 20 Hz
unweighted G-L weighting unweighted unweighted

FIG. 10. (a, b) Resolution enhancement by applying multiple-revolution pulses as demonstratid msanance showing no scalar couplings (signal “A”)
and small splittings (signal “B”), obtained from a multiresonance system (sample spinning at 20 Hz, four transients collected for each pw, digital resolutior
Hz/point, no weighting function applied, solvent DMS@-dBy increasing pw from 7.7s (revolution #1) to 130.%&s (revolution #5), the resolution of signal
“A” increased by 0.06 Hz (transmitter offset: 1450 Hz) and the fine splitting-0f3 Hz on signal “B” became more visible (transmitter offset: 1050 Hz). (c)
A doublet—doublet signal (“C") obtained under different conditions (one transient): as compared to a Lorentzian-to-Gaussidr) (@ighting, in a
nonspinning sample, a 128s pulse gave better exposure of a small coupling (1.6 Hz) which was unresolved ipa &@eriment (transmitter offset: 438 Hz).

recovery curves driven by magnetization transfer and relaary curves obtained in spinning and stationary samples wer
ation appearto depend on whether the read pulse is 90° eeported previouslyZ6, 27) and were in some cases attributed
270° (Fig. 12). The two cases should, of course, give identiq@l7) to radiation-damping effects.

recovery rates, but in practice the transition-band positive outer

wings contribute in an opposite sense; thus the zero-crossligeshape Tests

point for the inverted upfield resonance appears te-0el5

and ~0.17 s in the 90° and 270° read-pulse experiments The quality of B, homogeneity is traditionally tested by

) ~ -0 0 .
respectively. The evolution of the downfield NMe signal isé nedasoulnln(g }Te I'n%"‘?gg?&hﬁé%ﬁﬁﬁdn?'sifk%];?fﬁ;/')éf a
similarly affected. As the inverted and noninverted NMe ress .~ > ®t0.11% P 9

T X ) L i i it < 90°. i im-
onances both diminish in intensity during the initial part oﬁ?fli;tézlgaﬂgtc;?talgig \t/(v)lterVi d?aoa Ariszr:lmr?;ﬂg\t;&?em_
recovery, the increasing contribution of the positive outer-wi 9 q y9a P broperly

Ngon i : .

. i . . ) an lineshape for the active-volume resonance, anfy;, will
makes these linewidths progressively different in both expeBé a direct measure of shimming quality in the act?\//ze region
ments.

. L : . he parameterdv, and Av, will more typically rep-
T, measurements involving inversion-recovery expenmenIs P 0.55% 0.11% ypicaly rep

may suffer from similar errors. The possible impact of transﬁase”tBO homogeneity in the transition bands rather than the

tion-band effects on the calculated exchange and relaxat%%tlve coil area.
rate constants may depend on the relevant timescales 'nvc’l\ﬁ%jdi ation Damping
and has not been fully explored yet. In both cases sample
spinning might influence thapparentevolution of magneti-  Radiation dampingZg), i.e., the coupling of the spin system

zation similarly to that discussed above in connection withith the receiver coil, has been traditionally associated witt

pulse width calibrations. Such differences in inversion-recovery intense resonances typically originating from a solven
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FIG. 11. The effect of saturating signal “B” (cf. Fig. 10); concentrated, nonspinning sampfe~ 7 s, T3 ~ 0.19 s, pw= 7.6 us. A continuous
on-resonance presaturating fild was applied (transmitter channel) for 60 s prior to acquisition at various precalibggubwer levels (four transients were
collected for eaclyB3 value). The outer wings are notoriously resistant to saturation, and nearly full saturation of signal “B” can only be achy&gqubater
levels which also cause significant saturation on the signals 90 and 200 Hz away from the irradiated signal. In the reference spectrum the three resonanc
have a peak-area ratio of 1:8:0.25 (TH€ satellite signals of “B” are only slightly affected B, due to efficientH-3C dipolar relaxation.)

signal or highly concentrated samples. With the continuous(1) In the nadir region the linewidth can differ from the small-
increase ofB, fields and the quality factor of probes, thepulse-angle linewidth solely due to fact that the relative contribu-
nonlinear effects of radiation damping are increasingly infition of the transition-band signals is also a functiorodf
trating the realm of samples of “average” concentrations and(2) In cases wher@® = 180° = § (againd denotes a small
have therefore become a renewed focus of rese@8hSince positive angle), the positive inner outer wings can either
radiation damping is only operative on the transverse magroenceal or deceptively resemble radiation-damping side lobe:
tization components, strong radiation damping is associated3) Mild radiation damping causes an asymmetry in the
with T,y < T%. Strong radiation damping reveals itself inobes of the sinusoith(0) profile, as in the case of our CHCI
several forms: (1) The linewidth decreases by increasing ttest sample (Fig. 1a) for whichyy was estimated to be 1.4 s by
pulse flip angled from a small value t® = 180° — ¢, where comparing the small-pulse-angle linewidths obtained on tune
e is an infinitesimal positive angl@®). (2) The lineshape is no and detuned probe28b, 33. A close inspection of these
longer LorentzianZ2) and shows substantial side lobes to thimbes, particularly if the experiment is run with a finer pw
central peak at nadir-region flip angles. (3) The peak hdifhtincrementation 1), shows that each lobe departs differently
is proportional to the flip angle2@, 30, i.e.,H = MyT, 46 (up from a perfect sinusoid; while radiation damping alone does
to 6 = 180° — €), as opposed to the sinusoid relationsHip= not account for this behavior, it is consistent with the fact that
M, T% = M,T?% sin 6 in the absence of radiation damping. (4}he transition-band contribution varies along with pw (Figs. 1b,
The linewidth decreases on detuning the probe. (5) For nadic, and 1d). For mild radiation damping, a comparison of the
region flip angles the initial growth of the transverse magnsimulated and experimentel(6) profiles therefore cannot be
tization gives a characteristic fish-shaped FID. (6) Inversioreliably used to estimat€,.
recoveryT, experiments give typical intensity-jumping effects (4) TheyB,(2) profile might change somewhat with probe
(29a). tuning 4), and the consequently altered transition-band re
While these “markers” are prominent for strong radiatioeponse can influence the linewidth independently of the radi
damping, calculations based on Egs. [5] show that in mildation-damping contribution (this possibility was neglected in
cases when radiation damping is still effective Bytis only estimatingT%, for CHCL).
slightly smaller or greater thah%, they have nonconspicuous (5) In principle the envelope of the FID is, of course,
effects @1). In such cases transition-band responses interfénglependent of whethet® = 180°+ & or 6 = 180° — §. In
with the assessment of whether radiation damping is presenpaactice, in the rangé® = 180° + & the Az°° spins provide a
follows: quickly decaying positive-phase time-domain signal which ei-
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FIG. 12. A Forsen—Hoffman experiment in which the upfield resonance of the exchanging NMe signals in conipbasdeen selectively inverted, then
monitored after a delay timB by a 90° or 270° hard read pulse under otherwise identical conditions in the two arrayed experiments (8 transients collecte
eachD value). The recovery curves as a functiorDofppear to depend on whether the read pulse is 90° or 270° due to opposite transition-band contributi
In the 270° read-pulse experiment the outer wings of the narrower OMe signal are more prominent than those of the broader downfield NMe signal.

ther reinforces * = 180° — §8) or quenchesf® = 180° + §) radiation damping31) and may be influenced by the TBRS

the initial part of the FID (Fig. 5). Thus #i* = 180°— 8, Az>° phenomenon as discussed above.

spins canconcealthe initial growth of the FID caused by

radiation damping of the main resonancepif= 180° + 6, Rs Homogeneity Tests

they act such that the FIBimicsa strongly radiation-damped

time-domain envelope evenT, > T%, in which case the fish  The standard hard-pulse rf homogeneity test is based ¢

shape should be absent. This effect can occasionally be seec@mparing the peak heighks at 6% = 90°, 450°, and 810° as

experimental FIDs reported in the literatug¥), but as yet has obtained in a pw-incremented experiment. Unless a microce

not been commented on or rationalized. Attempts to evaluaseused 2, 33, the obtained main-signal peak height ratios will

T,4 from the FID envelope27) should take this factor into not be directly indicative oB$ inhomogeneity only, but will

account. also contain the transition-band contribution potentially inter-
(6) Inversion-recovery curves are rather insensitive to weakingled with interference coming from radiation damping. By
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comparing a@® = 90° with af® = 270° experiment in which 3. (a) Gedeon Richter Ltd., Budapest, Hungary; (b) EGIS Pharmaceu-

the main-signal decay due to rf inhomogeneity can, as a first ticals, Budapest, Hungary;.(c) Technical University of Budapest,

approxmaion, be neglecied, v find in epeaied measurg 0% 11 (0l Iy D ey

ments in the case of the CI—gC_Ibst samp_le the_ peak helght ratio - 153, (b) p. ise, Longman, Essex (1987). ' '

to _be H_27°’/H9°° = 0‘97’Wh"e_ th‘? ratio of mtegrated_ INten- 5 . . Hull, in “Two-Dimensional NMR Spectroscopy, Applications

sities| is 1,7¢:/190- ~ 0.80. This difference between integral  fo; chemists and Biochemists” (W. R. Croasmun and R. M. K.
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