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It is shown that in pulse EPR experiments, absolute-value spec-
ra can be distorted because of the instrumental dead time to an
xtent that the interpretation of the spectral features becomes
mpossible. The mathematical background for the description of
he distortions is given, and the far-reaching consequences of the
ffect are illustrated by model calculations. A cross-term averaging
rocedure is proposed to get rid of these distortions in two-, three-,
nd four-pulse electron spin echo envelope modulation experi-
ents. The potential of cross-term averaging is demonstrated in

wo- and three-pulse experiments on a single crystal and a powder
ample. © 1999 Academic Press

Key Words: pulse EPR; dead time–dependent artifacts.

INTRODUCTION

In Fourier transform (FT) spectroscopy such as FT-NM
ulse EPR, and FT-ion cyclotron resonance, the recorded
omain signal has to be subjected to a Fourier transform

o get the corresponding spectrum in the frequency dom
ince the instrumental dead timet d causes a delay in da
cquisition, straightforward Fourier transformation of the d
et may lead to distortions of the spectral features. This
ime problem is particularly severe in electron spin echo
elope modulation (ESEEM) spectroscopy (1), where, depend
ng on the pulse scheme, the missing portion of the data
orrespond to several periods of the resonance freque
arious procedures such as linear prediction (2) or FT-based
lgorithms (3, 4), have been proposed to reconstruct the
oints in the time interval 0# t # t d. After cosine Fourie

ransformation of the completed data set, a pure absor
pectrum is obtained. In many practical situations, howe
he missing time interval is too extended for proper d
econstruction. An alternative approach, which has bec
ery popular in ESEEM spectroscopy, is to Fourier transf
he experimentally recorded time-domain data and to com
he absolute-value spectrum.

Since the linewidths in absolute-value spectra are bro
han the linewidths in absorption spectra, power spectra, w
re distinguished by narrower lines, are sometimes prese
152090-7807/99 $30.00
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e, however, consider the use of power ESEEM spectra
ad habit, since the amplitudes of the peaks no longer re

he proper line intensities. Apart from the line broaden
ffect, absolute-value spectra presentations suffer from a
ore serious drawback, of which most pulse EPR spectro
ists seem unaware. In multiline spectra with overlap

eatures, the absolute-value spectra are often heavily dis
y deep holes and large frequency shifts, resulting in split

hat do not really exist and in resonance frequencies that a
rom the correct ones. In the ESEEM literature, many exam
f strongly distorted absolute-value spectra can be fo
hich may lead to far-reaching misinterpretations of the d

t was demonstrated earlier that in the case of two lines of e
mplitude and width, the absolute-value spectrum is a fun
f the relative phase of the two frequencies (5). In a hyperfine
ecoupling study published very recently, it was recogn

hat resonance lines can manifest in an absolute-value spe
s holes rather than as peaks (6).
In this paper, we give the mathematical background fo

escription of the dead time-dependent distortions observ
ultiline absolute-value spectra and demonstrate by m

alculations how tremendous the distortions can be. We
ntroduce a “cross-term averaging” procedure that allows
o get rid of the distortions, and illustrate the potential of
pproach applied in two-, three-, and four-pulse ESEEM
eriments.

THEORY AND MODEL CALCULATIONS

We first consider a time-domain signal consisting of a si
xponentially damped cosine function which in complex n

ion is described by

s~t! 5 Beiv0te2t/t, t . 0 [1]

ith resonance frequencyv0 and decay timet. The complex
pectrum

S~v! 5 B@A~v! 2 iD ~v!# [2]
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153LINE DISTORTIONS IN ABSOLUTE-VALUE ESEEM SPECTRA
onsists of the absorption spectrum

A~v! 5
1/t

~1/t! 2 1 ~v 2 v0!
2 [3]

nd the dispersion spectrum

D~v! 5
v 2 v0

~1/t! 2 1 ~v 2 v0!
2 , [4]

ith the magnitude or absolute-value spectrum

M~v! 5 BÎA2~v! 1 D 2~v!. [5]

onsidering a dead timet d, data acquisition is started at a tim
0 $ t d. The truncated time-domain signal is then given

st~t! 5 Bte
iv0t0eiv0te2t/t, t $ 0, [6]

ith the reduced amplitudeBt 5 Be2t0/t and the comple
actor eiv0t0 with magnitude 1 and phasew 5 v 0t 0. For the
bsolute-value spectrum we find

Mt~v! 5
Bt

B
M~v!, [7]

hich, apart from a reduced amplitude, is identical with
riginal absolute-value spectrumM(v).
Next, we consider a superposition ofN exponentially

amped cosine functions

s~t! 5 O
n51

N

sn~t! 5 O
n51

N

Bne
iv 0nte2t/tn [8]

hat are all in phase att 5 0, with amplitudesBn, frequencie
0n, and decay timest n. Fourier transformation is alinear
peration, so that the spectrum consists of the sum o

ndividual lines:

S~v! 5 O
n51

N

Bn@An 2 iD n#. [9]

n the other hand, the computation of the absolute-v
pectrum

~v! 5 FO
n51

N

M n
2~v! 1 O

n51

N21 O
m5n11

N

2BnBm@AnAm 1 DnDm#G 1/ 2

[10]
e

he

e

s anonlinearoperation, and Eq. [10] therefore containscross-
ermsof the form [AnAm 1 DnDm].

The truncated signal starting att 0 5 t d is given by

st~t! 5 O
n51

N Btn

Bn
eiv 0nt0sn~t!, t $ 0 [11]

ith Btn 5 Bne
2t0/tn. For the complex spectrum, we find

St~v! 5 O
n51

N

Btne
iv 0nt0@An 2 iD n#, [12]

nd the for the absolute-value spectrum we have

t~v! 5 F O
n51

N SBtn

Bn
D 2

M n
2~v!

1 O
n51

N21 O
m5n11

N

2BtnBtmcos~Dwnm!@AnAm 1 DnDm#

1 O
n51

N21 O
m5n11

N

2BtnBtmsin~Dwnm! @AnDm2 AmDn#G 1/ 2

,

[13]

ith the phase differencesDw nm 5 w n 2 wm 5 (v 0n 2

0m)t 0. The square root of the first sum represents the abso
alue spectrum for the case when the peaks are suffic
ell separated from each other. The two double sums repr

wo types of cross-terms with intensities depending on
hase differencesDw nm. In both of them the absorptive a
ispersive part are mixed together. Note that because o
eighting factors cos(Dw nm) the first double sum also contri
tes to the spectrum recorded witht 0 5 0.
To get some deeper insight into Eq. [13], we consid

ime-domain signal consisting of two truncated exponent
amped cosine functions, with the absolute-value spectru

Mt~v! 5 FSBti

Bi
D 2

M i
2~v! 1 SBtk

Bk
D 2

M k
2~v!

1 2BtiBtkcos~Dw ik!@Ai Ak 1 DiDk#

1 2BtiBtksin~Dw ik!@AiDk 2 AkDi#G 1/ 2

, [14]

epresenting the square root of the sum of the two indivi
ower spectra and two cross-terms.
Figure 1 shows the contribution of the cross-terms forBti 5

tk, t i 5 t k 5 1 ms, Dw ik 5 0 (t 0 5 0) (left), Dw ik 5 2708
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154 VAN DOORSLAER, SIERRA, AND SCHWEIGER
right), and four differentDv 0 5 uv 0i 2 v 0ku values,Dv0/2p
2 MHz (a), 4 MHz (b), 10 MHz (c), and 30 MHz (d). A

ong as the two lines are well separated,Dv 0/ 2p @ 1/t i ,k, the
nfluence of the cross-terms is marginal. In the regionDv 0/ 2p

1/t i ,k, however, the cross-terms can become very int
nd their contribution to the individual power spectra,
ence to the absolute-value spectra, is considerable. Depe
n Dv 0, t i , t k, andDw ik, the absolute-value spectrum may
istinguished bydeep tapered holesthat often reach the bas

ine.
Absolute-value spectra can therefore completely be dist

y the cross-terms. Peak maxima may be shifted far away
heir proper position and deep holes in the spectrum
imic splittings that do not exist in reality. This is demo

trated in Fig. 2 on a spectrum consisting of five Lorent
ines of different frequencies, amplitudes, and widths. In
bsorption spectrum shown in Fig. 2a, all five peaks can cl
e recognized. The absolute-value spectrum witht 0 5 0 is
hown in Fig. 2b. As expected, all the lines are broadened
esonance frequencies, however, are still clearly indicate
eak maxima and shoulders. Figure 2c shows the abs
alue spectrum recorded witht 0 5 62 ns. This spectrum is s
everely distorted, in particular by the two deep holes at a
7 and 57 MHz, that most of the observed maxima in
pectrum are no longer related to peak maxima of reson
requencies.

According to Eq. [13], the amplitudes of the cross-terms
eighted either by cos(Dw nm) or sin(Dw nm). SinceDw nm is a

unction of timet 0, the contribution of the cross-terms may
veraged to zero by systematically changing timet 0 prior to
ourier transformation, summing up all the power spectra

FIG. 1. Contributions of the two types of cross-terms in Eq. [14] fo
wo-line spectrum withB1 5 B2, t 1 5 t 2 5 1 ms, and frequency differenc
v0/2p 5 2 MHz (a), 4 MHz (b), 10 MHz (c), and 30 MHz (d). Le
ross-term [A1A2 1 D 1D 2], right: [A1D 2 2 D 1A2]. The intensities ar
ormalized to the full amplitude of the power spectrum, which is 1.62 time
eight of the spectrum (a) on the right side.
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hen computing the absolute-value spectrum. The power
ra are not normalized before addition, since this would
rease the noise level. Thiscross-term averaging procedu
liminates the spectral distortions so that the correct line
itions described by the square root of the first sum in Eq.
re restored. This is demonstrated in Fig. 2d, where 11 p
pectra with 62 ns# t 0 # 102 ns and time incrementsDt 0 5
ns are added and the absolute-value spectrum is com
ote that with increasing values oft 0, broad lines tend t
isappear. Thus, one has to compromise between the su

FIG. 2. Spectrum consisting of five Lorentzian lines of different frequ
ies, amplitudes, and widths. Frequenciesv 0n/ 2p: 34, 40, 50, 56, and 7
Hz (dashed lines); damping factorst n: 34, 50, 40, 32, 13ms; amplitudes

n: 2.6, 1, 3, 2.3, and1.7. (a) Absorption spectrum. (b) Absolute-va
pectrum witht 0 5 0 ns. (c) Absolute-value spectrum witht 0 5 62 ns. (d)
orresponding absolute-value spectrum after cross-term averaging (s

ion of 11 spectra with 62 ns# t 0 # 102 ns andDt 0 5 4 ns).

e



s be
w de
i a i
i an
d t d
t ge
a

rib
b uc
i lut
v th
f r th
t po
a tim
u

ES
3 ul
E f
l s (4
n l o
9 nt
8 pe
i er
u
d lyn
m 24
( th
m

ina
t .
A ph
r d.

T

en
p
g

w
b
v
t ran
s
c d
s
t lin

o the
l the
c

nted
b
d terms
m dure.
R ted in
F

EM
a sul-
f . The
a urier
t
t eep
t ows).
T the

lyci-
n
m act
h m after
t ith 96
n rier
t data
s value
s

155LINE DISTORTIONS IN ABSOLUTE-VALUE ESEEM SPECTRA
ion of the cross-terms and the loss of broad lines. The
ay to find the optimal number of power spectra to be ad

s by visual control. When the number of power spectr
ncreased, the cross-term averaged spectrum will first ch
ramatically (disappearance of the dead time–dependen

ortions). At a certain point, the peak positions will no lon
lter, but broader lines will gradually disappear.

ABSOLUTE-VALUE SPECTRA IN ESEEM EXPERIMENTS

Since time traces in ESEEM experiments can be desc
y a sum of damped cosine functions, the procedure introd

n the previous section may directly be applied to get abso
alue ESEEM spectra free of cross-term contributions. In
ollowing, we demonstrate the reconstruction procedure fo
wo-, three-, and four-pulse ESEEM experiment, and pro
dditional possibilities for spectral reconstruction for the s
lated-echo-based ESEEM sequence.
All pulse EPR experiments were performed on a Bruker

80E spectrometer at a temperature of 15 K. The two-p
SEEM experiments were carried out withp/2 (p) pulses o

ength 8 ns (16 ns) for the single crystal sample and 24 n
s) for the disordered sample with a minimum time interva
6 ns; 256 data points were sampled with a time increme
ns. For the two-dimensional (2D) three-pulse ESEEM ex

ments,p/2 pulses and time increments of length 8 ns w
sed and a four-step phase cycle was applied (7). The time-
omain data were baseline corrected with a suitable po
ial, apodized with a Hamming window, zero filled to 10

31024) data points and Fourier transformed. Further ma
atical treatments of the data are discussed later.
Single-crystal experiments were performed on bis(glyc

o)copper(II) in triglycine sulfate (8, 9) at arbitrary orientation
s a disordered system, a powder of Co(II)(tetraphenylpor

in), Co(TPP), in Zn(TPP) as host material has been use

wo-Pulse ESEEM

The echo amplitude of the two-pulse ESEEM experim
/2–t–p–t–echo, of a spin system withS 5 1

2 and I 5 1
2 is

iven by (10)

E~t! 5 1 2
k

4
@2 2 2 cos~vat! 2 2 cos~vbt!

1 cos~v1t! 1 cos~v2t!#, [15]

ith the two basic frequenciesva and vb in the a- and
-manifold of the electron spin,v1 5 va 1 vb, v2 5 uva 2

bu, and the depth parameterk 5 4 I aI f, whereI a andI f denote
he transition probabilities of the allowed and forbidden t
itions, respectively. If more than one nuclear spinI 5 1

2

ouples to the electron spin, the time-domain signal is
cribed by the product rule (10). Since in two-pulse ESEEM
he spectral features are usually quite broad and the
st
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verlap, the absolute-value ESEEM spectra reported in
iterature are often heavily distorted by the contributions of
ross-terms.
According to Eq. [15], the time-domain trace is represe

y a sum of cosine functions that are in phase att 5 0. The
istortions in the absolute-value spectra caused by cross-
ay therefore easily be eliminated by the averaging proce
estorations of two-pulse ESEEM spectra are demonstra
igs. 3 and 4.
Figures 3a and 3b show single crystal two-pulse ESE

bsolute-value spectra of bis(glycinato)Cu(II) in triglycine
ate taken at an arbitrary orientation and observer position
bsolute-value spectrum in Fig. 3a is obtained after Fo

ransformation of the time-domain signal, recorded witht 0 5

d 5 96 ns. The spectrum is distorted by a number of d
apered holes (the most pronounced are marked by arr
he corresponding absolute-value spectrum obtained from

FIG. 3. Two-pulse ESEEM experiments on a single crystal of bis(g
ato)copper(II) in triglycine sulfate (arbitrary crystal orientation,B0 5 324
T). (a) Absolute-value spectrum,t0 5 96 ns (the most pronounced artif
oles are marked by arrows). (b) Corresponding absolute-value spectru
-cross-term averaging (square root of the sum of 100 power spectra w
s # t0 # 888 ns andDt0 5 8 ns). (c) Spectrum obtained after Fou

ransformation of the corresponding 2D three-pulse ESEEM time-domain
et in thet dimension and summation of the corresponding absolute-
pectra for variable timeT.
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156 VAN DOORSLAER, SIERRA, AND SCHWEIGER
ame time-domain signal using cross-term averaging (wit
s # t0 # 888 ns, in steps of 8 ns) is shown in Fig. 3b.
istortions have disappeared and an absolute-value spe
ith peak maxima that can be considered with confidenc

eal resonance frequencies is obtained.
Figure 4 demonstrates that absolute-value artifacts als

ur in disordered systems. The two-pulse ESEEM abso
alue spectrum of Co(TPP) in Zn(TPP) powder (obse
osition B0 5 160 mT, corresponding to a proton Larm

requency of 6.8 MHz) shown in Fig. 4a is obtained a
ourier transformation of the time-domain signal witht 0 5 t d

96 ns. The corresponding spectrum after cross-term
ging with 96 ns# t0 # 888 ns, in steps of 8 ns, is shown
ig. 4b. The result is again very impressive. The artificial h
isappear, the troubled base line becomes smooth, an
pectrum is distinguished by well-shaped peaks. Note in
icular the peaks at 6.8, 13.6, and 20.4 MHz, which repre

FIG. 4. Two-pulse ESEEM experiment on Co(TPP) in Zn(TPP) pow
bserver positionB0 5 160 mT. (a) Absolute-value spectrum,t0 5 96 ns. (b)
orresponding absolute-value spectrum aftert-cross-term averaging (squa

oot of the sum of 100 power spectra with 96 ns# t0 # 888 ns andDt0 5 8
s). (c) Absolute-value spectrum after linear back-prediction to zero dea
reconstruction of 12 points) using Ref. (2) with 20 singular values.
6
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he basic proton frequency and its second and third harmo
espectively. Figure 4c shows the absolute-value spec
btained after linear back-prediction of the time-domain si

o a zero dead time (reconstruction of 12 points) using
ethod described by Barkhuijsenet al. (2). Twenty singula

alues were taken. It is clear that in this case the li
rediction method fails to reconstruct the exact spectrum
Both examples clearly demonstrate that in absolute-v

SEEM spectra, the distortions due to the cross-terms
sually by far more serious than the loss of information du
ross-term averaging.

hree-Pulse ESEEM

For the stimulated echo sequence,p/2–t–p/2–T–p/2–t–
cho, the modulation formula for anS 5 1

2, I 5 1
2 system is

iven by (10)

E~T, t! 5 1 2
k

4 F@1 2 cos~vat!#@1 2 cos~vb~t 1 T!!#

1 @12 cos~vbt!#@1 2 cos~va~t 1 T!!#G , [16]

ith a fixed time t and a variable timeT. In three-pulse
SEEM only the basic nuclear frequenciesva and vb occur.
ecause of thet-dependent amplitudes, (12 cos(vat)) and

1 2 cos(vbt)), the spectra may be distorted by blind sp
ote the similarity between these blind spots and the hol

he absolute-value spectra caused by a delayed data ac
ion.

To get rid of thet-dependence of the signal amplitudes,
hree-pulse ESEEM spectra should be taken at severalt values
nd then summed up. To avoid this time-consuming proce

he experiment is often carried out with a singlet value for
hich no blind spots in the frequency region of interest oc
owever, this procedure is only justified for the idealized c
hen data acquisition is started at timeT0 5 2t. According

o Eq. [16], a cosine-Fourier transformation will then resu
pure absorption spectrum, although a slightt-dependen

istortion will still be present (see discussion of Fig. 5c).
Even if T0 is extended to negative values by using a pu

wapping technique (11), the initial value ofT0 is still limited
y the instrumental dead timeT0 5 t d. The dead time wil

hen again distort the absolute-value spectrum independen
he blind spot behavior. This is demonstrated in Figs. 5a
b, which compare the absolute-value spectra of Co(TP
n(TPP) powder of two three-pulse ESEEM experiments
ied out with one and the samet value (t 5 96 ns correspond
ng to blind spots at(10.4)n MHz, with n 5 0, 1, 2, . . .), bu
ifferent T0 values (96 and 128 ns). The frequency ran
here the differences in the spectra are most pronounce
arked by gray areas. TheseT0-dependent spectral distortio

an be removed either by cross-term averaging (T0-incremen

,

e
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157LINE DISTORTIONS IN ABSOLUTE-VALUE ESEEM SPECTRA
ation, Fig. 5c) or by using a reconstruction method (2–4);
owever, thet-dependent blind spot behavior remains.
arying t and summing up the spectra obtained with diffe
values, both thet-dependent and theT0-dependent disto

ions are eliminated (Fig. 5d). A comparison of Figs. 5c an
hows that even fort values chosen to shift the blind sp
way from the frequency region of interest, thet-dependenc
f the modulation amplitudes still leads to spectral distorti
Note that summation in a second dimension does not

ssarily eliminate the dead time–dependent spectral d
ions. For example, when the two-dimensional three-p
SEEM data set is Fourier transformed in thet dimension

two-pulse-like spectra) and summed over allT-values, the
-dependent distortion is not fully averaged out (see terms2
os(va/b t)) in Eq. [16]). Figure 3 compares the single-cry
bsolute-value spectrum of bis(glycinato)copper(II) obta

FIG. 5. Three-pulse ESEEM experiment on Co(TPP) in Zn(TPP) pow
bserver positionB0 5 160 mT. (a) Absolute value spectrum of the thr
ulse ESEEM experiment witht 5 96 ns andT0 5 96 ns, (b)T0 5 128 ns
c) Corresponding absolute-value spectrum afterT0-cross-term averagin
square root of the sum of 100 power spectra with 96 ns# T0 # 888 ns and
T0 5 8 ns). (d) Absolute-value spectrum obtained aftert-cross-term ave
ging (96 ns# t # 600 ns, in steps ofDt 5 8 ns).
t

d

s.
c-
r-
e

l
d

n this way (c) with the cross-term averaged two-pulse ESE
bsolute-value spectrum (b). Although the spectrum in Fig
lready contains fewer holes than the one shown in Fig
two-pulse ESEEM without cross-term averaging), obvio
ot all spectral distortions are eliminated (gray marked ar
Cross-term artifacts will also occure in two-dimensio

pectra obtained by a 2D Fourier transformation. However
onditions under which holes appear are more complex th
he case of a 1D spectrum and will in general be less se
oreover, since in going from a 1D to a 2D spectrum, o

apping lines become better separated from each othe
pectra will be less distorted.

our-Pulse ESEEM

The modulation formula for the four-pulse ESEEM
uence,p/ 2–t–p/ 2–t 1–p–t 2–p/ 2–t–echo, is given by (12)

E~T, t! 5 1 2
k

4
~EI 1 EIIa 1 EIIb 1 EIIIa 1 EIIIb! [17]

ith

EI 5 3 2 cos~vbt! 2 cos~vat!

2 sin 2h cos~v1t! 2 cos 2h cos~v2t!

EIIa 5 Ca~t!cos@va~t2 1 t / 2!# 1 Cb~t!cos@vb~t2 1 t / 2!#

EIIb 5 Ca~t!cos@va~t1 1 t / 2!# 1 Cb~t!cos@vb~t1 1 t / 2!#

EIIIa 5 Cc~t!cos 2h@cos~vat1 1 vbt2 1 v1t / 2!

1 cos~vbt1 1 vat2 1 v1t / 2!#

EIIIb 5 2Cc~t! sin 2h@cos~vat1 2 vbt2 1 v2t / 2!

1 cos~vbt1 2 vat2 2 v2t / 2!# [18]

nd

Ca~t! 5 cos 2h cos~vbt 2 vat / 2!

1 sin 2h cos~vbt 1 vat / 2! 2 cos~vat / 2!

Cb~t! 5 cos 2h cos~vat 2 vbt / 2!

1 sin 2h cos~vat 1 vbt / 2! 2 cos~vbt / 2!

Cc~t! 5 22 sin~vat / 2!cos~vbt / 2!. [19]

everal experiments such as DEFENCE (t 1 and t are kep
onstant,t 2 is varied) (12), HYSCORE (t is kept constant,t 1

ndt 2 are varied) (12, 13), and the sum peak experiment (t 1 5

2 is varied, t is either kept constant (1D) or varied (2D
14, 15) are based on this pulse sequence.

For the 1D DEFENCE experiment, it has already b
ecognized (12) that there will be suppression effects due to
1 andt dependence of the echo modulation amplitudes,

r,
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158 VAN DOORSLAER, SIERRA, AND SCHWEIGER
18] and [19]. These effects can virtually (but not fully)
liminated by an appropriate choice oft 1 andt. Equation [18
hows that also the dead timet 2d of the second free evolutio
eriod has to be considered. All the suppression effects o
ing in a DEFENCE experiment can be removed by cross-
veraging with respect to the time intervalt (see Eqs. [18] an

19]).
In HYSCORE spectra, spectral distortions depend not

n the pulse spacingt, but also on the two dead timest 1d and
2d. From Eqs. [18] and [19], it can be seen that an add
f HYSCORE spectra with differentt values will again
emove all dead time– dependent distortions. In prac
owever, instrumental limitations often make such th
imensional HYSCORE experiments (16) very demanding an

ime consuming. Therefore, one always has to keep in
ossible dead time–dependent distortions in the interpret
f HYSCORE spectra taken at onet value.

CONCLUSIONS

It has been shown that severe line distortions occu
bsolute-value spectra obtained after Fourier transformati
truncated signal. In pulse EPR, truncation of the reco

ime-domain signal is caused by the instrumental dead
he origin of the distortions can be put down to the fact tha
bsolute-value spectrum depends on the relative phase
ifferent frequencies contributing to the time-domain sign
The consequences of these dead time–dependent effe

iscussed for two-pulse, three-pulse, and four-pulse abs
alue ESEEM spectra. Examples of heavily distorted ESE
pectra are shown for both a single-crystal and a disord
ystem. In these spectra, splittings that do not exist and
ur-
m

ly

n

e,
-

d
on

in
of
d
e.
e
the

are
te-
M
ed
o-

ance frequencies that are far from the correct ones ar
erved. In order to get rid of the artifacts, a cross-term a
ging method is proposed. Additional possibilities for spe
econstruction are given for the three- and four-pulse ESE
equences.
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