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It is well known that dipolar field effects lead to multiple spin Here we provide a simple experimental demonstration
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choes in a simple two-RF pulse experiment (the MSE experi-
ent). We show here that coherence transfer echoes (which iden-

ify the existence of multiple quantum coherences in liquid NMR)
nd multiple spin echoes have a common origin. Using density
atrix theory we have calculated the phase and timing of multiple

pin echoes from all quadrature phase combinations of RF pulses.
e show for the MSE experiment that there is a one-to-one

orrespondence between the time domain echo order and the
ultiple quantum coherence order. The experimental confirma-

ion of these phase predictions shows that multiple spin echoes
rovide independent evidence for the breakdown of the high
emperature approximation as proposed by Warren et al. (Science
62, 2005 (1993)). © 1999 Academic Press

INTRODUCTION

It is well known that in samples with large magnetizat
ensity, the dipolar field causes nonlinearities in the B
quations and hence complex time evolution of spin mag
ation, in particular the appearance of multiple echoes fol
ng a simple two-RF pulse spin-echo sequence (1–4). In 1993

arren and co-workers demonstrated that these nonline
ects and their description had much in common with mult
uantum coherence phenomena found in high-resolution N
xperiments in which bilinear terms in the spin Hamilton
rovide the means to explore different coherence pathwa
articular Warren simplified the description of these com
henomena by demonstrating that they may be understo
onsidering the evolution of the spin density matrix in
ipolar field (5, 6). A key ingredient of the physics is th
xistence of high-order terms in the equilibrium density ma
he breakdown of the usual high temperature approxim
HTA) is central to Warren’s description. The assertion
TA breakdown is controversial and there exists some un

ainty as to whether the effects of classical nonlinearities
uch quantum order phenomena really are one and the
ecently Jeeneret al.(7), Levitt (8), and Warrenet al.(9) have
ublished important theoretical arguments showing that in

hey are.
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uch higher order terms must exist in the equilibrium den
atrix. We further make clear the relationship between t

erms, the existence of multiple quantum coherences as
ified in coherence transfer echoes (the CRAZED experim
nd the multiple echoes which occur in the time dom

ollowing a simple two-pulse experiment involving 90°
ulses. In particular we show here that there is a one-to
orrespondence between the time domain echo order an
ultiple quantum coherence order.
We recognize that most of the ideas contained in this

re inherent in the work of Warren and co-authors. How
he particular experimental results which we describe here
ot, to our knowledge, been reported previously. Furtherm
e believe that our results have pedagogic value. First,
rovide independent evidence for the equilibrium density

rix description of Warrenet al.Second, they help elucidate t
elationship between the multiple echo experiment (1–4) and
he CRAZED experiment (5). Third, they provide a practic
emonstration of how these various coherences can be m
lated.

THEORY OF THE MULTIPLE SPIN ECHO (MSE)
AND CRAZED EXPERIMENTS

Figure 1a shows a simple two-RF pulse experiment in w
he spins are immersed in a steady magnetic field gradient
xperiment has been shown to generate multiple echoes
ided that the equilibrium spin magnetization is sufficie
arge. In particular these effects are seen in3He NMR exper
ments performed at low temperatures (1, 2), or in 1H NMR
xperiments in water placed in a high-field superconduc
agnet (3, 4). Figure 1b shows the CRAZED experiment (c

elated spectroscopy sequence revamped with asymme
radient echo detection) of Warrenet al. (5) in which the
ackground gradients are minimized (in order to perform h
esolution NMR spectroscopy) but a pair of gradient pulse
pplied in order to select desired spin coherences. This e

ment is performed in two dimensions,t 1 being the evolutio
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201HIGHER ORDER TERMS IN THE EQUILIBRIUM DENSITY MATRIX
imension, andt 2 the acquisition dimension. Coherence se
ion relies on relative Larmor precession. For example, w
he area under the second gradient pulse is twice that und
rst (n 5 2 in Fig. 1b), the subsequent signal (and he
ransverse magnetization) with Larmor frequencyv in the t 2

omain must have originated from coherences whose La
requencies were 2v during t 1. The fact that the CRAZED
xperiment indicates the existence of double-quantum c
nce duringt 1 provides powerful evidence that second-or

erms must exist in the spin density matrix even before
pplication of the first RF pulse.
A complete treatment of the density matrix description of
RAZED experiment has been given by Warrenet al. (6).
ere we reproduce the essential details, showing in add
ow it predicts the character of various echo orders of the
xperiment (Fig. 1a), including the timing and phase of e
cho. This theoretical development will be important late
ur discussion where we develop and demonstrate a
ycle which can be used to select echo orders at will. In
nergy representation the thermal equilibrium density m
ay be written

req 5
exp~2b*!

Tr(exp(2b*))
, [1]

hereb 5 1/kBT. In the case of anN-spin system of couple
pin-12 particles,* is a 2N 3 2N matrix and is given by

* 5 O
i

N

\v i I zi 1 O
i , j

N

\Dij I ziI zj, [2]

FIG. 1. (a) The MSE experiment.f1 andf2 denote the phase of the R
ulses.G is a steady background gradient in thez direction unless otherwis
tated. The MSE signals occur att 2 5 t 1, 2t 1, 3t 1

. . . (b) The nth-order
RAZED experiment.T is the period of the first gradient pulse,n 5 1, 2,
. . . . The CRAZED signal occurs att 2 5 nt1.
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s the resonant frequency of thei th spin. Equation [2] does n
nclude all secular terms from the dipolar interaction Ham
ian (10); however, we are concerned with the formation
ultiple echoes and these are due to theI ziI zj terms. In solids

he sum of dipolar coupling terms for thei th spin is generall
04 smaller than the Zeeman term and in liquids some fu
04 lower due to motional averaging. Thus dipolar interact
an be ignored as far as the composition of the equilib
ensity matrix is concerned. Normally, it is sufficient to us
ingle spin picture when calculating the equilibrium magn
ation, so that for nuclear spins in the presence of a Ze
amiltonian* 52\v i I zi, the HTA (b\v i ! 1) gives, for

he single spin-12 density matrix,

seq < 1
2 ~1 1 b\v i I z!, [3]

here1 is the identity matrix. We have used the expansion
he Brillouin function tanh(b\v i) ' b\v i . For theN spin
ystem the density matrix becomes

req 5 s1eq # s2eq # s3eq
. . . # sNeq

5 22NP i~1 1 b\v i I zi!, [4]

hich involves N one-spin operators of the formb\v 0I zi

v i ' v 0 5 gB0), N2/ 2 two-spin operators (b\v 0)
2I ziI zj, and

igher order spin operators in succession. The increasing
iplicity of higher order terms by successive powers oN
eans that higher order terms inreq cannot be ignored witho

urther justification. In conventional NMR experiments
ustification for retaining only first-order terms is as follow
onsider a two-spin component ofreq, I ziI zj, which is con-
erted toI yiI yj by a 90° RF pulse (taken to be of the formv 1I x).
ll subsequent Zeeman interactions produce density m

erms which remain bilinear and so, cannot result in the N
bservables,I x or I y. Only the first-order terms of the equili
ium density matrix,b\v 0I zi, lead to observable signal. Wh
he effects of the dipolar field are considered the situatio
omewhat altered.
Two important points are made by Warrenet al. First,

espiteb\v0 being small (on the order of 1024 for protons in
0 T), the large value ofN ensures that the higher order ter
o not vanish inreq, whether they become directly observa
r not. Second, in order to become observable, there mus

n the spin Hamiltonian terms bilinear in the spin opera
i.e., of the formI ziI zj) over all density matrix pairsi , j which
re to be refocused. Clearly a local scalar interaction ca
eet this second criterion. By contrast the dipolar field H

ltonian which arises from an integral of all pairwise dipo
nteractions between distant spins can suffice. In partic

arren notes that while molecular self-diffusion in liqu
auses dipolar interactions to be averaged to zero for spi
earby molecules, beyond the diffusion length correspon
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veraging does not apply and the volume integral ofr 2dr over
he r 23 dependence of the dipolar interaction ensures a
ithmic contribution whose magnitude depends on the rat
he sample dimension to the diffusion length. Of course,
pherical sample the angular dependence of the dipolar
ction ensures that the dipolar field vanishes. However, i
pherical symmetry is broken, for example, by application
agnetic field gradient,G, then the effects of the dipolar fie
ill be felt by the spins and the conversion of higher or
oherences into observable magnetization becomes poss
Consider the two 90° RF pulse sequence shown in Fig

he gradient and dipolar interaction play no role in makin
ignal observable fromr terms linear inI z. This signal is the
rimary echo in an MSE experiment which occurs att 2 5 t 1.
e shall begin by considering the evolution of an elemen

he second-orderreq term, (b\v 0)
2I ziI zj. Ignoring the effects o

pin–spin relaxation, it is a straightforward exercise (11) to
how that it is first converted via the 90x pulse to a term o
rder I yiI yj, then via the Zeeman and dipolar interactions

r~t12! 5 cos2~Dij t1!@I yiI yjcos~v i t1!cos~v j t1!

1 I xiI yjsin~v i t1!cos~v j t1! 1 I yiI xjcos~v i t1!

3 sin~v j t1! 1 I xiI xjsin~v i t1!sin~v j t1!#

1 sin~Dij t1!@· · ·#. [5]

he second 90x RF pulse then convertsr(t 12) to

r~t11! 5 cos2~Dij t1!@I ziI zjcos~v i t1!cos~v j t1!

1 I xiI zjsin~v i t1!cos~v j t1! 1 I ziI xjcos~v i t1!

3 sin~v j t1! 1 I xiI xjsin~v i t1!sin~v j t1!#

1 sin~Dij t1!@· · ·#. [6]

Completing the calculation of the evolution in thet 2 domain
eads to over a hundred different density matrix terms,
ith a different temporal modulation. However, only some

hese many terms will generate observable coherences
orm I x andI y. We easily pick these terms since only term
he form I xi[ I zjI zj

. . .] or I yi[ I zjI zj
. . .] evolve into transvers

agnetization under the dipole Hamiltonian (6). In particular
he transverse magnetization att 2 from then 5 2 pathway is

O
i51

N O
j51

N

sin~Dij t2!cos2~Dij t1!@2I yisin~v i t1!sin~v j t1!cos~v i t2!

1 I xisin~v i t1!cos~v j t1!sin~v i t2!#. [7]

erms that have more than one sin(Dij t)('Dij t) factor are
eglected here due to the weak dipolar interaction strength
ij t 1, Dij t 2 ! 1. Using the standard trigonometric identit
ne can factorize Expression [7] into terms which are a f
a-
f
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er-
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f the applied magnetic field gradient which causes spinsi and
at different locations to have different Larmor frequenci
In the presence of a background gradientv i 5 g(B0 1
si), where si is a distance coordinate along the grad
irection. Signal from transverse magnetization terms in
ression [7] which are modulated by sinusoidal function
bsolute position (sin(v i 1 v j)t or cos(v i 1 v j)t), or odd

unctions of relative position (sin(v i 2 v j)t), will be averaged
o zero (5). Signal from terms modulated by even functions
elative position, (cos(v i 2 v j)t), will not average to zer
ince all such terms are multiplied byDij . Dij contains the
actorr ij

23 (r ij is the interspin vector) which gives the sinuso
decay envelope. This ensures that even functions of re

osition have a nonzero integral over the sample space.
The cos(v i 2 v j)t term only occurs with nonoscillato

actors whent 2 5 2t 1. Consider the specific term in Expre
ion [7] associated with theith spin and modulated b
os(v i 2 v j)t when t2 5 2t1.

1
4 O

j51

N

1 I xicos~gGt1~si 2 sj!! Dij t2. [8]

ow, ignoring positive constants that scale the signal stre
rom I xi and assuming all spins in the bulk are equivalent
ign of the signal from then 5 2 pathway will be determine
y

E
volume

cos~gGr ? ŝ!
~3 cos2u 2 1!

r 23 r 2sin2ududfdr. [9]

he summation overj from Expression [8] is treated as
ample volume integration (fromr min to the sample bound
ries). The center of the coordinate system is taken atr i ands

s the gradient direction. Note that the spatial dependen
ij has been introduced in Expression [9]. Using the re

rom (1) for the solid angle integration, Expression [9] redu
o

~~3~ŝ ? ẑ! 2 2 1!! E
r

F~gGt1r !. [10]

he functionF contains allr dependence. The integral ofF is
egative so the phase of the signal depends on the si
[(3(ŝ z ẑ)2 2 1]. Taking the gradient as being parallel to
olarizing field we find that the phase of the signal will be2x.
ith the gradient perpendicular to the field the phase o

ignal is1x and the amplitude is halved. The integral ofF is
reatest whengGt1r ranges between 2 and 4 in a large frac
f the sample (5), that is, the gradient imparts to the spin
elical phase-twist with wavelength smaller than sample
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ensions but larger thanr min. In such cases (with a stro
olarizing field) the signal from a water sample att 2 5 2t 1 will
e a sizable fraction of the primary echo (5).
We extend the preceding arguments to the third- and fo

rder pathways. The coherence pathways whenf 1 5 x, f 2 5
are shown in Table 1. Signal timing and phase calcula

emain remarkably simple forn . 2 because of spatial ave
ging. Forn 5 3 terms att 2 5 3t 1 we have the observab
dropping positive constants)

O
i51

N O
j51

N O
k51

N

2 I yicos~v i 2 v j 1 v i 2 vk! DijDik. [11]

his is the only transverse magnetization from then 5 3
athway which is modulated by an even function of rela
osition. By using a standard identity

cos~v i 2 v j 1 v i 2 vk!

5 1
2 @cos~v i 2 v j!cos~v i 2 vk!

1 sin~v i 2 v j!sin~v i 2 vk!#, [12]

nd noting that signal from sine modulated terms averag
ero, the observable term associated with a specifici th spin can
e written

2I yiN$O
j51

N

cos~v i 2 v j! Dij%$O
k51

N

cos~v i 2 vk! Dik%. [13]

he phase of the signal is now determined by [2((3(ŝ z ẑ)2 2
)]2 which is always positive. The phase of the echo att 2 5 3t 1

s 2y regardless of the gradient direction.
As a final example we consider the observable on then 5 4

athway att 2 5 4t 1,

Coherence Pathways for MSE

nth-Order term
from req

t1 domain
(term att 5 0) 3 (term att 5 t12)

(b\v0)I zi 2I yi 3 1I xisin(v it1)

(b\v0)
2I ziI z j 1I yiI yj 3 2I xiI yjsin(v it1)cos(v jt1)

(b\v0)
3I ziI z jI zk 2I yiI yjI yk 3 1I xiI yjI yksin(v it1)cos(v jt1)cos(v

(b\v0)
4I ziI z jI zkI zl 1I ziI z jI zkI zl 3 2I xiI yjI ykI ylsin(v it1)cos(v jt1)cos

3 cos(v lt1)
h-

s

e

to

O
i51

N O
j51

N O
k51

N O
l51

N

2 I xicos~v i 2 v j 1 v i

2 vk 1 v i 2 v l! DijDikDil . [14]

he term associated with a specifici th spin reduces to

2I xi$O
j51

N

cos~v i 2 v j! Dij%$O
k51

N

cos~v i 2 vk! Dik%

3 $O
l51

N

cos~v i 2 v l! Dil% [15]

o that the signal phase att 2 5 4t 1 depends on the sign
2((3(ŝ z ẑ)2 2 1)]3. Therefore the phase is1x when the
radient is parallel to the polarizing field.
A summary of these results is found in Table 2a. A sim

able of coherence pathways can be constructed forf 1 5 x,
2 5 y. The summation of signals is carried out in the sa
ay. The phase predictions for successive echoes for thx
0y experiment are summarized in Table 2b.
Several important points about the MSE experiment

pparent from the density matrix calculations:

(i) Changing ŝ z ẑ from 1 to 0 changes the sign of ev
choes by 180°.
(ii) Changingf1 from x to 2x introduces a sign change

dd order pathways; as a result the sign of odd echo
hanged by 180°. Therefore, in contrast to conventional ex
ation based on an initial thermal equilibrium state of singI z

olarization, signal will be seen when the results of a 90x 90x

xperiment are added to that of a 902x 90x experiment.
(iii) Modulation terms for annth-order pathway can on

ecome a function of relative position att 2 5 nt1 and therefor

eriment with f1 5 x, f2 5 x

t2 domain
(term att 5 t11) 3 (terms att 5 t1 1 t2)

1I xisin(v it1) 3 1I xisin(v it1)cos(v it2)
1I yisin(v it1)sin(v it2)

2I xiI z jsin(v it1)cos(v jt1) 3 2I yisin(v it1)cos(v jt1)cos(v it2)Dij t2

1I xisin(v it1)cos(v jt1)sin(v it2)Dij t2

1I xiI z jI zksin(v it1)cos(v jt1)
3 cos(vkt1)

3 2I xisin(v it1)cos(v jt1)cos(vkt1)
3 cos(v it2)DijDik(t2)

2

2I yisin(v it1)cos(v jt1)cos(vkt1)
3 sin(v it2)DijDik(t2)

2

1) 2I xiI z jI zkI zlsin(v it1)cos(v jt1)
3 cos(vkt1)cos(v lt1)

3 1I yisin(v it1)cos(v jt1)cos(vkt1)
3 cos(v it1)cos(v it2)DijDikDil(t2)

3

2I xisin(v it1)cos(v jt1)cos(vkt1)
3 cos(v lt1)sin(v it2)DijDikDil(t2)

3

Exp

kt1)

(vkt
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204 MINOT, CALLAGHAN, AND KAPLAN
he time domain order of multiple echoes is the same a
uantum coherence order that causes the echo.
(iv) The observable higher order echo signals arise en

rom the action of the dipolar field following the second
ulse. During the interval between the two 90° pulses the
f the dipolar interaction is to generate terms in the den
atrix which remain unobservable over all subsequent e

ion. Hence no importance need be attached to the pr
emporal positioning of the gradient pulses used for coher
ransfer selection in the CRAZED experiment, Fig. 1b.

(v) The MSE experiment can be thought of as a super
ion of CRAZED experiments (n 5 1, 2, 3 . . . in Fig. 1b)

hen one compares gradient area in thet 1 domain to gradien
rea in thet 2 domain for a MSE experiment one finds that a
atio exists att 2 5 t 1 (cf., Fig. 1b,n 5 1), 1:2 ratio exists a
2 5 2t 1 (cf., Fig. 1b,n 5 2) and so forth. Hence thenth-order
SE echo is equivalent to the signal from thenth CRAZED
xperiment.

FIG. 2. Time domain signals from the MSE experiment (Fig. 1a)f1 5 x,

2 5 x, t1 5 20 ms,G 5 0.4 G/cm. The upper line is the imaginary channel,
he lower line is the real channel. Data within the box are magnified 40 tim

Summary of Phase Predictions

(a) f1 5 6x, f2 5 x

(90x, 90x)
ŝ z ẑ 5 1

(902x, 90x)
ŝ z ẑ 5 1

(90x, 90x)
ŝ z ẑ 5 0

(902x, 90x)
ŝ z ẑ 5 0

1 1y 2y 1y 2y
2 2x 2x 1x 1x
3 2y 1y 2y 1y
4 1x 1x 2x 2x

(b) f1 5 6x, f2 5 y

(90x, 90y)
ŝ z ẑ 5 1

(902x, 90y)
ŝ z ẑ 5 1

(90x, 90y)
ŝ z ẑ 5 0

(902x, 90y)
ŝ z ẑ 5 0

1 2y 1y 2y 1y
2 1y 1y 2y 2y
3 2y 1y 2y 1y
4 1y 1y 2y 2y
he

ly

le
ty
u-
ise
ce

i-

EXPERIMENTAL

In order to demonstrate their equivalence, we have
ormed both CRAZED and MSE experiments on a cylindr
ample of 5000 Da polydimethylsiloxane (PDMS) at 7 T (300
Hz 1H NMR frequency). A 10-mm-diameter NMR tube w
sed with a length of sample greater than that of the RF co
m), so as to avoid susceptibility effects near the air/poly

FIG. 3. Time domain signals fromnth-order CRAZED experiment (Fi
b).f 1 5 x, f 2 5 x, t 1 5 20 ms,T 5 2 ms. The thick line is the real chann
ata, and the thin line is the imaginary channel data. Magnification relat
a) is shown in (b) through (d).

TABLE 3

(a) Phase Cycle Selection ofn 5 1 Echo

1 1x 2x 1x 2x

2 1x 1x 1y 1y
cquisition phase 1x 2x 2x 1x

(b) Phase Cycle Selection ofn 5 2 Echo

1 1y 2y 1x 2x

2 1y 1y 1y 1y
cquisition phase 1x 1x 2x 2x

(c) Phase Cycle Selection ofn 5 3 Echo

1 1x 2x 2x 1x

2 1x 1x 1y 1y
cquisition phase 1x 2x 2x 1x
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nterface. The choice of the PDMS sample ensures a
roton density, comparable with that of water, but a s
utoff length (r min) since the diffusion coefficient of the
olecules is at least one order of magnitude less than th
ater. The results of the MSE experiment, performed usi
teady magnetic field gradient, are shown in Fig. 2, where
rders out to 4 are clearly observable. Figures 3a to 3d

he corresponding CRAZED time domain signals. Grad
ulse area ratios are varied from 1 to 4; the correspond
etween the echo order in Fig. 2 and the multiple quan
oherence transfer order in Figs. 3a to 3d is clearly appa
he CRAZED signals are much broader in the time dom

han the corresponding MSE signals because no s
ackground gradient is needed when CRAZED signals
cquired.
Table 2 indicates that phase discrimination is possible

ween signals fromn 5 1 to 4. Suppose we wish to keep o
he first-order echo in an MSE experiment and suppressn 5 2,
, 4. For this purpose the phase cycle shown in Table
ffective and the result is shown in Fig. 4a. Figures 4b an
how the results of phase cycles that selectn 5 2 and 3
espectively, while suppressing other orders. Figure 4c s
hat about 0.1% of the first echo has leaked through, this s
raction indicates a high degree of suppression.

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

maginary channel, and the lower lines are the real channel. The phase
elect (a) the first-order echo, (b) the second-order echo, (c) the third
cho. Phase cycles are shown in Tables 3a to 3c, respectively. Magnifi
elative to the first-order echo is shown in (b) and (c).
h
ll

of
a

ho
w
t
ce
m
nt.
n
dy
re

e-

is
c

s
all

he magic angle, the symmetry-breaking effects of the m
etic field gradient are minimized. All remaining dipolar fi
ffects must arise from the sample shape alone. As has
bserved previously (4), we also find that the use of a mag
ngle gradient results in a significant reduction of the am

ude of the higher order echoes in the MSE experiment.

DISCUSSION

The phase cycle selection ofn 5 1 echoes which has be
emonstrated here may prove useful as a technique for sup

ng solvent artifacts in COSY spectroscopy experiments. It
lso be used to suppress artifacts in imaging experiments
ackground gradients and gradient pulses are used.
The different signal phases of 90x 90x and 90x 90y MSE

xperiments have been known for some time (4); however, it
as not been previously noted that these phases differenc

ncompatible with the HTA. By using density matrix theory
ave been able to calculate the phase and timing of
choes from all possible quadrature phase combinationsf1

ndf2. As a result we have been able to devise phase c
hich select each of the ordersn 5 1 ton 5 4. We emphasis

hat such phase cycling would not be possible if the initial s
f the density matrix comprised only linear terms of the fo
zi. The experimental confirmation (Figs. 4a to 4c) of theo
cal phase predictions provides a convincing demonstr
hat the higher order coherences in the CRAZED and M
xperiments must arise directly from corresponding hi
rder I z spin operator products inreq.
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