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It is well known that dipolar field effects lead to multiple spin Here we provide a simple experimental demonstration th:
echoes in a simple two-RF pulse experiment (the MSE experi-  such higher order terms must exist in the equilibrium densit
ment). We show here that coherence transfer echoes (which iden-  matrix. We further make clear the relationship between thes
tify the existence of multiple quantum coherences in liquid NMR) {6 the existence of multiple quantum coherences as ide
and multiple spin echoes have a common origin. Using density e i coherence transfer echoes (the CRAZED experimen
matrix theory we have calculated the phase and timing of multiple and the multiple echoes which occur in the time domai

spin echoes from all quadrature phase combinations of RF pulses. followi imol | . . i 90° RF
We show for the MSE experiment that there is a one-to-one ollowing a simple two-pulse experiment involving

correspondence between the time domain echo order and the PUIS€S. In particular we show here that there is a one-to-o
multiple quantum coherence order. The experimental confirma- correspondence between the time domain echo order and |
tion of these phase predictions shows that multiple spin echoes ~Mmultiple quantum coherence order.
provide independent evidence for the breakdown of the high We recognize that most of the ideas contained in this no
temperature approximation as proposed by Warren et al. (Science  are inherent in the work of Warren and co-authors. Howeve
262, 2005 (1993)).  © 1999 Academic Press the particular experimental results which we describe here ha
not, to our knowledge, been reported previously. Furthermol
we believe that our results have pedagogic value. First, the
INTRODUCTION provide independent evidence for the equilibrium density me
trix description of Warreret al. Second, they help elucidate the
It is well known that in samples with large magnetizatiorpe|ationship between the multiple echo experiment4) and
density, the dipolar field causes nonlinearities in the BloGhe cRAZED experiments). Third, they provide a practical

equations and hence complex time evolution of spin magn&fsmonstration of how these various coherences can be man
zation, in particular the appearance of multiple echoes folloyigteq.

ing a simple two-RF pulse spin-echo sequericed. In 1993

Warren and co-workers demonstrated that these nonlinear ef-

fects and their description had much in common with multiple THEORY OF THE MULTIPLE SPIN ECHO (MSE)
guantum coherence phenomena found in high-resolution NMR AND CRAZED EXPERIMENTS

experiments in which bilinear terms in the spin Hamiltonian

provide the means to explore different coherence pathways. IrFigure 1a shows a simple two-RF pulse experiment in whic
particular Warren simplified the description of these complake spins are immersed in a steady magnetic field gradient. Tt
phenomena by demonstrating that they may be understoodexperiment has been shown to generate multiple echoes, p
considering the evolution of the spin density matrix in theided that the equilibrium spin magnetization is sufficiently
dipolar field 6, 6). A key ingredient of the physics is thelarge. In particular these effects are seeritie NMR exper-
existence of high-order terms in the equilibrium density matriiments performed at low temperaturels 2), or in ‘"H NMR
The breakdown of the usual high temperature approximatiexperiments in water placed in a high-field superconductin
(HTA) is central to Warren’s description. The assertion ahagnet 8, 4). Figure 1b shows the CRAZED experiment (cor-
HTA breakdown is controversial and there exists some unceelated spectroscopy sequence revamped with asymmetric
tainty as to whether the effects of classical nonlinearities agdadient_echo_detection) of Warrest al. (5) in which the
such quantum order phenomena really are one and the sabaekground gradients are minimized (in order to perform higt
Recently Jeenest al. (7), Levitt (8), and Warreret al. (9) have resolution NMR spectroscopy) but a pair of gradient pulses a
published important theoretical arguments showing that indeapgplied in order to select desired spin coherences. This exp
they are. iment is performed in two dimensions, being the evolution
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a) 90¢, 909, whereD;; is the dipolar coupling between spinandj andw;

B | is the resonant frequency of thid spin. Equation [2] does not
include all secular terms from the dipolar interaction Hamilto
nian @0); however, we are concerned with the formation o
multiple echoes and these are due to lthig; terms. In solids
the sum of dipolar coupling terms for thth spin is generally
10* smaller than the Zeeman term and in liquids some furthe
10" lower due to motional averaging. Thus dipolar interaction:
can be ignored as far as the composition of the equilibriur
b) 900, 90, density matrix is concerned. Normally, it is sufficient to use ¢
single spin picture when calculating the equilibrium magneti

B zation, so that for nuclear spins in the presence of a Zeem
2! 2 Hamiltonian# =—%w;l,, the HTA (Bhw; < 1) gives, for
G, J [_—l the single spiry-density matrix,
= e -
T nT g~ 3(1+ Bhoil,), [3]

FIG. 1. (a) The MSE experimentp, and ¢, denote the phase of the RF
pulses.G is a steady background gradient in thelirection unless otherwise wherel is the identity matrix. We have used the expansion fo

stated. The MSE signals occur &t = t;, 2t;, 3t, --- (b) The nth-order the Brillouin function tanhﬁﬁwi) ~ Bhw. For theN spin
CRAZED experimentT is the period of the first gradient pulse,= 1, 2 . .
3.... The CRAZED signal occurs f — nt,. system the density matrix becomes

Peq = O1eq ® O 2¢q ® O3eq” " " ® O Neq
dimension, and, the acquisition dimension. Coherence selec-
tion relies on relative Larmor precession. For example, when = 27 "IL(1 + Bhoil,), (4]
the area under the second gradient pulse is twice that under the
first (n = 2 in Fig. 1b), the subsequent signal (and henaghich involves N one-spin operators of the form3ziw,l,
transverse magnetization) with Larmor frequeneyn thet, (o, = w, = yB,), N%/2 two-spin operators@fiw,)’l ,l ,;, and
domain must have originated from coherences whose Larntogher order spin operators in succession. The increasing mi
frequencies were a2 during t;. The fact that the CRAZED tiplicity of higher order terms by successive powers Nf
experiment indicates the existence of double-quantum cohereans that higher order termsg, cannot be ignored without
ence duringt; provides powerful evidence that second-orddurther justification. In conventional NMR experiments the
terms must exist in the spin density matrix even before thstification for retaining only first-order terms is as follows.
application of the first RF pulse. Consider a two-spin component pf,, |,l,, which is con-

A complete treatment of the density matrix description of theerted tol ;1 ; by a 90° RF pulse (taken to be of the forml ).
CRAZED experiment has been given by Warrenal. (6). All subsequent Zeeman interactions produce density matr
Here we reproduce the essential details, showing in addititerms which remain bilinear and so, cannot result in the NMI
how it predicts the character of various echo orders of the M®Bservablesl, or I,. Only the first-order terms of the equilib-
experiment (Fig. 1a), including the timing and phase of eaclum density matrixBfw,l ,;, lead to observable signal. When
echo. This theoretical development will be important later ithe effects of the dipolar field are considered the situation |
our discussion where we develop and demonstrate a phasmewhat altered.
cycle which can be used to select echo orders at will. In theTwo important points are made by Warret al. First,
energy representation the thermal equilibrium density matrilespiterw, being small (on the order of 10 for protons in

may be written 10 T), the large value dfl ensures that the higher order terms
do not vanish irp.,, Whether they become directly observable

exp(—BJ) or not. Second, in order to become observable, there must ex

Peq = m, [1] in the spin Hamiltonian terms bilinear in the spin operator:

(i.e., of the forml, ) over all density matrix pairg, j which
are to be refocused. Clearly a local scalar interaction cann
meet this second criterion. By contrast the dipolar field Hanr
iltonian which arises from an integral of all pairwise dipolar
interactions between distant spins can suffice. In particuls
N N Warren notes that while molecular self-diffusion in liquids
¥ =2 hol,+ > 4Dyl [2] causes dipolar interactions to be averaged to zero for spins
i i nearby molecules, beyond the diffusion length correspondir

whereB = 1/kgT. In the case of alN-spin system of coupled
spin particles,¥ is a 2' x 2" matrix and is given by
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to the characteristic NMR timescale.{, ~ 10 um), such tionof w; + w; andw; — w;. Now we may understand the role
averaging does not apply and the volume integral’df over of the applied magnetic field gradient which causes spargl
the r ° dependence of the dipolar interaction ensures a logaat different locations to have different Larmor frequencies.
rithmic contribution whose magnitude depends on the ratio ofIn the presence of a background gradient= +y(B, +
the sample dimension to the diffusion length. Of course, in@s;), wheres; is a distance coordinate along the gradien
spherical sample the angular dependence of the dipolar intgéirection. Signal from transverse magnetization terms in Ex
action ensures that the dipolar field vanishes. However, if tpeession [7] which are modulated by sinusoidal functions ¢
spherical symmetry is broken, for example, by application ofabsolute position (sif§; + w;)t or cos; + w;)t), or odd
magnetic field gradient, then the effects of the dipolar field functions of relative position (sie{ — w;)t), will be averaged
will be felt by the spins and the conversion of higher orddo zero §). Signal from terms modulated by even functions of
coherences into observable magnetization becomes possibielative position, (cos¢;, — w;)t), will not average to zero
Consider the two 90° RF pulse sequence shown in Fig. knce all such terms are multiplied iy;. D; contains the
The gradient and dipolar interaction play no role in making factorr;° (r; is the interspin vector) which gives the sinusoids
signal observable frorp terms linear inl,. This signal is the a decay envelope. This ensures that even functions of relati
primary echo in an MSE experiment which occurg.at t,. position have a nonzero integral over the sample space.
We shall begin by considering the evolution of an element of The cosfp; — w;)t term only occurs with nonoscillatory
the second-order., term, (Bfw,)’l 1 ;. Ignoring the effects of factors whent, = 2t,. Consider the specific term in Expres-
spin—spin relaxation, it is a straightforward exercidd)(to sion [7] associated with theth spin and modulated by
show that it is first converted via the 9@ulse to a term of cos(w; — w;)t whent, = 2t,.
orderlly;, then via the Zeeman and dipolar interactions to

N
p(t;-) = cos’(Dty)[ 1l cod wit;)cog wity) 1> + IcodyGty(s, — s)) Dyt [8]
+ Ll ysin(oty)cod wity) + 1,l,codwity) =
X sin(wjty) + Ll gsin(wity) sin(wt;)] Now, ignoring positive constants that scale the signal streng
+ sin(Dyty)[- - 1. 5] fr_om I, and _assuming all spins in the bulk_are equivale_nt, th
sign of the signal from the = 2 pathway will be determined
The second 90RF pulse then converis(t, ) to by

p(ty) = COSZ(Dijtl)[lzilzjcos(witl)COS(wjtl) R
cogyGr - §
+ IinZjSin(witl)COS(wjtl) + IziIXjCOS(witl) volume

X sin(wjty) + lgsin(wity)sin(w;t,) ]

3 cosh— 1
) (Corf?,) rzsin26d6dd>dr. [9]

T Dty - ] (6] The summation .over frpm Expression [8] is treated as a
it : sample volume integration (from,,, to the sample bound-
) ) o . aries). The center of the coordinate system is taken ands
Completing the calculation of the evolution in thedomain  is the gradient direction. Note that the spatial dependence
leads to over a hundred different density matrix terms, eag?j has been introduced in Expression [9]. Using the resu

with a different temporal modulation. However, only some Gf,m (1) for the solid angle integration, Expression [9] reduce:
these many terms will generate observable coherences of the

form 1, andl,. We easily pick these terms since only terms of

the form [l 41, -] or I,[l,l, - -] evolve into transverse

magnetization under the dipole Hamiltoniag).(In particular, a2

the transverse magnetizationtatirom then = 2 pathway is ((36-2) D) | FOyGun. [10]

r

The functionF contains allr dependence. The integral Bfis
negative so the phase of the signal depends on the sign
—[(3(5+ 2)* — 1]. Taking the gradient as being parallel to the

+ |Sin(wit)cog wity) sin(wit,) ]. [71 polarizing field we find that the phase of the signal will-b&.
With the gradient perpendicular to the field the phase of th

Terms that have more than one $x)(~D;t) factor are signal is+x and the amplitude is halved. The integralfois
neglected here due to the weak dipolar interaction strength, igreatest wheryGt,r ranges between 2 and 4 in a large fractior
D;t,;, Dyt, < 1. Using the standard trigonometric identitie®f the sample §), that is, the gradient imparts to the spins &
one can factorize Expression [7] into terms which are a funbelical phase-twist with wavelength smaller than sample d

>, sin(D;t,) cos(Dyty)[ —Iysin(wity) sin(wjt;) cog wit,)

j=1

Ve
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TABLE 1
Coherence Pathways for MSE Experiment with ¢, = X, ¢, = x
nth-Order term t, domain t, domain
from peq (term att = 0) — (term att = t,_) (term att = t,.) — (terms att = t; + t,)
+(Bhwo)l 4 —ly — +lgsin(wit,) +1sin(wit,) — +lsin(wit;)cosit,)
+lysin(wity)sin(wit,)
+(Bliwo)?l 4l 4 +lyly — —llysin(wit;)cos;t,) —ll,sin(wit)cos;t,) — —lysin(wit;)cos;t;)cos;t,)Dit,
+1sin(wit;)cos;t,)sin(wit,)Dt,
-s-(Bﬁwo)3lziIZjlZk —lyilyl — +1,lyl pSin(wit;)cos;t;)cosit,) +1yl 5l usin(wit;)cos;t,) — —lysin(w;t,)cos;t;)coS(ty)
X cosyty) X coSito) D Dy(tz)’
—lyisin(wit;)cos(;t;)cos(wty)
X sin(wit,)DyDi(tz)?
+(Bliwo) il il ad 2 il 5l 2 — —llylylysin(oit;)cost;)coswyty) =Ll d asin(wit,)cosit,) — +lysin(wit;)cos;t;)coswt,)
X cos(t,) X COS(wyt;)coS(t;) X Coswt;)coswit,)DyDyD; (t,)°

—Ixsin(wit;)cos;t;)cosit,)
X COS@Itl)Sin(witZ)DuD\kDil(tZ)s

mensions but larger than,,. In such cases (with a strong

N N N N
polarizing field) the signal from a water sampld at 2t; will DD —1,codw — o+ o
be a sizable fraction of the primary ech).( i=1j=1 k=1 I=1
We extend the preceding arguments to the third- and fourth-
order pathways. The coherence pathways whers X, ¢, = — ot o — @) DDy Dy, (14]

x are shown in Table 1. Signal timing and phase calculations

remain remarkably simple far > 2 because of spatial aver-The term associated with a specifth spin reduces to
aging. Forn = 3 terms att, = 3t, we have the observable
(dropping positive constants)

_|xi{E cogw; — ;) Dij}{E cogw; — wy) Dy}

N N N
= =
E E E — lyicodw; — w; + w; — w) DDy [11] o '
i=1j=1 k=1 N
X {2 codw; — w) Dy} [15]
This is the only transverse magnetization from the= 3 =1
pathway which is modulated by an even function of relative
position. By using a standard identity so that the signal phase Bt = 4t, depends on the sign of
[—((3G - 2> — 1)]°. Therefore the phase i$x when the
codw; — wj + 0 — wy) gradient is parallel to the polarizing field.

A summary of these results is found in Table 2a. A simila
table of coherence pathways can be constructedpfor X,
+ sin(w; — w))sin(w; — wy) ], [12] ¢, = y. The summation of signals is carried out in the sam
way. The phase predictions for successive echoes for the 9
and noting that signal from sine modulated terms averages%@, experiment are summarized in Table 2b.

zero, the observable term associated with a spetifispin can ~ Several important points about the MSE experiment ar
be written apparent from the density matrix calculations:

= %[COS(wi — wj)COE(wi — )

(i) Changings - z from 1 to O changes the sign of even

N N echoes by 180°.
—1,N{>, codw; — @) DjH{D, codw; — w) Dyt. [13] (i) Changing ¢, from x to —x introduces a sign change in
=1 k=1 odd order pathways; as a result the sign of odd echoes
changed by 180°. Therefore, in contrast to conventional expe

The phase of the signal is now determined by([B(5- 2)> — tation based on an initial thermal equilibrium state of sirigle
1)]” which is always positive. The phase of the echt,at 3t, polarization, signal will be seen when the results of a 90,
is —y regardless of the gradient direction. experiment are added to that of a Q®0, experiment.

As a final example we consider the observable omthe 4 (i) Modulation terms for annth-order pathway can only
pathway att, = 4t,, become a function of relative positiontat= nt, and therefore
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TABLE 2 a) n=1
Summary of Phase Predictions
(@) ¢ = *X, ¢ = X
(90, 90, (90, 90) (90, 90, (90, 90)

n §-2=1 §:2=1 §-2=0 §-2=0 b)n=2
1 +y -y +y -y
2 —X —X +X +X
3 -y +y -y +y
4 +X +X —X —X x10

(b) b = *x, b, = y onz3

(90,, 90) (90, 90) (90, 90) (90, 90,) \
n §-2=1 §-2=1 5-2=0 §-2=0
x75
1 -y +y -y +y
2 +y +y -y -y dn=4
3 -y +y -y +y
4 +y +y -y -y %
_ _ _ _ _ X750
the time domain order of multiple echoes is the same as the
0 20 40 60 80

quantum coherence order that causes the echo.

(iv) The observable higher order echo signals arise entirely
from the action of the dipolar field following the second 90° FIG. 3. Time domain signals fromth-order CRAZED experiment (Fig.
pulse. During the interval between the two 90° pulses the rdle). ¢. = x, . = x, t; = 20 ms,T = 2 ms. The thick line is the real channel
of the dipolar interaction is to generate terms in the dens tg, and the_thin line is the imaginary channel data. Magnification relative 1
matrix which remain unobservable over all subsequent evof@ 'S Shown in (b) through (d).
tion. Hence no importance need be attached to the precise
temporal positioning of the gradient pulses used for coherence
transfer selection in the CRAZED experiment, Fig. 1b.
~ (v) The MSE experiment can be thought of as a superposi-n order to demonstrate their equivalence, we have pe
tion of CRAZED experlme_ntsr( =1,23.. - in Fig. 1_b)- formed both CRAZED and MSE experiments on a cylindrica
When one compares gradient area inthdomain to gradient sample of 5000 Da polydimethylsiloxane (PDM3)7aT (300
area in the, domain for a MSE experiment one finds that a 1:{14, 'H NMR frequency). A 10-mm-diameter NMR tube was
ratio exists at, = t, (cf., Fig. 1b,n = 1), 1:2 ratio exists at ;ged with a length of sample greater than that of the RF coil (1

to = 2t, (cf,, Fig. 1b,n = 2) and so forth. Hence theth-order ) 5o as to avoid susceptibility effects near the air/polyme
MSE echo is equivalent to the signal from théhn CRAZED

1 (ms)

EXPERIMENTAL

experiment.
TABLE 3
(a) Phase Cycle Selection of= 1 Echo
-
N/\f x 40
N +X —X +X —X
O
o +Xx +Xx +y +y
Acquisition phase +Xx —X —X +Xx
=1 n= n=3 n=4
(b) Phase Cycle Selection of= 2 Echo
A\
Af‘ VT YW b +y -y +x —X
) ¢, +y +y +y +y
E Acquisition phase +X +X —X —X
0 20 40 60 80 (c) Phase Cycle Selection af= 3 Echo
t (ms)
) L . ) ¢, +X —X —-X +X
FIG. 2. Time domain signals from the MSE experiment (Fig. #a)= X,
B B - y h line is the i . h | &z +X +X +y +y
¢, = X, t; = 20 ms,G = 0.4 G/cm. The upper line is the imaginary channel, an cquisition phase +x —x —x +x

the lower line is the real channel. Data within the box are magnified 40 times.




a)

b)

)

FIG. 4. Time domain signals from the MSE experiment (Fig. 1a) usin
phase cycling to select successive echo orders. The upper lines are
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20

40

60 80
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Finally we note that when the angle betwesandz is set to
the magic angle, the symmetry-breaking effects of the mag
netic field gradient are minimized. All remaining dipolar field
effects must arise from the sample shape alone. As has be
observed previously4j, we also find that the use of a magic-
angle gradient results in a significant reduction of the ampli
tude of the higher order echoes in the MSE experiment.

DISCUSSION

The phase cycle selection of = 1 echoes which has been
demonstrated here may prove useful as a technique for suppre
ing solvent artifacts in COSY spectroscopy experiments. It me
also be used to suppress artifacts in imaging experiments whe
background gradients and gradient pulses are used.

The different signal phases of 9@0, and 9Q 90, MSE
experiments have been known for some timg bowever, it
has not been previously noted that these phases differences
incompatible with the HTA. By using density matrix theory we
have been able to calculate the phase and timing of MS
echoes from all possible quadrature phase combinatiogs of
and ¢,. As a result we have been able to devise phase cycl
which select each of the orders= 1 ton = 4. We emphasise
?[p]%t such phase cycling would not be possible if the initial stat

imaginary channel, and the lower lines are the real channel. The phase cy8kdhe denSity_matriX Compriseq only _”near terms of the form
select (a) the first-order echo, (b) the second-order echo, (c) the third-ortigr The experimental confirmation (Figs. 4a to 4c) of theoret

echo. Phase cycles are shown in Tables 3a to 3c, respectively. Magnificajigg)| phase predictions provides a convincing demonstratic
relative to the first-order echo is shown in (b) and (c).

that the higher order coherences in the CRAZED and MS
experiments must arise directly from corresponding highe

interface. The choice of the PDMS sample ensures a higffl€r!. spin operator products ipe
proton density, comparable with that of water, but a small

cutoff length ¢.,,) since the diffusion coefficient of these
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