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A two-pulse NMR nutation spectroscopy scheme is suggested
that leads to a new type of spin echoes. The amplitude of the
radiofrequency (RF) pulses as well as the external magnetic field
are assumed to be subject to gradients G, and G,, respectively, in
the same but otherwise arbitrary direction. Multiple echoes are
predicted and observed at times k(G,/G,)r, and 7 ¥ k(G./Gy)7,
(k=1,2,3,...) after the second RF pulse, where =, represents the
radiofrequency pulse duration, and 7 is the spacing of the RF
pulses. Based on these echoes, a method for diffusion measure-
ments is proposed that simultaneously provides the spin-lattice
relaxation time and the self-diffusion coefficient. ~ © 2000 Academic Press

Key Words: nutation; radiofrequency amplitude gradients; de-
magnetizing field; multiple echoes; rotary echoes.

1. INTRODUCTION

Since the discovery of rotary echoes by Solombnthe use

of gradients of the radiofrequency (RF) amplitude has prove

to be of interest for self-diffusion and flow measuremeRt(
as well as for NMR imagingg 7). A review of the possibil-

ities and applicability of this technique can be found in Re

(8).

therefore considered irrelevant in this conte3). (The longi-
tudinal component was merely suggested to be read out wi
the aid of a “homogeneous” 90° pulse. This 90° pulse can &
generated either electronicallg)(by using a second RF coil
producing homogeneous RF fields or with the aid of an “adi
abatic” RF pulse §). The signal recorded in this way was
shown to be subject to diffusion and spin—lattice relaxation i
the 7 interval.

The first objective of this work is to propose a much simple
method providing the same information: Both RF pulses ar
subject to the same amplitude gradient. No homogeneous ¢
pulse is needed. The longitudinal magnetization compone
after the second RF pulse then influences the evolution of tl
transverse component only due to demagnetizing field effec

In the method to be described, a constant gradinuf the
main magnetic fieldB, is additionally employed in the same
dciJ'ection as the gradier®,; of the RF field amplitudd3,. As

consequence, the coherences underlying the transverse c
ponent are refocused and form spin echd€s-3. Note that
he gradient5, need not be pulsed. On the contrary, keeping |

tationary helps to dephase undesired coherences after the
RF pulse. Actually, gradients of the external magnetic field du

The methods for self-diffusion or flow measurements SUgs intentionally imperfect shimming may be sufficient for this

gested so far consist of two pulses of the RF amplitude gradi

pose.

with an evolution intervalr in between. The gradients of the As concerns RF, only a single coil is needed for transmittin

RF amplitude are assumed to be aligned alongtaxis of the
laboratory frame, so that spatially varying flip angtg) are

produced. The first pulse splits the equilibrium magnetizati
in longitudinal and transverse components both modula
along thex axis. Neglecting relaxation and diffusion processeg

as well as receiving purposes. In order to have a strong a
reasonably constant gradient of the RF amplitude, we ha

ﬁ%ﬁed a conic coil shape (see Fig. 1) as described under Exp

ental. Other coil geometrie$,8, 19 may be suitable as
ell.

during the pulses and assuming that the transverse magnetizag, ey objective of this work is to demonstrate theoreti

tion component is completely spoiled duringhe longitudinal

cally and experimentally thatultiple nonlinear echoesare

component is the only one that can provide information abob'énerated by a two-pulse RF gradient sequence in high enot

diffusion or spin—lattice relaxation.

magnetic fields. The origin of these echoes is coherence e\

The second pulise splits the longitudinal magnetization "Rition in the modulated demagnetizing field produced by th

maining at the end of the evolution interval again into trang,
verse and longitudinal components. The transverse compon&m
is modulated along the axis of the laboratory frame. No
signal arises on these grounds because the average trans
magnetization in the sample is zero. These coherences wele,

ngitudinal magnetization component after the second R
e. This experiment will be called “two-pulse nutation ex:

\Feriment“ leading to “two-pulse nutation echoes” in contrast ti

ﬁ&sesingle-pulse nutation variant treated in Ref3)( Both
s represent mixed rotating-frame/laboratory frame coh

L0n leave from the Department of Physics, Technical University, 340®NC€ evolution schemes, that is, coherences partly evolve uni
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rotating-frame conditions and partly in the form of free evo.
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owing to the evolution during the pulse. This in particulal

6mm means that a modulation of the magnetization along a directic

N with unit vectoru, arises. The spatial distribution of the-re
sulting demagnetizing field is then given bi5f

1
Bu(r) = mod| M,(s)u, — 3 M (S)], (1]
where
Sm 16mm
3(ugru,)2—1
A=—75— [2]

andp, is the magnetic field constant. Here the coordinate alor
the u; direction iss = r - u, and the unit vectou, is directed
along the magnetic field relevant for coherence evolution. |
the absence of RF irradiation, this field is given by the extern:
magnetic flux densityB, = B,u,. If the RF gradient is not
strong enough the sample shape effects have to be conside
FIG. 1. Geometry of the conic coil used for the production of gradients °rfl|1r|merically Q3)

the RF amplitude. This coil was used both as transmitter and as receiver co . .

The B, gradient underlying the RF pulses and the gradigptof the main A_‘S a consequence, any_ spaﬂal mOdUI"?mlon Qf the magn_e

magnetic field are assumed along thaxis of the laboratory frame. zation leads to small but finite demagnetizing fields superin
posed to the external magnetic field. As concernszticem-
ponent, such a modulation is already produced by the R

lution. A pure rotating-frame experiment leading to multipleexcitation pulses which are assumed to be subject to a suf

rotary echoes as counterparts to the conventional rotary eefently strongB, gradient. The length scale on which the point

(1) was described in Ref1g). symmetry of the magnetization distribution is broken by thi:
inhomogeneous excitation depends on the strength oBthe
2. THEORY gradient and the pulse width. Under realistic circumstances

_ ) it is again extremely long relative to molecular dimensions an
Let us consider an ensemble of uncoupled sgins 7 pically exceeds 1um, that is, the continuum limit is very

subject to the pulse sequence shown in Fig. 2. The te@afely fulfilled.
“uncoupled” is to be understood in the sense that there is NOgq, the treatment of the two-pulse nutation experiment rej
indirect (orJ) coupling and that short-distance intermoleculafasented by the pulse sequence in Fig. 2, we assume that the
dipolar coupling is averaged to zero by molecular motion. Thgyq amplitude is always and everywhere in the sample muc
criterion for the latter is determined by the root-mean-squarggqer than the demagnetizing field that arises as a conseque
displacement the spin-bearing particles reach in the courseo@fct]he z magnetization grid set up in the course of tBe

the evolution time. In liquids of low viscosity, this “motionalgragient pulses. Otherwise the field effective in the rotatin
averaging zone” has a diameter in the order of micrometers.

That is, the only couplings to be taken into account here refer
to a length scale far beyond any molecular dimension. Long-
distance dipolar coupling involves many particles by nature. %)
is usually taken into account in the continuum (or mean-field
limit that can be treated with the aid of tdemagnetizing field
at the sites of the dipoles to be consider&8-20. o x
The demagnetizing field depends on the spatial distributio
of the magnetizatiorM (r) and, as a consequence, also on the Y
shape of the samplel§). If the magnetization is distributed
homogeneously in all ellipsoidal sample, the demagnetizin
field is homogeneous as well and even exactly cancels at the
position of the probe nuclei if the sample shape is spherical. t
Provided that the RF gradient is strong enough, any Samplne—IG. 2. Sequence for the generation of two-pulse nutation echoes. Tt

shape effects can be neglected and we restrict ourselves toghie of the RF pulses is arbitrary. The only condition is that the direction
case in which the magnetization becomes spatially dependeatexternal gradier®, and of the RF gradientS, coincide.
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frame would locally deviate somewhat froBy due to off- where
resonance contributions.

The RF pulse amplitud8, is subject to a strong gradient
across the sample. The flip angle then becomes a function of @(x, t) = yGoxt [6]
the position along th®, gradient direction, i.e.q¢ = «(r). If
the gradient is strong enough, the RF pulse flips the local . - L
magnetization vectors in such a way that they are distributedrleﬂOresents the local phase shift arising from evolution in tr

different directions along thB, gradient axis. In case th#, gradlent_of t_he main magnetic field in at'm'.eTl andT, are
. . : .y . the longitudinal and transverse relaxation times, respectivel
gradient is spatially constant within the sample, which, for o
The second RF pulseqa[Xx, 71)]x, converts the density

simplicity, will be assumed in the following, the longitudinal as .
o : gperator into

well as the transverse magnetization components will be mod-
ulated periodically along thB, gradient direction.

_ In the pulse §che_me shown in Fig. 2 the rotating-frame phasea(x, 21, + 7)
direction is arbitrarily chosen to be TheB, andB, gradients
are both assumed along tleaxis of the laboratory frame. = 1,sin (X, 7)sina(x, e "™ + 1,
Based on the linear Taylor expansion term of the equilibrium
density operator, the spin states generated by the first excitation
pulse can be represented by the reduced density operator de-

prived from all constant terms and factors as

1
X |sina(x m)(1—e”"™) + 5 sin 2a(x, m)e m

1
—sin 2 . T , —(7IT2)
(%, ) = Lsia(x, 7] + Leoga(x, m)],  [3] * 5 8in 2a(x, mjcose(x, T

i + 1fcosa(x, 4)(1—e ™) + cofa(x, t,)e "™
wherel, andl, are components of the spin vector operator. As Ac0osa(x, 7,)( ) (X, )
the B, gradient is to be constant within the sample, we have — sinfa(x, 7)cos (X, T)e~™T, -

a(xv Tl) = 'YnG1X711 [4] . . . . .
The |, term in Eq. [7] represents longitudinal magnetizatior

whereG, = (9B,(x))/9x. and does not contribute to the signal. Moreover, demagnetizil

In the following two limiting situations of coherence evolufi€lds (see the following section) are negligible at this stage,
tion during ther interval are considered. First we treat the cad8@! this term can be discarded.
in which coherences are not spoiled during free evolution The evolution of spin coherences after the second pul
(T% > 1) and in which demagnetizing-field effects can pander Fhe influence of the external field gradie®,, and
neglected (case I). The latter condition means that the exterflpxation effects leads to
magnetic flux density is low enough. The second, opposite
approach takes the demagnetizing field into account and antic—a(x 27 4+ 14 1)
ipates that all coherences have disappeared at the end of the" ™ “'* 2
pulse interval due to transverse relaxation and magnetic field = [|,cose(x, t,) — l,sin @(X, t,)]
inhomogeneitiesT% < 1) (case Il).

X sin a(X, 7,)sin o(x, T)e” @Te=(/T2)

2.1. Case |

_ + [I,sin (X, tp) + 1,cose(X, t,)]
In the pulse intervak, the coherences represented by Eq. [3] ? g ?

(first term on the right-hand side) evolve in the presence of the ) oty 1 . oy
main magnetic field gradier®, and under the influence of X [sina(x 7)(1 — e ") + 5 sin 2a(x, m)e
relaxation effects. The latter can be accounted for a posteriori

in a phenomenological way as suggested in n the 1.

basispof the WeII—kgr]lown so%utions %gf] the convﬁ?ogal Bloch + 5sin2a(x,7;)cosp(x,7)e T e, [8]
equations. Both influences are independent of each other and

can be treated one after another. The reduced density operator

just before the second pulse is then (see RES))( The complex transverse magnetization corresponding to tt
reduced density operator readY

O'(X, Ty + ’T) = IZ[(l — e*(T/Tl)) + COSO((X, Tl)e,(T/Tl)]
+[1,cosp(X, 1) + I,sin (X, 7)] ML (% 1) = My(x, 1) + iM(x, D
X sina(x, e "™, [5] = 2M,Tr{o(X, 21, + 7+ ) (I, + ily)}.  [9]
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Carrying out the trace in Eq. [9] results in whereas the first two echoes, Eqgs. [11] and [12], appear ever
the gradieniG, is applied only after the second pulse.

M, (X, t) = iMge e t2)[sin a(x, 7)(1 — e~ 7/M) 2.2. Case ll

1 Let us now turn to the limiff% < 7, that is, the transverse
X @~ (T2 4 5 sin 2a(X, 7,)e Mg~ components at the end of thenterval are completely spoiled
and cannot be refocused. Therefore they need not be cons

— i sina(x, m)sin ¢(x, 7)e (T ered any longer. The only spin operator term relevant for tt
. formation of echoes is identical with the first term in Eq. [5]
! sin 2a(X, 7,)c0S@(X, T)e (TH2/T and is converted by the second RF pulse into
2 1 1 .

[10] 0'(2’7'1 + ’T) = |Z[COSO[(X, 7-1)(1 _ e—(T/Tl))

The signals to be expected are proportional to the transverse + coa(x, T)e ] + |y[ sina(x, ;)
magnetization averaged over all positionwithin the sample.

This average will be zero unless the terms in Eqg. [10] are o 1 o

independent of position. X(1—e ') + 5 Sin 2a(x, 7)€@ (T 1>]
For the first term in Eq. [10] this condition is met for=

t, + 7, =t + (GJ/Gy) 7Ty, that is, an echo is expected with [15]

the amplitude
Both terms are modulated along tklirection. The transverse

M, component evolves from now on in the presence of the dema
A(r,) = > (1 — e M)g~(mT2), [11] netizing field created by the longitudinal component.
The longitudinal component itself is not changed by fre:
evolution and does not contribute to the signal. The corre
The origin of this echo is the unmodulated¢omponent in Eq. sponding operator term can therefore be dropped. The effect
[5] originating from longitudinal relaxation during the evolu+he demagnetizing field originating from it must, however, be

tion interval. _ . taken into account. The demagnetizing field can be obtaine
The average of the second term on the right-hand side of gm Eq. [1] as

[10] vanishes unless = t; + 27, = t;, + 2(G,/Gy)T,.

Correspondingly, an echo appears with the amplitude By = toAMoCosa(x, m)(1 — e ™)

My Mo —(7/Ty)
A(27,) = 0 g (Mg~ (2rT2) [12] + woA — COs (X, m)e , [16]

This echo can be traced back to the modulatedmponent With A = 3in this case. It originates from the two contributions tc
term in Eq. [5]. Note that this signal will be sensitive tghe longitudinal magnetization, the modulated one and the u
diffusion effects during the interval. modulated one. In the above equation we have us€d cegcos
The third term in Eq. [10] leads to echoes with maxima & + 1)/2, and we have neglected the contribution to the dema
t=t,+ 7% 1=t + 7T (GJ/G,)7,. The amplitudes are Netizing field coming from the unmodulated part. This unmodt
lated contribution merely affects the precession frequency and
M not responsible for the generation of multiple echoes.
Al ¥ 1) =+ TO e (2rFm)/T2) [13] As shown above, multiple echoes are predicted in interva
7, = (G./G,)T,. For a suitable rati®G,/G, these intervals can
be adjusted to be short enough to justify the neglect of long
Finally, the fourth term causes echoed at t, + 7 & 27, = tydinal relaxation in these intervals for simplicity. That s,
ty + 7+ 2(G./Go) T, with the amplitudes < T,. The transverse component evolves under the influen:
of an external gradienG,, and the demagnetizing field given
Ar 5 27 = i % o (@2 [14] in Eq. [16] according to
o(X, 21+ 7+ ty)
These echoes are due to the uncanceled transverse component _
in Eq. [5]. For the generation of the latter two types of echges, = Lyeose(x o) + galx ) + ear(X. )
a gradientG, during the evolution interval is required, + 1sin(e(X, 1) + @ai(X, t) + @aa(X, t2))]
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1 e’i((P*‘PlerGDdZ:a)
X [sina(x, ;) (1 — e M) + > sin 2a(x, 7,)e” "™

+o

X e, [47] =+ D ()T (£ I e O S

The local phase shifts due to the two contributions to the [24]

demagnetizing field (see Eq. [16]) are

e Heteatednt2a)

+o0

ar(X, 1) = YoAMoty(1 — e~ ™)cos a(x, 7) =E 2 () T e amea(£) In( )OO,
k,m=—o

= &u(tr)cosa(x, ) (18] [25]

P X, 1) = YA % t,e~"Mcos 2u(x, ) Equation [20] thus takes the more convenient form,
= &,(ty)cos (X, 7). 191  M.(x, 1) (26]

= k—2m
®(X, t5) is given by Eqg. [6]. =M, > (_i)k_m_l{(g(t)) Ji—om(&4(t2))
The complex magnetization can now be computed as km=—c 12

X ‘]m(§2(t2))(1 — ef(T/Tl))e*(tz/Tz)

M .
M0 B = 5" (1 e M)e e + 4 Do aE(ta) + I amealEa(t)]

X [e —i(@(x,t2) + a1 X,t2) + @az2( X,t2) — (X, 71))

—(7IT1) @ — (12 T2) iyx(KG171— Got2)
@ ie0ut Fem(x12 +gualx12) a7 X Jn(&a(tr)) e e }e T [26]

M
+ 70 e (Mg (T2 Equation [26] becomes independent of the position if

X [e —i(@(X,t2) + @ar( X,t2) + pd2( X,t2) —2a(X,71))

_ e*i(w(X,tz)Jr(pm( X,t2) + @da( X,t2)+204(><,‘r1)):| [20] t, = k 6 Ty [27]
: 0

Because the signal represents an average ovespaisitions in - With k = 1, 2, 3, ..., that is, multiple echoes appear. Th
the sample, and in order to analyze the appearance of é®plitude can be computed by employing the approximatio
echoes, Eq. [20] can be rewritten using the Bessel functif® Bessel functions22)

expansion 15, 22,

_ 178" 5
. W& =rl5] [28]
gifcos — 2 i”Jn(g)ei”“, [21]
n=—c which applies to times complying to the conditig{t,) < 1
(i=1,2).
Based on Eq. [26], the amplitude of the echo appearing at ti

and the properties of Bessel functiods(&), of integer order, timet, = 7, = (G,/Go)r, (k = 1) after the second pulse

becomes
d
‘Jnfl(g) - ‘Jn+1(§) =2 dig Jn(g)v [22] M
A(r,) = 70 (1 — e "M)e T2 4 (higher order terms
J_o(8&) = (=1)"J.(9). [23]

(29]

With these transformations, the exponential terms in Eq. [20he echo att, = 27, = 2(G,/Gy)7, (k = 2) has the
can be expressed as amplitude
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el

M
A(27,) = fe*“”ﬂe*@v”ﬂ + (higher order terms [30] 3 o

times 8
€2

Here we have restricted ourselves zero orderterms. The
higher orderterms representing contributions to the amplitude
of these echoes due to the demagnetizing field have bee
neglected. These higher order contributions are expected t
produce echoes & = 31, (k = 3) andt, = 471, (k = 4).
The echo at, = 37, has the amplitude

3
A(372) = —j g 'YMOM 3,7.2(1 — e’(T/Tl))e*(T/Tl)e’BTZ/TZ)

- T T —

r T T T T
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

+ (higher order terms [31] 1,(s)
Thi h t ixed tributi f both FIG. 3. Echo trains in PDMS 17,000 at 293 K acquired with the aid of the
IS €Cho represents mixed contrioutions from 0o uBDIse sequence given in Fig. 2 fer = 600 us and an interpulse duratian=

modulated and modulated longitudinal terms in Eq. [S]. Ng5g ms. A total number of 100 transients was accumulated with a repetitic
zero order terms exist at this time, and only fiirst order time of 8 s. The echoes appearing-at= 19 ms €1), 2r, = 38 ms €2), 3r, =

terms were retained. The echo appearint,at 47, (k = 4) 57 ms €3), and 4, = 76 ms 4) are explained in the text.
has the amplitude

G,, was adjusted such that theintervals were long enough to

1
A4, = —i g YioM ir,e(@rTg = (@ndT2) avoid nutation multiple echo overlap while ensuring detect
able signal intensities. Note that the amplitude of the nor
+ (higher order terms [32] linear echoes is proportional te, according to Egs. [31]
and [32].

where only the first order terms have been retained again.  Figure 3 shows typical echo trains following the second RI
Analyzing the above expressions we conclude that a confidlse. The pulse width was = 600 us and the pulse spacing
tion for the observation of higher order echoes is an equiliB-= 750 ms. In total, 100 transients were accumulated with
rium magnetization large enough and/or an intervalong repetition time of 10 s. Linear echoes appear at titnest; +
enough. The position of these echoes can be chosen by varyiag- t: + 19 ms €1) andt = t; + 27, = t; + 38 ms €2).
the ratioG,/G,. Nonlinear echoes (magnified in the figure) are formed at
t; + 31, =t, + 57 ms €3) andt = t;, + 47, = t, + 76
3. EXPERIMENTAL ms (e4) in agreement with the theoretical predictions. Note
that, under the present experimental conditions, coherenc
The experiments were carried out at 293 K using a Brukeompletely relax during the evolution interval
DPX400 NMR spectrometer. The equilibrium magnetization at If the coherences are not completely spoiled during th
B, =~ 9.4 T is high enough to permit the detection of nonlineavolution intervalr, further echo groups appear as shown ir
echoes 15, 17-19. The gradient of the radiofrequency ampliFig. 4 in addition to those shown in Fig. 3. The second grou
tude was produced with a four-turn conic coil tuned to 408 of a linear character and is predicted in our theoretic:
MHz. It was used both as transmitter and as receiver coil. THescription to show up d@t=t, + 7 = 7, (11, r1) andt =
dimensions are given in Fig. 1. t, + 7 ¥ 27, (12,r2). The echo amplitudes are given by Eqgs
In order to avoid perceptible diffusion effects, a poly(dif13] and [14].
methyl siloxane) (PDMS) sample with a weight average mo- In addition, a number of small echoes were observed=at
lecular weight oM,, = 17,000 and relaxationtimdg = 1.52 t, + 7 ¥ 37, (13, r3) andt = t; + 7 = 47, (14, r4),
s, T, = 318 ms, was chosen at a test substance. The samglgpectively. Presumably these are of a nonlinear nature ag
tube diameter was 4 mm with a filling height of 3 mm. Thalthough they were not considered in the theoretical sectic
sample was placed in the RF coil as shown in Fig. 1. above. However, they could be computed numerically with th
The pulse sequence is shown in Figr2represents the RF simulation method suggested in Re23).
gradient pulse duration andhe interpulse interval. A constant The echo at = t; + 7 (O) is a conventional Hahn echo
gradient G, ~ 10 mT/m of the main magnetic field wasproduced by the twae(x) pulses provided that the flip angle
applied during the whole pulse sequence by intentionally imvbeys a relation of the fornx(x) = «, + yGx1, where,
perfect shimming. The gradient of the RF amplitude wdsecause the amplitud®, is not zero at the edge of the caoill,
estimated to b&, ~ 320 mT/m, which justifies the neglect ofa, # 0. This of course is also a matter of how the sample i
sample shape effects. The gradient of the main magnetic fiaidpunted relative to the RF coil.
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W times 8

t,(s)

FIG. 4. Echo trains in PDMS 17,000 at 293 K following the pulse sequence shown in Fig2 0600 us and an interpulse duratiarn= 200 us. A total
number of 30 transients was accumulated with a repetition time of 8 s. The first group of ethoes4 is the same as that described in Fig. 2. The secon
group of echoe$l4, .. .r4) centered at = t, + 7 = 200 ms (O) has its origin in the unaveraged transverse component. The third (centgred2at) and
the fourth (centered dt + 37) groups represent demagnetizing field effects. The echoes are explained in the text.

The third and the fourth (magnified in the figure) group of(el .. .e4). The curves fitted to the data on the basis of EQ:
echoes represent refocused coherences that can be traced [283k[32] are also indicated (solid line). The fits to the intensit
to the second group. They originate from the evolution of thef the first echo using Eq. [29] provides a value for the
unaveraged coherences under influence of the demagnetizomgitudinal relaxation timeT, = 1.52 s, inagreement with
field on the same basis as discussed in Réfs, 17). the value separately measured with the aid of the stimulat

Figure 5 represents the intensities of the echoes belongingtho pulse sequence.
the first group as a function of the interpulse interval, This T, value given, the intensities of all other echoeg,(

e3, ed4) can be fitted with only one free parameter. The
discrepancy between the theory and experimental data for t

T T T & ] nonlinear echoeseB, e4) can be explained by an overlap
E W ] effect with the linear echo appearingtat t, + 27, as can be
] o ¢ o o o o o { seen from Fig. 4. The echoes are represented to scale.
ARG e S I The dependence of the intensity of the second group
m el echoes on the interpulse duration is shown in Fig. 6. The ecl
5 0 3 o €2 3 decay allows an estimation of the relaxation tim&gf= 318
3; A e3 ms in agreement with the value measured using an ordina
-‘é x e Hahn spin echo pulse sequence.
2 A A 4L AL
c e A A A Ao A
0.01 4 4. CONCLUSIONS
w In the present work we have shown that multiple nutatio
echoes are generated by a sequence ofBwgradient pulses

T T T T T T T N T T T T T

400 500 600 700 800 800 1000 in the presence of a wedl, gradient provided that the gradient
(ms) directions are the same. No homogeneous 90° reading pulse
, ) _ _needed, so that this experiment can readily be carried out wi
FIG. 5. Intensity of the nutation echoes in PDMS 17,000 at 293 Kappearlrz%d. inst ts. Th in field dient in th t ¢
att=t, + 7 (1)t = t, + 27, (€2),t = 1, + 3r, (€3), andt = t, + 4r, (e4) as inary instruments. The main field gradient in the streng

a function of the evolution interval The solid lines were fitted to the data with N€eded can easily be produced by imperfect shimming.
the aid of Egs. [29]-[32]. The echo intensities are plotted to scale. The gradient of the RF amplitude was produced with the ai
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