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It has been well accepted that the double quantum (DQ) correlated-spectroscopy revamped by asymmet-
ric z-gradient echo detection (CRAZED) signal is enveloped in the profile function t;exp[—(t; + 2t1)/T2],
but this function is too simple to describe the spin echo characteristics of the CRAZED free induction
decay signal. In this paper the DQ CRAZED experiment is analyzed by including the homogeneous and
inhomogeneous broadening effects, and a formula for the time domain DQ CRAZED signal is obtained.
This formula includes the chemical shift echo and the inhomogeneous echo, both appearing at t, = 2t;.
Experiments have confirmed the theory.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In recent years the correlated-spectroscopy revamped by asym-
metric z-gradient echo detection (CRAZED) experiment [1,2] has
attracted much attention. CRAZED is the modification of the pulsed
field gradient enhanced correlation spectroscopy (PFG-COSY)
experiment whose symmetric 1:1 gradient pulse pair has been re-
placed by the asymmetric 1:n (n=0,2) gradient pulse pair. With
the CRAZED experiment, correlation peaks between chemically
uncorrelated species (like chemicals in separate glass tubes) and
high-resolution spectra from inhomogeneous fields can be de-
tected [1-4]. Applications of CRAZED are being expanded in vari-
ous fields of nuclear magnetic resonance (NMR). Because the
CRAZED signal intensity has a unique M, (the magnetization at
thermal equilibrium) square dependence, CRAZED magnetic reso-
nance imaging (MRI) has shown a different contrast from normal
MRI [5-7] and would be very important in MRI studies. In the
meantime, relaxation and diffusion measurements based on the
CRAZED experiment have also been proposed [8-11].

The double quantum (DQ) CRAZED signal is known to have the
simple form in Eq. (1), when the longitudinal relaxation and the
molecular diffusion are neglected and when the condition of a
weak demagnetization field (yuoMot, < 1) is satisfied [9,12]

S(f],fz) = Kexp(—iZcuot] - 2t1/T2)[t2 eXp(ia)otz - fz/Tz)] (])
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where K is a constant when the pulse flip angles are fixed. The re-
corded free induction decay (FID) of the DQ CRAZED signal is envel-
oped in the profile function t,exp(—t,/T>), which is known to
behave like an echo [1]: when ¢, is short, the FID grows up because
the function is proportional to t,. When t; is long, the FID decays
due to the transverse relaxation. However, this description is too
simple to depict the spin echo characteristics of the DQ CRAZED sig-
nal in fairly inhomogeneous fields, which was documented as early
as 1996 [13], but so far no equation has been available for the echo.
As most CRAZED experiments are performed in inhomogeneous
fields, to quantitatively describe the echo is of great importance.
In this study, we have found that the DQ CRAZED signal is best de-
scribed by

S(tz,t1) = Kt, expliwo(ta — 2t1)] exp[—(t2 + 2t1)/T2]
X % /jm explio'(t; — 2t1)]g(w') do’ (2)
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where g(«') is the inhomogeneous distribution function. Eq. (2) con-
tains not only the chemical shift echo exp[iwg(t, — 2t1)] and the
homogeneous relaxation exp[—(t, + 2t1)/T2], which are seen in Eq.
(1), but also the inhomogeneity echo which is expressed as the inte-
gration in the frequency space. The inhomogeneous echo can be
easily observed in experiments.

The CRAZED experiment in inhomogeneous fields has become
the subject of a number of papers [3,4], but the inhomogeneous ef-
fect has not been quantitatively described. Therefore, Eq. (2) is use-
ful in the CRAZED studies, particularly when the inhomogeneous
effect is important.
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2. Methods and materials

The sample used in this study was the doped H,0O (1% v/v) in
D,0 with the presence of 0.1 g/L GdCl; which serves as relaxation
reagent. The double quantum CRAZED experiment shown in Fig. 1
was performed at 25°C on a Bruker AVANCE 600 spectrometer
with the cryoprobe with z-gradient under homogeneous and inho-
mogeneous conditions. The intrinsic relaxation time of the doped
water proton was 0.166 s, as measured by the saturation-recovery
method. The gradient pulse duration ¢ was 1 ms, and the gradient
strength G was 6 Gauss/cm.

3. Results and discussion
3.1. Double quantum CRAZED echo in inhomogeneous fields

The DQ CRAZED signal in the time domain is in fact a DQ echo,
as has been directly compared to simple spin echoes [14]. The sec-
ond gradient pulse, whose area is twice of the first one, refocuses
the dephasing caused by the first one. This effect has been well
known since the CRAZED experiments was proposed [1,2] and even
since the demagnetization field effect in NMR was first discovered
[15]. However, just like the conventional echoes, the DQ CRAZED
echo can also refocus the inhomogeneous effect at the same time
the chemical shift effect is refocused. According to the nonlinearity
of the echo phenomena [16], all two-pulse experiments are inher-
ently associated with echoes that are capable of refocusing the
inhomogeneous effect. The ability of the CRAZED pulse sequence
refocusing the chemical shifts has been shown in Eq. (1), where
the chemical shift echo occurs at t; = 2t;. The refocusing of the
inhomogeneous effects, however, is not included in this well
known equation.

Before the theoretical analysis of the DQ inhomogeneous echo is
given in the following section, here a series of DQ CRAZED echoes
with different t; recorded on a Bruker Avance 600 spectrometer
with a cryoprobe are presented in Fig. 2. The inhomogeneous effect
had been deliberately enhanced by deshimming the magnet so that
the line width of the doped water signal in the conventional single-
pulse experiment was 35 Hz. Compared with the contribution of
the natural (homogeneous) relaxation (1.9 Hz as determined in
relaxation measurements) to the line width, the inhomogeneous
contribution was overwhelming. In this case, the inhomogeneous
effect on the DQ CRAZED echoes was particularly obvious. All ech-
oes precisely appeared at t, = 2t;, although the echo looked asym-
metric when the evolution time was short (see the top echo in the
figure).

In order to see how the inhomogeneity affects the shape and the
position of the CRAZED echo, the same experiments were per-
formed under improved homogeneous conditions with
T; = 78 ms and the echoes are shown in Fig. 3. The echo shape is
not sharp at all and the exact echo position is hard to determine.
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Fig. 1. Double quantum CRAZED pulse sequences used in this study, which consists
of two (90°), pulses and a pair of gradient pulses with the area ratio = 1:2.
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Fig. 2. Double quantum CRAZED echoes from a sample of doped H,0 in D,0 with
varied t;: (A) 10ms, (B) 40 ms and (C) 80 ms. All echoes appeared precisely at
t; = 2t;. The experiments were conducted in an inhomogeneous field with an eff-
ective T; = 9 ms (line with 35 Hz), while the homogeneous T, was 166 ms (contr-
ibuting 1.9 Hz to the total line width). The water resonance was purposely moved to
—200 Hz off the carrier so that the echo shape was better seen.
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Fig. 3. The same experiments as Fig. 2 (t; = 10, 40 and 80 ms for A, B and C, resp-
ectively) but with improved homogeneity (T, = 78 ms, T, = 166 ms).

In this case the function t,exp(—t,/T,) apparently plays a more
important role than the inhomogeneous contribution.

3.2. Formalism of the CRAZED echo by including the inhomogeneous
effect

To understand the DQ CRAZED echo in inhomogeneous fields, it
is necessary to analyze the DQ CRAZED experiment. It is known
that in the CRAZED experiment the demagnetization effect occurs
only after the second pulse and that the demagnetization field
forces the precessing transverse magnetization to be multiplied
by the longitudinal magnetization [1,2,17,18]. Although the
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