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The DIET (or dual interval echo train) sequence, a modification of
the fast spin echo (FSE) sequence that selectively reduces signal from
fat in MR images, has been investigated. The DIET sequence uses an
initial echo spacing longer than that of a conventional FSE sequence,
thus allowing J coupling-induced dephasing to take effect. The se-
quence is evaluated theoretically, and its effectiveness on a hydrocar-
bon (1-pentene) is demonstrated numerically using density matrix
calculations. The sequence is also evaluated experimentally using in
vitro solutions and in vivo imaging. The efficacy of the sequence is
compared for different lipid chemical structures, field strengths, and
pulse sequence parameters. © 1999 Academic Press
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INTRODUCTION

The signals from fat appear relatively brighter in fast spin
echo (FSE) images than in conventional spin echo (SE) images
with comparable T 1 and T 2 weightings (1–4). The magnitude
of the fat signal generally increases as the spacing between the
180° pulses decreases. This pulse spacing dependence results
from changes in the effects of J coupling within the hydrocar-
bon chains of lipid molecules (2, 5). As the pulse spacings
become shorter, the effects of J coupling disappear (6), and
hence the lipid signal is enhanced relative to the surrounding
tissue. It is often desirable to reduce the signal from fat selec-
tively to achieve better contrast for detecting tissue abnormal-
ities. However, the performances of conventional fat saturation
techniques are often limited by the presence of B 0 and B 1

inhomogeneities. Recently a pulse sequence was developed
which exploits J coupling-induced dephasing to reduce the
lipid signal (7, 8). The sequence relies on the use of a longer
echo spacing at the start of a FSE sequence. This permits J
coupling effects to reduce the signals from fat while still
allowing multiple echoes to be acquired in a relatively short
time. In this paper we evaluate the efficacy of this technique,
known as the dual interval echo train, or DIET, sequence, using
theory and experiments on phantoms and report results using a
DIET imaging sequence in vivo.

THEORY

Scalar J coupling can strongly influence the transverse
signal decay in multipulse spin echo experiments (6). In
hydrocarbon chains, J couplings arise largely from homo-
nuclear interactions between neighboring protons. In homo-
nuclear coupled systems, 180° pulses do not reverse the
phase evolution caused by coupling between spins. As a
result, the NMR signal is modulated in an oscillatory man-
ner. For a simple doublet, when J/! " 1 and !# ! 1 (where
J is the coupling constant, ! is the absolute value of the
chemical shift difference, and # is the echo spacing), the
echo train is modulated by cos($nJ#), where n is the echo
number. For more complex spectra, the summation of mod-
ulated signals may appear more like a monotonically de-
creasing signal whose apparent T 2 is dominated by the
number and strength of the couplings present, rather than
simply the intrinsic relaxation time (9).
An equation characterizing the effect of J coupling in the

Carr–Purcell spin echo sequence for different multiple spin
systems has been derived using a density matrix formalism by
Allerhand (6). Using this formalism, he showed that if the
pulse spacing is small, such that the products J jk# and ! jk# are
" 1 for all j, k (where ! jk is the chemical shift difference
between spin groups j and k and J jk is their coupling constant),
then the effects of chemical shift disappear. This renders all of
the spins magnetically equivalent and thus removes any
dephasing effects. As a result, the equation governing the
effects of J coupling in this regime reduces analytically to an
expression independent of echo time. Figure 1 shows the effect
of pulse spacing on the echo train of a hypothetical strongly
coupled A 3B 2 system, with JAB " 6 Hz and !AB " 40 Hz. The
echo train was evaluated numerically using Allerhand’s for-
malism and omits intrinsic T 2 relaxation (9). The absolute
value of the signal is given relative to its value immediately
after the 90° pulse. When the pulse spacing, #, is 4 ms, the echo
train shows no modulation from J coupling, while in the # "
10 ms echo train, the effects of J coupling cause a smoothly
varying signal decay. As # increases to 30 ms, oscillatory
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behavior enters the echo train, causing a faster initial decrease
in signal intensity, as well as a nonmonotonic signal decay.
Using the density matrix formalism, one can show that the

quantities which determine the strength of J-coupled dephasing
are the products ! jk#, and J jk# (as opposed to the individual
values of these parameters). Note that the J jk coupling con-
stants depend solely on the molecular properties of the lipid,
whereas the ! jk are determined by both the lipid electronic
structure and the external magnetic field.

THE DIET SEQUENCE

The DIET sequence works by exploiting the dependence
of fat signal on pulse spacing. In order to suppress J-coupled
signals, the standard CPMG multiecho sequence is modified
such that the spacing between the initial 90° pulse and the
first echo is longer than the spacing between subsequent
echoes. This allows a greater mixing of coupled spins during

the first echo, which leads to dephasing and hence signal
attenuation. A similar modification to the FSE imaging
sequence was first suggested by Norris as a way of increas-
ing the TE of an image; however, the potential for fat
suppression with this sequence was not addressed (10).
Figure 2 shows a schematic of the DIET sequence, where
the parameters #1 and #2 refer to the time of the initial echo
and the spacing of the following echoes, respectively. The
advantage of this sequence for reducing the signal from fat
over other techniques such as selective saturation is that it
should be spatially uniform, since it is based on J coupling
effects which are not subject to field inhomogeneities (11).
However, the precise choice of timing parameters and the
effectiveness of the sequence for different systems have not
been previously investigated, nor has the validity of the
sequence been demonstrated theoretically.
The density matrix formalism described in the previous

section can also be applied to the DIET sequence, as is shown
in the Appendix. We demonstrate there that in the limit of very
fast pulsing in the second phase of the DIET sequence, the J
modulation of the echo train disappears. Furthermore, the fat
signal retains the suppression achieved during the first (#1)
phase of the sequence. The pulse rates used in clinical FSE
sequences fall short of the strict fast pulse requirement, which
is that !J jk!# 2 and !! j!# 2 are " 1 for all j and k. However, when
#2 is short but does not meet the fast pulse requirement, we
expect that the DIET sequence should show a similar ability to
retain the fat suppression achieved during the initial #1 period.
We confirmed the validity of this hypothesis in computer
simulations of the evolution of the density matrix during the
DIET sequence.

SIMULATION AND PHANTOM STUDIES
OF THE DIET SEQUENCE

Simulation Algorithm

The signal produced by using the DIET sequence on a given
spin system was calculated by numerically solving the matrix
equation from quantum mechanics (12)

FIG. 1. The effect of J coupling on a strongly coupled A 3B 2 spin system.
The plot shows signal vs echo number for CPMG sequences where #, the
spacing between echoes, is 4, 10, or 30 ms. JAB " 6 Hz, !AB " 40 Hz. Intrinsic
T 2 relaxation is neglected. Note that as # increases, J coupling becomes more
effective at suppressing the NMR signal.

FIG. 2. The DIET pulse sequence. This sequence is a modification of the CPMG multiecho sequence, where the spacing between the initial 90° pulse and
the first echo is longer than the subsequent echo spacing. The longer initial echo time allows more J coupling-induced spin dephasing to occur. The spins remain
dephased even after the faster pulsing begins.
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# Îx$t%& % Tr'&̂$t% Îx(, [1]

where Î x is the x component of the angular momentum oper-
ator, &̂(t) is the density matrix of the system, Tr denotes the
trace, and the angle brackets denote the expected value (12).
The equation for &̂, as derived in the Appendix, is

&̂$#1' n#2% ) $e *i / 2Ĥ#2R̂180xe *i / 2Ĥ#2% n$e *i / 2Ĥ#1R̂180xe *i / 2Ĥ#1%

( Îx$e *i / 2Ĥ#1R̂180xe *i / 2Ĥ#1% *1$e *i / 2Ĥ#2R̂180xe *i / 2Ĥ#2% *n.
[2]

The effect of T 2 relaxation is omitted, but can be included by
multiplying the RHS of Eq. [2] by exp[*(# 1 + n# 2)/T 2].
The time evolution of &̂ in Eq. [2] was tracked using a program

written in MATLAB (Mathworks, Natick, MA). The program is
based on a simulation, written to calculate &̂(t) in a CPMG
sequence, that has been described previously (9). The parameters
needed by the program to characterize each spin system are the
chemical shifts of its protons and their respective J couplings.
These values are used to derive the matrix representation of the
Hamiltonian operator. The program can handle spin systems of
arbitrary size and complexity, provided the computer has enough
memory to manipulate the resulting 2N , 2N matrices, where N is
the number of spins in the system. The pulse sequence is charac-
terized by #1 and #2 and the length of the echo train (on which
there are no restrictions). All refocusing pulses are treated as ideal
and produce exact 180° rotations.

In our simulations, we studied 1-pentene (CH3CH2CH2CH "
CH2) as a model for the hydrocarbon chains found in lipids.
1-Pentene was chosen because, as a 10-spin system, it was the
largest hydrocarbon chain which we could simulate (MATLAB
required 100 Mb of RAM to calculate its DIET signal). The J
coupling values and chemical shifts for the protons in 1-pen-
tene were first estimated from values given in the literature for
1-hexene, 1-propene, and 1-butene (13, 14). These estimates
were then fine-tuned by matching the theoretical spectra they
produced to a high-resolution (7 T) spectrum of 1-pentene (15).

Experimental Methods

The DIET signal behavior of 1-pentene was also studied
experimentally, along with olive oil and a solution of water
doped with 0.03 mM MnCl2. Olive oil was chosen for its
similarity to tissue fat, while the MnCl2 solution was chosen
because it has no J coupling and its transverse relaxation time
is similar to that of olive oil in the limit of rapid refocusing.
Measurements were performed at 2.0 T on a GE Omega
imaging spectrometer.

RESULTS OF SIMULATION AND PHANTOM STUDIES

Figures 3 and 4 show the results of the simulated and
experimental studies, respectively, of the DIET signal for
1-pentene, where #2 (the second echo spacing) " 2 ms. Echo
trains are shown for #1 values ranging from 2 to 96 ms. In Fig.
3, the absolute value of the signal, S(t), is shown relative to its
value immediately after the initial 90° RF pulse, S(0), and

FIG. 3. Simulated DIET echo train for 1-pentene. #2 " 2 ms, #1 " 2 to 96
ms. The absolute value is shown and intrinsic T 2 relaxation is neglected. The
topmost curve shows the echo train when #1 " #2, i.e., the CPMG version of
the sequence. In this fast pulse regime, the sole effect of increasing #1 is to shift
the entire echo train downward. The simulations support the hypothesis that
when the pulse spacing is shortened in the second phase of the DIET sequence,
the spin system retains the J coupling-induced signal suppression acquired
before the first echo.

FIG. 4. Experimental DIET echo train for 1-pentene. #2 " 2 ms, #1 " 2
to 96 ms. The echo trains are nearly identical to those predicted numerically,
indicating that J coupling is responsible for the signal suppression seen here as
#1 increases.
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intrinsic T 2 relaxation is omitted. In Fig. 4, the precise value of
S(0) is not known; therefore the signal at t " 2 ms is used as
an approximation. The topmost curve of each figure shows the
echo train when #1 " #2, i.e., the CPMG version of the
sequence.
The simulated and experimental echo trains shown in Figs.

3 and 4 are in excellent agreement, establishing that the effects
of J coupling are responsible for the DIET signal suppression
of 1-pentene. The figures show that each echo train retains the
J coupling suppression obtained during the initial #1 period of
the sequence, and thus as #1 increases, the signal in the entire
echo train becomes more effectively suppressed. When #1 " 48
ms, for example, the signal decreases by over 90%. Further-
more, the echo trains show behavior approaching the time
independence predicted theoretically in the Appendix, suggest-
ing that when #2 " 2 ms, the DIET sequence is near the fast
pulse limit (!J jk!# 2, !! j!# 2 " 1) for the 1-pentene system.
(Simulated echo trains where #2 " 0.5 and 1 ms show even
greater time independence.) The DIET echo trains roughly
match the CPMG (#1 " #2) echo train in slope, but their overall
signal is lower. This is true even for the simulated #1 " 96 ms
echo train; however, the signal in that echo train is negative, so
when the absolute value is taken, the slope of the echo train
becomes positive.
Figures 5 and 6 show the simulated and experimental echo

trains for 1-pentene when #2 " 8 ms. Because of the longer #2,
the J coupling-induced signal decay is much more pronounced
than when #2 " 2 ms. Just as in Figs. 3 and 4 however,
increasing #1 shifts the echo trains downward. Once the signal
falls near zero, the echo train remains suppressed but its
dependence on #1 becomes much less pronounced. The simu-

lated and experimental echo trains are qualitatively very sim-
ilar, but the variations in the echo trains predicted numerically
are greater than those seen experimentally. It may be that in the
experimental data, the effects of J coupling are slightly mod-
erated by stimulated echoes or coherence transfer cross-relax-
ation phenomena, effects which are not accounted for in the
simulations.

FIG. 6. Experimental DIET echo train for 1-pentene. #2 " 8 ms, #1 " 8
to 96 ms. The experimental echo trains show the same variations as those
predicted numerically for #2 " 8 ms; however, the amplitudes of these
variations are not as pronounced.

FIG. 7. Experimental DIET echo train for a solution of water doped with
0.03 mM MnCl2. #2 " 2 ms, #1 " 2 to 96 ms. Because the solution does not
contain (nonequivalent) J-coupled protons, the echo trains show normal T 2
decay and are independent of #1.

FIG. 5. Simulated DIET echo train for 1-pentene. #2 " 8 ms, #1 " 8 to 96
ms. In this regime, #2 is not fast enough to fully suppress the effects of J
coupling, resulting in a greater signal modulation than was seen in Fig. 3.
Again, as #1 increases, the signal is more fully suppressed.
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The hypothesis that J coupling is responsible for the signal
suppression observed in Fig. 4 is further supported by the
DIET signal behavior seen with the MnCl2 solution, as shown
in Fig. 7. #2 " 2 ms and again S(t " 2 ms) is used to
approximate S(0). The decay curves essentially overlap for all
values of #1, as is to be expected for normal T 2 decay without
J coupling.
DIET echo trains (with #2 " 2 ms) are shown for olive oil

in Fig. 8. This system again shows signal suppression with
increasing #1, although the effect was not as dramatic as
with 1-pentene. At an echo time of 48 ms, the signal of the
#1 " 48 ms echo train is roughly half that of the #1 " 2 ms
echo train. One possible explanation for the greater signal

change in the 1-pentene data versus that of the olive oil data
is that the majority of the oil molecule consists of chains of
saturated neighboring methylene (CH2) groups. (1-Pen-
tene’s chemical structure is CH3(CH2)2CH " CH2, while the
chemical structure of olive oil’s principal component, oleic
acid, is CH3(CH2)7CH " CH(CH2)7CO2H.) Protons within
long CH2 chains have similar chemical shifts and J cou-
plings and are therefore nearly magnetically equivalent.
Thus, a greater percentage of the alkene molecule consists
of spins experiencing strong J coupling effects while the
longer lipid molecule has more near-equivalent spins which
experience weak J coupling effects and dilute the overall
signal change. In addition, the intrinsic transverse relaxation
times of the protons in these molecules may be different,
and are likely shorter in the larger oil chains. Thus the
relative importance of decreasing the effects of coupling
may be further reduced in the oil.
One aspect of Fig. 8 which is not completely understood is

the higher slope of the #1 " 2 ms echo trains relative to that of
echo trains in which #1 is longer. One possible explanation is
that the T 2 decays of 1-pentene and olive oil are multiexpo-
nential, and that in each molecule, the component which de-
cays fastest is also the component most heavily suppressed by
J coupling.

IMAGING EXPERIMENTS

The DIET scheme shown in Fig. 2 can also be incorpo-
rated into an imaging sequence by increasing the pulse
spacing before the first phase encode step, as is illustrated
in Fig. 9. In order to evaluate the contrast derived from
this sequence, we compared images evaluated with the
DIET imaging sequence to those from a conventional
FSE sequence and a conventional SE sequence. Images
within the thigh and the abdomen were collected using a
1.5-T GE “Signa” systems magnet. Mid-thigh images

FIG. 8. Experimental DIET echotrain of olive oil. #2 " 2 ms, #1 " 2 to 96
ms. The dependence on #1 is not as dramatic as it is for 1-pentene, presumably
because the molecules in olive oil contain a greater number of nearly equiv-
alent protons.

FIG. 9. The DIET Imaging Sequence. a, b, c, and d denote gradient durations (7).
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were obtained using an extremity coil to contrast fat and
muscle, while abdominal images were obtained with a body
coil to contrast fat, muscle, and internal organs such as the
kidney. The imaging parameters were: (a) SE: TE" 110 ms,
TR " 2000 ms, and # " 55 ms; (b) FSE: TE " 112 ms,
TR " 3000 ms, echo train length (ETL) " 16, and # " 14
ms; and (c) DIET: TE " 108 ms, TR " 3000 ms, ETL " 16,
#1 " 24 ms, and #2 " 14 ms. The FOV of each image was
20 cm. In order to make a fair comparison between images,
the receiver gain was held constant for all the imaging
sequences. Furthermore, to keep the effective echo times
(TE) comparable between the images, the zero order phase
encode of the DIET sequence was shifted to the seventh
echo, rather than the eighth echo, where it occurred in the
FSE sequence.
Figure 10 shows images of the upper thigh using the FSE,

DIET, and SE sequences. The images are thresholded to the
same levels for comparison. The contrast of the DIET image is

clearly closer to that of a SE image than to that of an FSE
sequence. Table 1 shows the ratio of signal from various
tissues-to-fat signal, as measured in regions of interest from
both the thigh and abdominal images. These ratios confirm that
the contrast provided by the DIET sequence approaches that of
a conventional SE sequence.

FIELD DEPENDENCE OF J COUPLING-INDUCED
FAT SUPPRESSION

For the DIET sequence to suppress fat signal adequately,
#1 must be long enough such that !J jk!# 1 or !! jk!# 1 ) 1. ! is
directly proportional to field strength, and thus the initial
pulse spacing necessary to suppress fat will become shorter
as B 0 increases. In order to qualitatively evaluate the field
dependence of J coupling-induced fat suppression, we stud-
ied the dependence of echo amplitudes on # for olive oil at
field strengths of 0.47 and 2.0 T using a conventional CPMG

FIG. 10. Thigh images created using the (a) SE, (b) FSE, and (c) DIET imaging sequences. The TE values were 110, 112, and 108 ms, respectively. The
fat signal is much less pronounced in the DIET image than in the FSE image, hence the DIET image contrast approaches that of the SE image.

148 STABLES ET AL.



sequence. We recorded the echo amplitude at a fixed TE
(128 ms) for a range of pulse intervals, #. Measurements at
0.47 T were performed on a Bruker Minispec relaxometer.
Figure 11 shows the field dependence of the olive oil signal.
At both field strengths the signal is greatest at short pulse
intervals (# - 4 ms), and similar changes are seen in going
from the limit of very rapid pulsing to slow pulsing. How-
ever, as expected, at 2 T there is a more rapid decrease in
signal as # increases.
For most practical FSE imaging sequences at clinical field

strengths, the pulse spacing can at best be considered to be in
an intermediate regime where # is not short enough to eliminate
the fat signal entirely. For a typical FSE sequence with # " 16
ms, we can estimate from Fig. 11 the maximum amount of lipid
suppression attainable by incorporating a longer initial echo
into the sequence. At 2.0 T, as # (or, for a DIET sequence, #1)
is increased from 16 to 64 ms, the signal from olive oil is
decreased by about 25%, whereas at 0.47 T the signal is
decreased by over 40%. It should be noted that these estimates
simply serve to show the qualitative field dependence and
should not be taken as maximum estimates of suppression in
vivo since this depends on the exact chemical nature of the
coupled lipid system.

DISCUSSION

The simulations and experiments clearly support the theo-
retical prediction that when the pulse spacing is shortened in
the second phase of the DIET sequence, the spin system retains
the J coupling suppression acquired before the first echo. In
addition, the results highlight a potential advantage of the
DIET sequence over conventional CPMG-based imaging se-
quences: as #2 becomes shorter, the modulation of the echo
train decreases. In imaging sequences which acquire multiple
phase encodes in a single TR, a smoother echo train results in
a narrower and less distorted point spread function (PSF) in the
phase encode direction.
Another finding of the simulations and experiments is that

for both large and small values of #2, the behavior of the echo
train once fast pulsing begins is in many cases remarkably
independent of #1. Therefore one can lower the initial signal of

the echo train without significantly effecting its subsequent
behavior. Once the faster pulsing begins, the effects of J
coupling are removed, but the echo train’s signal remains
suppressed.
As discussed above, the product of the chemical shift differ-

ence(s) within the spin system and the pulse spacing, !#, is an
important parameter which determines the degree to which J
coupling dephases lipid signals (6, 9). As !# decreases, the effects
of J coupling diminish, enhancing the lipid signal. It is apparent
from our phantom experiments that even at rapid FSE pulse
spacings (of order 10–20 ms), the effects of J coupling are still not
eliminated. Thus, as new FSE sequences become available where
the pulse spacing is decreased below the limits currently available
on commercial systems (# " 12–14 ms), the effects of J coupling
will be more fully suppressed and lipid signal will be further
enhanced. Under these conditions the DIET sequence will be
particularly effective. The product !# is also smaller at lower
imaging field strengths, such as are found with open-bore mag-
nets, resulting in a greater difference between SE and FSE fat
signals. Once more the use of a long initial echo can greatly
reduce these effects, though at lower field strengths it may be
necessary to use longer #1 values (scaled inversely with field
strength) to suppress fat signal effectively.
The length of delay before the first refocusing pulse will of

course alter the sensitivity of the DIET sequence to effects
other than J coupling, such as subject motion, flow, and
diffusion through susceptibility-induced field inhomogeneities.
The point spread function of the image will also be altered
because of the delay before each echo is acquired.

FIG. 11. Field dependence of J coupling induced fat suppression. The
intensity of the echo at TE " 128 ms is plotted vs # for B 0 " 0.47 and 2 T.
The signal in each curve is normalized relative to its value when # " 1 ms. The
chemical shift, !, is larger at the higher field, and thus J coupling effects will
be seen at shorter # values (i.e., when !! jk!# ) 1).

TABLE 1
Ratios of Tissue Signal to Fat Signal
for FSE, DIET, and SE Images

FSE DIET SE

Fat 1 1 1
Marrow 1.06 1.21 1.25
Muscle 0.12 0.16 0.15
Kidney 0.13 0.21 0.23
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CONCLUSIONS

We have demonstrated through density matrix theory, numer-
ical simulations, and phantom and in vivo imaging experiments
that the DIET sequence is an effective method of reducing lipid
signal. The sequence allows one to obtain spin echo-like contrast
from an FSE-type sequence. The simulations and experiments
clearly support the theoretical prediction that in the limit of very
fast pulsing in the second phase of the DIET sequence, the echo
train becomes time independent. They also support the hypothesis
that the DIET sequence should remain an effective means of fat
suppression outside of the limit of short #2.

APPENDIX

In a standard CPMG sequence, the equation for the density
matrix, &̂, at the nth echo is (neglecting T 2 decay)

&̂$n#% ) $e*i / 2Ĥ#R̂180xe *i / 2Ĥ#% nÎx$e *i / 2Ĥ#R̂180xe *i / 2Ĥ#% *n, [3]

where # is the spacing between 180.x pulses, and R̂ 180x is the
rotation operator for the 180.x pulse (6). The Hamiltonian of the
system is

Ĥ % *#
j

! j Î z j * #
j-k

JjkÎj ! Îk , [4]

where ! j is the chemical shift of nucleus j with respect to the
average Larmor frequency of the spins, and J jk is the J cou-
pling constant between spins j and k. Î j is the angular momen-
tum operator for the jth spin and Î zj is its z component. If # is
short enough that

!Jjk#!, !! jk#! " 1, for all spin groups, j, k, [5]

then one can expand the time evolution operator, exp(* i
2 Ĥ#),

to first order in a Taylor series:

e*i / 2Ĥ# $ 1 *
i
2 Ĥ# % 1 '

i
2 #

j

! jÎ z j# '
i
2 #

j-k

JjkÎj ! Îk#.

[6]

Plugging this expansion into Eq. [3], we obtain

e*i / 2Ĥ#R̂180xe *i / 2Ĥ#O¡
short #

$1 ' i #
j

Jj k Îj ! Îk#%R̂180. [7]

The expression on the RHS of Eq. [7] commutes with Î x and
thus cancels the (e*i/ 2Ĥ#R̂ 180xe*i/ 2Ĥ#)*1 terms in Eq. [3] (6).
Therefore, in a CPMG sequence, in the limit of 1/# + !J jk!,
!! jk!,

&̂$n#%O¡
short #

Îx. [8]

For the DIET sequence, the expression equivalent to Eq. [3] is

&̂$#1 ' n#2% ) $e *i / 2Ĥ#2R̂180xe *i / 2Ĥ#2% n$e *i / 2Ĥ#1R̂180xe *i / 2Ĥ#1%

, Îx$e *i / 2Ĥ#1R̂180xe *i / 2Ĥ#1% *1$e *i / 2Ĥ#2R̂180xe *i / 2Ĥ#2% *n. [9]

In the limit of fast pulsing in the second phase of the sequence
(i.e., !J jk!# 2 and !! j!# 2 " 1), the outer terms can be simplified
using a Taylor expansion,

e*i / 2Ĥ#2R̂180xe *i / 2Ĥ#2O¡
short #2

$1 ' i #
j

Jj k Îj ! Îk#2%R̂180.

[10]

However, because the first pulse spacing is chosen to be long
enough to allow J coupling effects, i.e., !J jk!# 1 or !! jk!# 1 ) 1,
one cannot ignore higher order terms when expanding
exp(*iĤ# 1). These higher order terms contain Î z j operators,
which do not commute with the remaining operators in Eq. [9],
so the expression for &̂(# 1 + n# 2) cannot be simplified.
The expression for Tr[&̂(t) Î x] can be simplified, however, by

using the relation

Tr'&̂ Îx( % #
j

#, j!&̂ Îx!, j&, [11]

where the !, j& are an orthonormal set of basis states for the
system. The basis states we choose to use are the eigenstates of
exp(* i

2 Ĥ# 1)R̂ 180xexp(* i
2 Ĥ# 1), which we denote !- j&. Using

Eq. [9], Eq. [11] becomes

Tr'&̂Îx( % #
j,k,l

#- j!$Û2R̂Û2%
n!-k&#-k!$Û1R̂Û1% Îx$Û1R̂Û1%

*1!- l&

( #- l!$Û2R̂Û2%
*nÎx!- j&, [12]

where for brevity the subscript of R̂ 180x has been dropped, and
Û 1 and Û 2 represent the time evolution operator, exp(* i

2 Ĥ#),
at # " #1 and #2, respectively. Û 1R̂Û 1 is unitary, and thus has
eigenvalues of the form exp(i. j) (6). Substituting these eigen-
values and rearranging terms, we obtain

Tr'&̂ Îx( % #
k,l

e i$.k*. l%#- l!$Û2R̂Û2%
*nÎx$Û2R̂Û2%

n!-k&#-k! Îx!- l&.

[13]

In the limit of fast pulsing in the second (#2) phase of the DIET
sequence, one can use the Taylor expansion shown in Eq. [10].
The terms in this expansion commute with Î x so that
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$Û2R̂Û2%
*nÎx$Û2R̂Û2%

nO¡
short #2

Îx. [14]

The expression for the DIET signal therefore becomes

S$#1 ' n#2% ) Tr'&̂ Îx( % #
k,l

e i$.k*. l%!#-k! Îx!- l&! 2. [15]

While the values of . j and !- j& depend on #1, there is no
dependence on #2 or n in Eq. [15]. We have therefore demon-
strated that in the limit of very fast pulsing in the second phase
of the DIET sequence, the modulation of the echo train will
disappear. The fat signal instead retains the suppression
achieved during the first (#1) phase of the sequence.
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