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The Nutation Spin Echo and Its Use for Localized NMR
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A suitably matched combination of unidirectional gradient netizing field is negligible. This in particular occurs if the
pulses of the radio frequency amplitude B, and of the main external magnetic field is low.
magnetic field B, produces an unconventional type of spin echo,
the nutation echo. The echo signal becomes volume selective if the
gradients to be matched are inhomogeneously distributed in space.
An example is a combination of a constant B, gradient and the
inhomogeneous B, gradient of a surface coil. We suggest a method The basic pulse sequence used for producing the nutatic
for localized NMR on this basis. Nutation echoes can also be used  echo is schematically shown in Fig. 1. Note thatBie andB,
to map the spatial distribution of B, gradients of an arbitrary radio  gradientsG,; andG,, respectively, need not be constant in the
frequency coil geometry with the aid of a small probe sample volume. In the following we rather consider local
sample.  © 2000 Academic Press gradients existing in a certain volume element centered at

Key Words: nutation; spin echo; volume selection; localized position f. The signal to be expected is proportional to the
spectroscopy; B, gradients. complex transverse rotating-frame magnetization given as tt
| = 1 term in Eqg. 29 of Ref.4). That is

2. THEORETICAL CONSIDERATIONS

1. INTRODUCTION M,
m(ry + 1) = — e ey (), (1]
In Refs. (-5 spin-echo phenomena are reported based on ¢
coherence evolution in a combination of gradients of the ex-
ternal magnetic fieldB, and of the radio frequency (RF)whereM, is the (local) equilibrium magnetization, and
amplitudeB;. In the treatment published in Re#i)(the nature
of the_ so-called “nutatio_n echo” (and of higher order multiple €= yooMoTs, 2]
nutation echoes) was given. In the present study we concen-
trate on the nutation echo which by nature is analogous to the 7
ordinary Hahn echo. It is produced by a pulse subject to a Y= VnTzf Go- di’, (3]
gradient of the RF amplitud®,, (component perpendicular to 0
the external magnetic fielB,) if it is followed by a suitably
matchedB, gradient pulse. The nutation echo is of particular
interest for potential applications because it is expected to have
the same signal strength as the ordinary Hahn echo produced
by a pulse sequence/2——m/2—r in the presence of 8,
gradient. In the following we will point out that the nutationThe phase shiftse and i acquired in the intervals, and 7,
echo can be used as a tool suitable for localized spectroscoggpectively, are defined in such a way that they take the vall
relaxation, diffusion, or flow measurements. 0 at the originJ, (¢) is the first-order Bessel function. Note that
The nutation echo is not to be confused with higher ordércan be approximated by, (§) = &/2 in the limit§ < 1. The
multiple nutation echoes reported in Ref3, 4. These “non- gyromagnetic ratio is denoted by, the magnetic field con-
linear” echoes arise only if demagnetizing field effects play gtant byu,. Note that the tip angle is a function of the scalar
role in complete analogy to the laboratory-frame multiplproductf, G, - df’.
echoes §—9). Just like the ordinary Hahn echo, the “linear” The maximum signal amplitude arises in the sample regio
nutation echo to be considered here appears even if the denfagwhich the conditione = i is fulfilled. That is, the gradient
vectors are parallel,

a=7nTlf G,-dr’. [4]
0
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conditions given in Eqgs. [5] and [6] are fulfilled. Varying the
magnitude or the duration of the gradient pulses and the dire
o tion of theB, gradient makes it possible to select the positior
TR, t where echo formation is to happen. Note that the appropria

FIG. 1. Pulse sequence for the generation of the nutation ég8handG, Sl..lper.pOSItlon 0B, gradient components al(_)ng the three _SpaCG
are gradients of the RF amplituéia, (component perpendicular &) and of ~ directions of the laboratory frame results in a gradient in an:
the external magnetic flux densiBy, respectively. desired direction. In this way, one can point to the volume o
interest just as one does when shining with a torch to a keyho
in the dark, for instance. We therefore suggest to term thi

and the magnitudes obey localization method “TORCH” (standing fort&pping of re-
mote coherences”).
Gy71 = GoTo. [6]  The spatial resolution with which the localized signals are

_ N generated and the shape of the selected volume element dep
The region where these conditions are closely approach&sl how the gradients vary with position. For a discussion, le
gives rise to localized nutation echo signals to be discussed# consider the reduced density operator at the timer, +
the following. T, (see Fig. 1). An expression is given in Re#, Eq. 22).

At low external magnetic field8, or for short evolution Under the present assumptions and with the nomenclature us
times,, that is, for§ < 1, the influence of the demagnetizinghere, it reads

field on the nutation echo can be neglected. In such circum-
stances and in the absence of relaxation and diffusion effects, _ .
half of the initial equilibrium magnetization is recovered, o(r,+ 1) = [l,cosy + I,sinylsina + I,cosa. [8]

Mpax = Mo/ 2, [7] Applying standard relations for trigonometric functions to Eq.

. [8] leads to terms like cog( + «) and cos{ — «). Provided
in analogy to the Hahn echo produced by two 90° RF puls§fat strong enough gradients are applied, the termjcesg)
Note that in the treatment given in Red)(the phasg direction cannot give rise to any signal because its average over
of the RF pulse was assumed to be along xthaxis of the positions within the sample cancels. This is in contrast to th
rotating frame. _ _ cos@y — «) term, the average of whickgosy — «)), is finite

In the case where the gradier@gs andG, are functions of it y, — o That is, echo signals selectively appear from region

the position, the nutation echo forms a localized signal suitable the sample volume/ in which signals are superimposed
for volume-selective investigations. For example, such a Sit4iore or less constructively so that

ation arises with the (inhomogeneouss)field of a surface coil
combined with a (constant, gradient generated with the

gradient coils of a usual NMR imaging system. Figure 2 shows 1
a schematic illustration of the two gradients acting at a position (cogyp — a)) = v cody — a)dV’ # 0. [9]
r. From this position, a nutation echo signal arises if the v
A
r
G, G

surface coil

FIG. 2. Schematic representation of the RF field distribution of a surface coil. The generation of nutation echoes depends on hovBthenidBal
gradient vectors and their application intervals match.



NUTATION SPIN ECHO AND ITS USE FOR LOCALIZED NMR 45

The center of the selected volume,= T, is located at the 4
position whereys = «, that is, where the conditions given in

. Lx) o h=1.5cm

Egs. [5] and [6] are exactly fulfilled. . 58 ° EZ§'§§$
The dimension of the sensitive volume can be estimatedas 37 °© @% oo x hf425cm 7

follows. The anglesx and s can be expressed in terms of the © h=55¢cm

wavevectorsk, = y,7,G; andk, = y,7,G,, respectively, so
that the condition for a finite echo signal at a positforeads

intensity(a.u.)

lp—a=J (ko — ky) - dF " < 2. [10]
0

R
RELLE

That s, the region in which the coherences are superimposed in -
a not completely destructive manner may roughly be charac- 0,0 0,5 1.0 1,5 2,0
terized by the length

FIG. 3. Nutation echoes as a function ef (see Fig. 1). The sample was
a spherical plastic container filled with water doped with GuCQhe outer
diameter wasl = 2 cm. The sphere was placed at varying heighadove the
P . P middle of a surface coil of diamet® = 6 cm as indicated. The probe was
where the subscript indicates the maximum deviation betweB§ y b ot ncl prove w

. . . arranged in a 4.7-T tomography magnet. A constant gradient of the main fiel
the two wave vectors in the sensitive region to be detected.c = 19 mT/m, was applied along the RF coil axis. The hefgbf the sample

combination of gradients with steep positional dependencgsve the surface coil was varied as indicated. The width of the radi
leads to narrow localization, whereas flat positional variatiofrsquency pulse was, = 3.1 ms. The nutation echoes are well separated from
broaden the region where signals are detected. the initial free-induction decays beginningat= 0 after the RF pulse.

d = 27/|ko — Ky mae [11]

3. EXPERIMENTS, SIMULATIONS, AND RESULTS gions of interest” within this water container were selected b
choosing different directions of th8, gradient in ther,

In order to demonstrate the spatial selectivity of the nutatianterval. TheB, gradient direction was defined by correspond
echo, we have carried out three test experiments with differéngly superimposing andy gradients. The experimental re-
NMR spectrometers, RF coil geometries, and samples. Figuetdts are displayed in Fig. 5. The volume selection effect i
3 shows the results obtained with a surface coil and a spheriohlious. The regions where signals are visible is clearly shifte
sample of doped water placed at varying heights above the caihen turning the direction of the main field gradient. Note,
The experimental details are given in the figure legend. Wowever, that the localization properties of the TORCH exper
schematic representation of the sample arrangement is shamant are much better than suggested by the images. Outside
in the inset of Fig. 3. The nutation echo was recorded asttee central region where the two nutation echo-forming gradi
function of the intervat, in a spatially constant and temporallyents match according to Eqgs. [5] and [6] and where the sign:
steady gradienG, for a given RF pulse width,. That is, the consequently is strongest, the sign of the signal contributior
matching condition in Eq. [6] is fulfilled at different positionsoscillates. Positive and negative contributions occur in differ
for varying 7, values as a consequence of the grad@r(r) ent areas, depending on the local values of the phase amgle:
that increase with the distance before adopting a maximwandi relative to each other. That is, most of the signal outsid
value. The echoes consequently appear later for shorter spafcthe central gradient matching region cancels in volum
ings between the sphere and the RF coil. selection experiments in which just the nutation echo inductio

The second test consists of mapping the spatial distributisignal is acquired. This is in contrast to the images that displa
of the transverse magnetization after forming the nutatidhe signal magnitude and, hence, positive and negative cont
echo. The pulse sequence used for this experiment is showmitions equally. That is, the net signal provided by the nutatio
Fig. 4. A conventional gradient-recalled echo imaging metha@tho only represents the central region patterns displayed in t
(10) was employed, where the initial excitation RF pulse isnages.
replaced by the nutation echo sequence. Note thaBall In order to demonstrate this cancellation effect we havi
gradients were spatially constant as before. Concerning simulated the spatial distribution of the transverse magnetiz:
volume selection part, localization is therefore due to th@n using the MATHCAD software package. The same situ
distribution G,(r) of the RF field gradient produced by theation and the same parameters as in the experiments we
6-cm surface coil. assumed. The rotation induced by the local RF field on th

A big water container was placed on the surface coil (see tlogal magnetization was calculated using a rotation matri:
schematic representation of dotted lines in Fig. 5). The “reperator of the form{1)
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FIG. 4. Pulse sequence used for mapping the spatial distribution of the magnetization after generating a localized nutation echo. The RF pulse was y
with a 6-cm surface coil so that the RF field was inhomogeneously distributed in space. The tipxérgleonsequently was also a function of position. The
local RF field is characterized by a gradi&@y(r). Spin coherences are refocused in a selected regi®) lpyadient pulses suitably matched to Biegradient.
The spatial distribution of the transverse magnetization produced in this way is mapped using an ordinary gradient-recalled echo imaging sequence.

andr(x, Y, 2) = a,(X, Y, 2/¢e(X, Yy, 2), respectively. The RF
field distribution of the surface coil was calculated on the basi
of Biot/Savart’s law. Note that the above relation, Eq. [12], is
Hereg(x, ¥, 2) = ((ax(X, ¥, 2))* + (ay(X, ¥, 2))? + (a(x, Valid only for | = 3 spin quantum numbers amf + g* +

y, 2))%) "2 represents the local rotation angle around the local = 1.

RF field direction with the corresponding axial rotations Figure 6a shows the spatial distribution of the transvers
a (X Y, 2 = y.By(x, y, 27, andj = x, y, z The magnetization in the central y plane. Apart from the absence
coefficientsp, g, r in Eq. [12] are defined ap(x, y, z) = of any “measuring sensitivity” limitation, this map closely
a (X, Y, D)le(X, Y, 2), a(X, ¥, 2) = a,(X, Y, 2)/e(X, y, ), corresponds to the experimental map shown in Fig. 5a. How

¢ _ .
R(e) = cos, — 2i(ply+ql, + rlz)smi. [12]

Scm

la
+

FIG. 5. Two-dimensional 4.7-T maps of the transverse magnetization following the nutation echo pulse sequence. The test sample was a cylinder
radius filled up to a height of 5 cm with water doped with CuChe data were recorded using the pulse scheme shown in Fig. 4. The width of the radio freque
pulse wasr; = 4.9 ms. The duration of thB, gradients employed for generating the nutation echoesmwas 1.5 ms. The field of view is 8 cnx 8 cm
corresponding to 25& 256 pixels. The digital resolution is 330m. Map (a) was recorded with the nutation echo-formggradient in thex direction (which
is defined by the axis of the RF coil). The gradient strength @gs= 7.5 mT/m. In a second experiment represented by map (b) the direction of this gradie
was generated by superimposing two gradients of strerfgghs- 7.5 mT/m andG,, = 5 mT/m, respectively. Note that the maps represent projections on th
X, y plane. No slice selection is implied.
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a b
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FIG. 6. Simulation of the distribution of the transverse magnetization in the central plane of the object Fig. 5 refers to. The RF field distribution af¢he s
coil was calculated on the basis of Biot/Savart’s law. The current strength in the loop during the RF pulse was assurned 20804. The RF pulse width
was assumed to ba = 4.9 ms. The refocusing gradient pulse of the main magnetic field was assumed alargjréetion. Its strength and width was set to
G, = 7.5 mT/m andr, = 1.5 ms, respectively, as in the real experiment. The simulation refers to a cubic object with 8 cm edge length dividednto 2
200 X 200 volume elements. Plot (a) shows the spatial distribution ofxthagnetization in the central, y plane (containing the coil axis). This
transverse-magnetization map closely corresponds to the experimental image shown in Fig. 5a. Plot (b) shows the same data set as in (a) bul mw ave
matrices of 10< 10 macropixels. Contributions below the noise level typical in real experiments are suppressed. The white macropixels represent a mea
strength about 3 times stronger than that of the next intense macropixels. The localization to be expected in TORCH experiments is obvious.

ever, unlike the experimental circumstances, we can now disstation echoes, its suppression might be desirable using mc
tinguish between positive and negative signal contributiorsophisticated coil designs.

That is, we can take the cancellation effect into account byThe signal trains shown in Fig. 7 can be considered a
forming the average signal in more extended pixels. one-dimensional reciprocal space images. Provided th&the

The simulated transverse-magnetization map was subdividgddient is spatially constant, the Fourier transforms wouls
into matrices of 10X 10 “macropixels,” in each of which the represent one-dimensional real-space images, that is, proje
average signal contribution was calculated. The resulting distibns on theB, gradient direction. The signals in Fig. 7 also
bution of the average transverse magnetization is shown in FBgggest that the spatial resolution is affected by the duration «
6b. From these average signals all contributions below the typitla¢ RF gradient pulse.
noise level in real experiments are suppressed. Obviously most of
the signal outside of the central region cancels. This result dem-
onstrates that the TORCH experiment provides well-defined lo- e2
calized signals from the region around the position where exagt el 7,=1200ps
matching according to Eqgs. [5] and [6] is fulfilled.

A third test experiment was performed using a conic RF coi
as described in Ref5]. In this case a conventional Bruker
DPX400 spectrometer without B, gradient unit was em
ployed. That is, the corresponding field gradient was produced 15“"" tomm
by intentional misadjustment of the shimming currents. A test ; e2
object consisting of two separate compartments filled wit e
polydimethylsiloxane (PDMS) of molecular mass 17,000 wa
examined. A schematic representation of the arrangement
shown in the inset of Fig. 7. Experimental details are given i
the legend to Fig. 7. Two echoes were observed due to th
different gradient strengths experienced by the spins in the two
compartments, that is, at different positions on the coil axis: . , ' '

The first echo, e1, corresponds to a smaller RF gradient th&¥ 0.02 0.04 0.06 0.08 T(s)
echo e2 and is, therefore, due to the more remote compartmentig. 7. Nutation echoes as a function of (see Fig. 1). The sample was
The echo amplitude consistently indicates that the detecti@mwo-compartment container filled with PDMS 17,000. The inset shows
sensitivity is also reduced at this position. schematic representation of the sample arrangement. The PDMS compartme

The appearance of a free-induction decay signal in Figs (¢§awn in black) were 1.5 mm thick and had a spacing of 2.5 mm. Bhe
and 7 is due to an incomplete cancellation of the trans el'gﬁradient was generated by the shimming system. The two compartments le
: u : p I v t ecwo nutation echoes, el and e2, according to the different RF gradien

magnetiza:tion following the RF gra_dien.t pulse. Although thigcting at these positions. The signal trains were recorded for a width of the R
residual signal can clearly be distinguished from the propgiise ofr, = 600 and 120Qus, respectively.

|

7,=600us
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4. CONCLUSIONS 4. R. Kimmich, I. Ardelean, Y.-Y. Lin, S. Ahn, and W. S. Warren,
Multiple spin echo generation by gradients of the radio frequency
In this paper we have described the nutation echo formed by amplitude: Two-dimensional nutation spectroscopy and multiple
a combination of pulsed gradierls, andB,. As an applica rotary echoes, J. Chem. Phys. 111, 6501 (19_99)'
tion we suggest the TORCH method, which is an easy-to* L: Arde'ﬁa”' A. SChater”SC"e“ C‘;"_”dtR' '?'mm":g’_“’fvo‘p“'se nuta-
. : . . . ion echoes generated by gradients of the radio frequency am-
aP'JU_St t?Ch”'q“e fOI" Iocallzeq NMR provided that the spatial plitude and of the main magnetic field, J. Magn. Reson. 144, 45
distribution of the field gradients is known. In the case of (2o00).
S|mple hardware geqmetrles such ""‘S a surfacg CO!I placeq I ag, Deville, M. Bernier, and J. M. Delrieux, NMR multiple echoes
tomographyB, gradient system this information is readily  observed in solid *He, Phys. Rev. B 19, 5666 (1979).
available. We note also th&, of any RF coil geometry can 7. p. Einzel, G. Eska, Y. Hirayoshi, T. Kopp, and P. Wélfle, Multiple
be probed experimentally by mapping the matching conditions, spin echoes in a normal Fermi liquid, Phys. Rev. Lett. 53, 2312
Egs. [5] and [6], with a small test sample in a known constant (1984).
B, gradient. Geometries of the RF coil other than those of thi§. W. Durr, D. Hentschel, R. Ladebek, R. Oppelt, and A. Oppel,
study might provide stronger RF field gradients (see, e.g., Ref. ﬁbs”alc't\j Oft_the ioc'ftydf’f Mag’lit;‘; Rf;;’;ance in Medicine, 8th
(12)). Also, the combination with nonuniform gradients of the Rm;ua ITeF;nSA' Bms Ier am;ij; Sloer. Mutiole echoss i iauid
f . . . - . . R. Bowtell, R. M. Bowley, an . Glover, Multiple echoes in liquids
main magnetic field promises a be;tter spatial resolution. i in a high magnetic field, J. Magn. Reson. 88, 643 (1990).
should be noted that localized nutation echoes are expected toR Kimmich. “NMR Tomoaraphy. Diffusometry. Relaxometry.”
play a crucial role in applications such as the NMR MOUSE> & ’ graphy: i v

1 b hole NMR 14 Springer-Verlag, Berlin (1997).
( 3) or borenhole I‘ ) 11. M. Goldman, “Quantum Description of High-Resolution NMR in

Liquids,” Clarendon Press, Oxford (1988).
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