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The phase-twisted lines, resulting from a double complex Fou-
rier transform, can greatly alter the quality of two-dimensional
spectra. This problem, which is generally overcome by experimen-
tal procedures (requiring twice as much time as a standard mea-
surement), is inevitable in the two-dimensional J-resolved exper-
iment. This experiment is revisited theoretically and a
postprocessing treatment, leading to pure 2D J-spectra, is de-

procedure 1)), or by repeating the experiment with the initial
pulse shifted by 90° in a separate acquisition block (STATE:
procedure 2)). Yet these methods fail for the simple spin echc
experiment and numerous studies based on postprocessing
the raw data have been proposed to overcome this difficult
These studies could be divided into two categories. On tf

hand, the approach of Freeman and co-workers based on
analysis of the multiplet patterns allows them to extract eac
individual chemical shift in a coupled crowded proton spec
trum and leads to a quantitative “decoupled” proton spectrul
(3, 4). This clever method is restricted to thaesolved exper-
iment (i.e., arising from a homonuclear spin-echo experimen
and does not solve the general phase-twist problem. On tl
In the early days of two-dimensional NMR, the obtention ofther hand, one can find methods based on a partial or tor
pure absorption spectra was thought to be impossible becaasalysis of the data (considered a sum of damped sine fur
of the hypercomplex nature of the data (of the forrtions). ALPESTREZY) (a linear predictive estimation of signal
exp(2mv,it,)* exp(2imr,t,)). This time modulation rests of time reversal) uses a backward linear prediction to reconstru
the necessity of “quadrature detection” in both dimensionill echoes in the, dimension and that way achieves a partia
arising from instrumental and practical considerations (i.e., ta@alysis of the signal. Furthermore, an emergent algorith
setting of the carrier frequency somewhere near the middleagflled filter diagonalization method (FDM,(7) has been
the conventional one-dimensional spectrum). A double Fourignccessfully applied to obtain (i) decoupled proton spectt
transform of the above time-domain data leads invariably to(&, 9) and (ii) pure absorption spectra in electron spin ech
mixture of absorption and dispersion lines (referred below axperiments and gradient HSQC experimed, ). In this
phase-twisted lineshapes) which proves impossible to corrpefper, we expand our previous work on quantitative time
by data processing. One method for overcoming this drawbadéimain analysis of two dimensional datd?) to derive a
consists of creating a cosine (or sine) modulation in the general algorithm for getting rid of phase-twist problems in 2C
dimension instead of the exp(@v,t;) modulation. This is spectra. It will be applied here with the aim of obtaining
easily achieved in a heteronuclear experiment by (i) setting theantitative fully decoupled homonuclear spectra. The ne
carrier frequency at one extremity of the spectrum and (i#ection presents a detailed analysis of Jhdecoupled exper-
avoiding the phase cycling which yields the complex exponeiment and mathematically demonstrates the potentiality of ot
tial modulation. In homonuclear experiments, as one prefersapproach for obtaining (1) pure absorption 2D spectra and (2
keep the advantage of quadrature detection irt fftémension as a by-product, fully decoupled homonuclear spectra fc
(for sensitivity and for limiting the transmitter power), thiswhich a theoretical expression provides the undisputed e\
method would require the carrier frequency to be shifted pridence of their quantitative nature.
to thet, evolution period with the major problem of phase
retrieval at the beginning of thig acquisition period. Fortu-
nately elegant strategies have been devised for effectively (and THE J-DECOUPLED EXPERIMENT REVISITED
not physically) moving the carrier frequency toward one ex-
tremity of the spectral window. They are based either on theThe relevant experiment corresponds to the classical twi
incrementation of the initial pulse phase for eacincrement, dimensional sequence used in the so-called homonudlear
divided by 2 with the respect to the normal increment (TPRé&solved spectroscopy,

duced. Quantitative fully J-decoupled homonuclear spectra are
accordingly obtained by means of a projection onto the F2 axis
after a 45° tilt. © 1999 Academic Press
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FIG. 1. Left: A schematic representation of the spectrum df@oupled two-spir-system with the notations used in the text. Right: The state of the tw
linesa. anda_ at the echo maximum.

(71 2)—tyl 2—(7) ~t2/ 2—Acqty). [1] ablev,into v; = v, — v, produces two peaks ab{ = J/2,

vy, = v,) and (v, = —J/2, v, = v,); thus their projection
Because the centrat pulse removes all chemical shift effectupon the v; axis results in a single peak at, that is a
(with the chosen radiofrequency phases, refocusing occdecoupled spectrum. This is of course the objective of thi
along they axis of the rotating frame), evolution arises onlxperiment. However, a major drawback arises from the hy
from the indirect coupling), so that, at the beginning of thepercomplex form of expressions [4] for which double Fourie!
acquisition period (maximum of the echo), tkeandy com- transform leads invariably to phase-twisted peaks, improper
ponents of magnetizations associated waithanda_ (Fig. 1) further operations (tilt and projection). One possibility for

are, respectively, overcoming these difficulties is to calculate the amplitud
spectrum with the inconvenience of broadened lines involvin

Iy, = sinmdt, Iy, = cosmdt, [2a) important wings.
I, = —sinmdt, |, = cosmdt,. [2b] It is well known that a phase-sensitive two-dimensiona

spectrum can be obtained by switching from, ghase mod-

Each of these quantities should be multiplied by exp(T,), ulation .to at gmplitude modulat.io-n .With’ in aintion, the
provided that the two lines are affected by the same transvePgsessity to shift the_freql_Jency onginn thedpmam SO tha_t_
relaxation processes (i.e., in the absence of CSA-dipolar cro@-Signals appear (in this frequency domain) at a positiv
correlation; otherwise two transverse relaxation tifigsand "€duency. As indicated in the Introduction, this is usually
T, should be introduced). Physical detection duringis achieved by a phase incrementation simultaneously with tt

assumed to be of the quadrature type with, as a conventigfl€ incrementationl). Alternatively, the same goal can be
sampling of the quantityl( + il ). reached by devising two experiments, one leadind,,iro a

It is easy to see that, and|,, lead, respectively, to the sine modulation and the other leading to a cosine modulatic
o v ’ ' (2). In the present experiment, the only possibility lies in the

signal
g relative phases of the two pulses. It turns out that choosing
il exp(2i vgty) [3a] (77)_x pulse (|.nstead of aif), pulse in the experiment discussed
until now) yields
[, eXp(2i Toty), [3b]
wherev, is the precession frequency in the rotating frame of V, VA2V, VAR
the considered line. Fa, anda_, we obtain ’ 545;\/
; P SO JR
a,exp(imdt)exd 2i m(v, + I/ 2)t,] [4a] ; 7
a_cexpl—i mdt)exp 2i m(v, — I 2)t,], [4b] 0
where the amplitude of each signal has been set to unity and E//
where relaxation damping factors have been omitted. o +72
A double Fourier transform with respect tpandt; yields ’ 'Vl

two signals at ¢, = J/2, v, = Va + ‘]/2_) and (1_/1_ = —J/2, FIG. 2. Location of the two cross-peaks arising from thdines in the
v, = v, — J/I2) as schematized in Fig. 2. Tilting the twO+yo-dimensional diagram obtained after double Fourier transform of dat
dimensional map by 45°, i.e., transforming the frequency varesulting from the spin echo experiment.
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a,:—exp(imdt)exd 2im(v, + I/ 2)t,] [5a] form calculation for t < O requires us to reversg tout also
) ) to reverse the frequency scgaleve obtain
a_:—exp(—imdt)exd2im(v, — I 2)t,], [5b]

. B N L
which would substitute to [4]. Clearly, except for the trivial F(v) = explimt)expl—t/THHA[(va + I/2) + 1D (v

sign change, this experiment does not offer any new informa- +J/2)] + [A(v, + 3/12) —iD(vy + I/ 2)]}
tion. It allows us, however, to compensate for instrumental :

. ! ' 4 Jt —t,/T,)2A(v, + I2), 9
imperfections through the widely employed EXORCYCLE expli mIt) exp ~t/T)2A(v ) 9]

(13) phase scheme. . . .
Since the latter approach fails, one may consider sampliW&ereA andD represent the absorption and dispersion spectr

the whole echo or the echo in its reconstruction if it is ngESPECtively. In practice, because of the phase modificatic

available in its totality. If we suppose that it is possible t§itroduced at the receiver level, a zero-order phase correcti
sample negative, values, the signal foa. anda_ can be (the same for alt; increments) should yield the result given by
expressed as [9]. Of courseF(v) is complex but both real and imaginary

parts are amplitude modulated kyt, according to cosine and

) sine functions, respectively. This is due to the fact is

a,explimt)exd —(t + to)/Te] a pure absorptionpspectruym as long as the Fourig:(atir)ansfm
X exfg 2im(v, + I 2)t,]exp(—|t,|/T,) [6a] Wwith respect tat, is consideredthis property removes imme-

. diately the phase-twist probleince, after the first Fourier

a-texp(—imtyex —(t + t)/T.] transform (with respect tb,), it suffices to retain the real part
X exd 2im(v, — I 2)t,]exp(—|t,|/Ty), [6b] of the second Fourier transform (with respecttip so as to

obtain pure absorption spectra in both dimensions.

wheret, is strictly positive and fixed (whereds is a time

variable) and where the contribution from field inhomogeneity DATA ALGORITHM TO GET RID OF THE TWISTED

to signal dampingT5) has been explicitly introduced. It can be PHASE PROBLEM IN 2D J-SPECTRA

stressed that theJ“echoes” are neither symmetric (for the real

part) nor antisymmetric (for the imaginary part). Let us con- The problem of reconstructing the whole echo in the time
sider the contribution from the. line (ignoring damping domaint, remains. It can be pointed out that a similar attemp

effects due to transverse relaxation); the real and imagindl§s been carried out by Nuzillar)( who reconstructed arti-
parts can be Written, respective'y, ficial echoes a|0ng thel dimension again with the aim of

escaping from the phase-twist problem. Fundamentally, h
3 approach, based on linear prediction, is close to the one d
cos 277[ vitz + 5 (t, + tl)} [7a] scribed here. Howevet; spectra are likely to be less predict-
able thant, spectra, as the former arise from an unknadvn
J modulation while the latter are simply conventional NMR
sin 277[ vata + 5 (2 + tl):|- [7b] spectra, amplitude, and/or phase modulated. Thus, once
lines in the standard NMR spectrum have been identified, tt
only issue is to quantify their modulation features according t
t,"net1 time evolution. It occurred that reconstructing missing
ole L
parts (actually the missing left part) ta echoes poses severe
problems associated with instabilities of linear prediction al
gorithms. It was then decided to reconstructwieleleft part
of at, echo, recognizing that the actual information necessal
for this operation is actually contained in the echo right par
which is of course available in its totality.
_ e Let us go back to Eqg. [6] and change for convenieticie
F(v) = explimdt)exp—t,/T,) f t. Any contribution (labeled by the subscripf) to the right
- part of thet, echo signal¥(t) can be written as

Obviously, due to the termsJ(2)(t, + t,), symmetry prop-
erties are lost, precluding the direct reconstruction of the wh
echo from a single half echo.

Now, let us calculate the Fourier transform with respedt to
of the whole echo, again for thee, contribution (whose max-
imum occurs at, = 0), that is,

amexq _tl/TZm) exqi ‘Pm) Z:w [10]
Calculating the Fourier transform first with respectfo> 0
and then with respect @ < 0 and summing up the two resultswith z,, = exp[-1/T%, + 2iwv,], v, standing for the
(as this must be done in practice, owing to the currentbffective precession frequency, (= J/2 in (6)), whereasp,,
available algorithmsit can be noticed that the Fourier trans- arises fromJ modulation during ,(iJt, in [6]) and where the



PURE ABSORPTION 2DJ-SPECTRA 315

I J
+- — —- “\F

| SRRJLILINL LIS L L L B L L O L L N L O O L L L B L L L L L L L L L L L L LY N L L O B L L

PPM 9.00 8.00 7.00 6.00 5.00 4.00 3.00 2.00

FIG. 3. First stage of the algorithm: Data analysis. Top: Standard proton spectrum of tanscrotonaldehyde (TCA) measured on an Avance Bruk
spectrometer operating at 9.4 T. 16 K complex time domain data, spectral width: 5000 Hz, four scans. Middle: Reconstructed spectrum with the
parameters provided by an HD analysis of the whole time-domain data. Bottom: Difference of the two spectrum multiplied by a factor of 5, exhibisimgbom
residual signals.

effective transverse relaxation tiné,, has been reintroducedjugate, which amounts to change any resonance frequency ir
(1/T%, = 1IT,, + 1/T,). Altogether assuming thad differ- its opposite). Taking the Fourier transform of béttit) and

ent signals contribute t&, one has g'(t) yields
M FT[F(t)] = D aL[cose, + i sine,l[A(v,) + iD (v,
GO = S aexp~tTmepienzh,  [11] [701= 2 aileose FrllArn) 1D
m=1 [13a]
Let us assume in the following equations thas positive FT[#' (] = 2 aplcosen + i sin¢]
(right half of the echo). Equation [11] can be rewritten as m
X [A(=v,) + iD(—v,)]0 [13b]
P(t) = D, bz, 12 .
®=2 Y2 et @1+ FTI 0) = 2 3 anexdtion Al [13d

m

with b, = a.exp(—t,/Ty)explen) = anexplien).

The parameterb,, andz,, can in principle be deduced fromwhere A and D stand for absorption and dispersion spectra
the right half echo (e.g., by Hankel decomposition algorithmespectively, and where the propertié§—v,) = A(v,),
(HD) (14) or any other time-domain analysis method) for eadd(—v,,) = —D(v,) have been used.

t, increment. We shall now try to mimic the Fourier transform Therefore, further reversing the frequency scale o
of a whole echo (see Egs. [8] and [9]). With this goal in min&T[¥'(t)] (as should be done for the left part of an actua
let us, for eacht, increment, construct a sign&f’(t) = echo)and adding it t6 T[S (t)] leads to a result similar to Eqg.
Y m bu(zm* (Where the asterisk stands for the complex corf9] (that is, the disappearance Bfv,,), which represents the
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FIG. 4. Second stage of the algorithm: Reconstructiort,oéchoes and addition to the experimental data. Top: A seldgtettrement {; = 30 ms)
extracted from a-resolved experiment on TCA after the Fourier transform intfrdimension. Bottom: Same spectrum after the addition of reconstructed ec|
(see text). Phase twist is seen to be completely removed, the intensity of each line reflecting a cosine modulation which arises from the soté sealation
couplings during the, period.

condition for avoiding phase-twist problems). It can be notdabth v, and v,. This removes the phase-twist problem arising
that this transformation amounts to charigeto —t without from the hypercomplex nature of data along bbottandt,.
affecting the phase factor included .. Finally, it can be  (5) Continue the processing in a standard way, that is, |
emphasized that the whole process rests on a successful ag@pute the Fourier transform alobgwithout using magni-
ysis of the standard NMR spectrum, that is, a search for thede calculation.
resonance frequencies, and their associated effective trans-
verse relaxation tim@,. The outline of this algorithm is close to the one used t
We now summarize the above-described procedure whigRtract quantitative information from the two-dimensional
can be considered a general method for obtaining phase-sggteronuclear Overhauser effect (HOE) some time 4@ (
sitive 2D spectra whenever phase modulation (and not ampfihe problem of finding the best analysis method whicl
tude modulation) leads to phase-twist lineshapes: yields reliablez,’s at the first stage may be critical. We
(1) Extract thez,’s from a reference spectrum. chose the HD method derived from the Hankel singula

(2) For eacht, increment, deduce the relevant complex@lué decompositionl) because it can be used as a black
amplitudes B, from the corresponding experimental dataP0ox and does not need prior knowledge of the signal. Th

denoted by (t). total number of linesV contained in the FID has only to be
(3) Construct¥’(t), compute its Fourier transform, andoverestimated since any extra line yields negligible ampli
reverse the frequency scale. tude. It can be pointed out that any analysis method, such

(4) Add this result to the Fourier transform &f(t). This FDM or nonlinear least squares, which is capable of est
leads to an absorption spectrum, with a complex modulatiomating the four spectral parameters for each line (i.e., fre
factor depending oty. Further Fourier transform with respectquency, damping factor, amplitude, and phase), could &
tot, will yield a real part exhibiting absorption features alongised instead of the HD algorithm.
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FIG. 5. Partial comparison of final-resolved 2D spectra of TCA. Right: Standard processing (2D FT, 45° tilt, magnitude mode). Left: Data processed
the algorithm described in the text. A better resolution is obtained in both dimensions. Acquisition parametérsné&Ements of 10 ms a8 K complex
data ¢,) were collected. Spectral width: 5000 Hz, eight scans, EXORCYCLE phase cycling. Final 2D map size®B.K points.

PROJECTION AND QUANTITATIVE HOMONUCLEAR o T
“DECOUPLED” SPECTRA 1y = 2
S(VZ) a J 1+ 47TZT§(V01 - Vl)z
Let S(v,, v,) be a pure absorption cross-peak of amplitude -
a at frequencies,;, andyy, in the frequency domaing, andv, % T3 q 16
obtained by the method described in the previous section. 1+ 47T 5% (vgy — vh— vy)? ¥ [16]
Sy, v,) = a Ts which can be recast in terms of inverse Fourier transforms,
b2 1+ 47%Ti(vo, — )2
T"é +o0
X " — , _
1+ 47TZT 22(1}02 _ Vz) 21 [14] S(Vz) a f {Rd:FT(eXdZ' WVOltl]EXF( tl/TZ))]
whereT, andT? are the effective transverse relaxation times in X RFT(exd 2im(ve, — vi)t,]
v, andv,, respectively. The 45° tilt amounts to changento I
v, = v, — vy, yielding X exp(—t,/T%))]}dv,. [17]
T, Making the Fourier transforms explicit, we can write [15] as
S(Vl, VZ) -a 1+ 4772T§(V01 - Vl)z
8 oo | [ o)
X . ¥ T, T
1+ 47T 5w, — vy — )2 [15] e i s T2 T2

The projection upon the; axis corresponds to an integral with X Cog2m(voy = vo)t]

respect tov,, X cog2m(vg, — vy — vyt,|dt,dt,dy,.  [18]
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v, projections of the 2D spectra shown in Fig. 5. Top: Conventional proton spectrum displayed at the same scaleQMtdidil&tiveprojection

obtained by the procedures described in this paper. Line areas are within 5% identical to those of the conventional spectrum. Bottom: Noromabptiogecti
standard]-resolved experiment exhibiting a large broadening due to the magnitude mode.

Rearranging the trigonometric functions, we obtain

R R e ta [t
s(vy) = 5 e T, T T

4o
+ (vo, — v)t,] f cog 27y, (t; + tp)]dv,

+ sin 27 voity + (vo, — vH)t,]

4
X J' sif 2wy, (t; + t,)]dv; + cos 2m[ voit;

— (vop — VYt5] f cog 2mvy(t; — tp)]du,

+ sin 2@ voity — (vop — vH)t,]

Joo
X f sin 2wv,(t; — t,) ]dv, } dt,dt,. [19]

The v, integrals involving a sine function are zero wherea:
those involving a cosine function lead to a dirac functidn
This yields

S(vy) =

N ©

T exp( — H — t2|) cog 27 (vgity)
-I-2 Ti; 01*1

—o —0

+ 27T(V02 - V,z)tz]s(tl + tz)dtldtz



PURE ABSORPTION 2DJ-SPECTRA 319

N N

[ HERTZ [ HERTZ
J :_»20.00 :_rzovm
R — ; < > L
<% — [ 1000 <J\
_&————’j s>
3 L

UL
§

\\
%

[ 1000

[.
@

J

L. 20.00

||||||||| R o B B B e R B R
PPM 6.99 6.98 6.97 6.96 6.95

FIG. 7. Partial comparison of the findtresolved spectra for 4-androstene-3,17-dione. Right: Standard processing (2D FT, 45° tilt, magnitude mode).
Data processed with the algorithm described in the text. Note the better separation of the two peaks at 2.44 ppm. Acquisition parametezserbgfts of
12.5 ms ad 2 K complex datatt) were collected. Spectral width: 1500 Hz, eight scans, EXORCYCLE phase cycling, repetition time 10 s. Final 2D map
4 K X 512 points.

a [+ [+ It |t The same result is obtained for the second integral an
+ J J p( ! )COS{ZW(VOltl) finally,

2 T, T3
' T,T%
- 27T(V02 - V2)t2]8(t1 - tz)dtldtz. [20] - =
/ T,+ T%
S(VZ) =a TZT"; 2 [21]
From the properties of dirac distributions, the first integral 1+ 47T2(T2+T.,§> (vo — vh)?

becomes

Equation [21] provides the analytical function for the lineshap
+oo Ity |ty in the decoupled spectrum. It is a Lorentzian function, whos
exp< - T, - TZ) cog —27vort, maximum occurs of course at = v,, and whose linewidth
- corresponds to an effective transverse relaxation fifiesuch
that 1/T5" = 1/T, + 1/T%. This line broadening in the de-
coupled spectra is quite negligible compared with convention:

1 1 amplitude spectra.
()

+ 27 (vo12 — vh)t,]dt,

_ j e -

X COS:Z’TF(VOZ — Vo1 — V’z)tz]dtz

t

RESULTS AND DISCUSSION

The described algorithm has been applied to a sample
transcrotonaldehyde (TCA) as a pedagogical example. A sta
This is just a Lorentzian function representing a signal afard homonucleat-resolved experiment was run with an
resonance frequency, = v, — v and of transverse relax- Avance DRX Bruker spectrometer operating at 9.4 T. It mus
ation timeT,T%/T, + T%. It can be recalled that for theth be pointed out that, due to the mathematical expression of tl
component of a multiplet centered on frequengy one has projection, which involves botfi, andT%, quantitative results
Vo, = vo + mJ(or v, + mI2) andvy, = mJ(ormJd2), m cannot be reached without collecting a complete data se
being an integer or a half-integer, positive or negative, so thaigure 3 shows the conventional 1D proton spectrum of thi
vy = V. compound, compared with a spectrum reconstructed by mes
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FIG. 8. v, projections of the 2DJ-resolved experiment of 4-androstene-3,17-dione at 14.09 T. Top: Conventional proton spectrum scaled in order
compared with the projections. Middle: Normal projection of dheesolved experiment exhibiting a large broadening and a poor resolution due to the magnit
mode. Bottom:Quantitative projection obtained by the procedure described in this paper. Note the increased resolution and the quantitativity (eac
corresponds to one proton, except the two methyl groups which are easily identifiable). A remarkable simplification occurs with respect to ibaatonv
overcrowded spectra.

of the spectral parameters provided by a HD analysis of theth 2D spectra are shown in Fig. 6. Homonuclear decouplir
whole time-domain data. Knowing the list of frequencies anid undoubtedly achieved and a quasi-perfect Lorentzian lin
damping factors (i.e., the,’s of previous paragraph), a linearshape is obtained as predicted by Eq. [21]. The integral of eal
least squares fit was applied for edgghncrement, thus yield- line demonstrates the quantitative feature of this spectrum, tl
ing the complex amplitude of the spectral components. It deviation with the conventional spectrum lying within a range
then possible to reconstruct, for each increment, the left anfi5%. We turn now to a more demonstrative example const
missing part of the ech&’(t). After (i) Fourier transforming tuted by a medium size molecule, namely 4-androstene-3,1
of these reconstructed data, (ii) reversing the frequency scalmne. This compound was chosen because it allows the rea
and (iii) adding them to the Fourier transform of the genuin® directly compare our results with those obtained by Freeme
experimental data, the phase modulation is completely &, 4 and co-workers. Thel-resolved experiment was per-
moved as demonstrated in Fig. 4 for a givgnincrement. formed with a Bruker AMX operating at 14.09 T and data were
Multiplets exhibit a pure cosine modulation in thedimension processed as described previously for the TCA molecule.
and the resulting 2D data set is processed in a standard waypbyt of the corresponding 2D spectra, displayed in Fig. 7
applying Fourier transform to thig dimension, prior to a 45° exhibits an enhanced resolution with respect to the conve
tilt. It can be compared (Fig. 5) with the resulting 2D spectridgonal procedure and therefore leads to an easier analysis
obtained through the conventional processing (2D FT, magepupling patterns in the, dimension. The projection along

tude calculation, and a 45° tilt). As expected, by removing ti{€ig. 8) shows a fully decoupled proton spectrum. Some line
phase-twist feature this procedure can considerably improae2.4 and 1.0 ppm are a little bit distorted because of th
resolution of theJ-resolved spectra; this point will be bettedimitations inherent to the determination of frequencies an
illustrated by the forthcoming example. The projections of damping factors which are involved in the first step of the
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time-domain analysis. The set of spectral parameters obtainédJ. M. Nuzillard, Time-reversal of NMR signals by linear prediction.
by HD certainly leads to the best fit with experimental data at Application to phase sensitive homonuclear J-resolved spectros-
. . . . . copy, J. Magn. Reson. A 118, 132-135 (1996).
the expense of their physical meaning. This point has been _ , _
d | di . & in th fali h 6. M. R. Wall and D. Neuhauser, Extraction, through filter-diagonal-
evelope In a prewous pap_ 29 In the case of a me_s _ape ization, of general quantum eigenvalues or classical normal mode
a_Itered by field |_nh0mogene|t|es_. Moreover, _harmomc INVEr-  frequencies from a small number of residues or short time segment
sion of frequencies (reconstruction of the missing half echo) of a signal. I. Theory and application to a quantum-dynamics
can be rather tricky and may introduce some distortions in the model, J. Chem. Phys. 102, 8011-8022 (1995).
final spectrum. Nevertheless, we obtained a promising result V- A- Mandelshtam and H. S. Taylor, Harmonic inversion of time
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