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1. Introduction

Initially, Lucio Frydman’s invitation to write a few pages about
the origins of the ‘Selection of coherence transfer pathways’ [1]
gave me much pleasure, for I tend to regard this paper as my pre-
ferred brainchild. It is probably the most influential of the 333 pa-
pers that I have been associated with in the last 33 years, and |
have greatly enjoyed lecturing about the subject on many occa-
sions, in meetings and classrooms. On second thoughts however,
such an enterprise appears fraught with danger. Is it really my
brainchild? Of course it isn’'t! Is it really influential? One should
not lay any claims on what others have done with it. Was the lec-
turing any good? I doubt that my students share my fond
recollections.

In the wonderfully open-minded atmosphere of Ray Freeman'’s
Oxford laboratory where I carried out research towards my D. Phil.
(1975-1977), we discovered, purely by accident, some artifacts in
two-dimensional spin-echo spectra that we affectionately called
‘phantoms’ and ‘ghosts’ [2,3]. The former arise when the initial
pulse is short of 90° so that it leaves some longitudinal magnetiza-
tion, and the refocusing pulse differs from 180°, so that it can ex-
cite some transverse magnetization. Ghosts stem from the failure
of the refocusing 180° pulse, at least in some parts of the sample.
In our slightly amateurish way, we stumbled upon a method to
exorcise these diabolical artifacts, which we dubbed ‘Exorcycle’
[4], after a movie entitled ‘The Exorcist’ that was popular at the
time. In retrospect, this seems to be the first published example
of a phase-cycle, i.e., a series of pulse sequences that are identical
except for the relative phases of the radio-frequency pulses. Ever
since, we have scrutinized artifacts of all sorts with near-compul-
sive attention in the hope that they would lead to some new in-
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sights. Hardly had our communication [4] been submitted to the
Journal of Magnetic Resonance (Ray had written it up in less than
48 h) that David Hoult, having read Ray’s lucid description [3] of
our beloved phantoms and ghosts, rushed into our Physical Chem-
istry lab, coming from his Biochemistry lab across the street: ‘.. .of
course you must realize how you can eliminate these artifacts. ..’
He had invented exactly the same thing! Here is another lesson:
if you fail to publish an idea, somebody else will, sooner or later.

When I joined the laboratory of the regretted Regitze Vold and
Robert Vold at UCSD, I learned a few things about multiple-quan-
tum coherences, and expanded the 4-step ‘Exorcycle’ to a 16-step
cycle [5]. In modern parlance, one would say: we selected path-
ways Ap = +4 instead of Ap =12, using 45° instead of 90° phase
shifts. (It could probably have been done in eight steps, but ‘Hexcy-
cle’ - short for ‘Hexadecacycle’ - sounded more devilish than ‘Octa-
cycle’!) This was surprisingly effective at removing undesired
coherence transfer processes, even when the nominal 180° refo-
cusing pulse was severely miscalibrated [5]. In a sense, phase cy-
cles appeared to offer an alternative to Malcolm Levitt's
composite pulses.

In my days at MIT (1979-1980), David Ruben built a phase-
shifting device. Appropriate hardware is now incorporated into
routine spectrometers, and I could have done more reading and
less tinkering with soldering irons in Oxford, San Diego, MIT and
ETH if phase-shifters had been readily available in those days. By
the time I returned to ETH (1980-1985), I had become a steadfast
believer in the now well-known graphical representations of path-
ways. | remember that on the occasion of the 125th birthday of
ETH, I gave a P. Chem. seminar showing pathways appropriate
for an oriented deuteron, which has five levels (p = -2, -1, 0, +1,
+2) so that after three pulses there are 53 = 125 possible pathways.
Fig. 1 shows a transparency from this early period. Curiously, no-
body seems to have followed up on the idea that many 4-step cy-
cles can be replaced without loss by 3-step cycles.

At some point in 1981, Richard Ernst asked me to help complete
the manuscript of ‘Principles’ [6]. At that time, about half of the
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Fig. 1. Transparency prepared for a seminar at ETH in ca. 1982, illustrating how 3-
step phase cycles might be used to select desired coherence transfer pathways.

book had been written by Richard and Alexander Wokaun. I cannot
remember how this came about, but I must have argued that some
description of pathways would help to bring the various chapters
together. Indeed, chapter 6.3 contains such a description, with
extensions to stimulated echoes in chapter 4.6. The formal ap-
proach was largely inspired by the classic (though less widely rec-
ognized) work of Wokaun and Ernst [7] that defines the order
p=m — m’ of a coherence spanning two eigenstates with magnetic
quantum numbers m and m’, describes the phase behavior of such
a coherence in terms of the group of infinitesimal rotations, and
rationalizes phase-cycles as Fourier transformations with respect
to the phase ¢, noting that p and ¢ can be considered as conjugate
variables, much like time t and frequency v, or k vectors and spatial
coordinates r in MRI. Among other things, this allows one to under-
stand why several different orders p, p/, ... are retained simulta-
neously if the phase increments are too coarse. This results from
aliasing or folding in p-space, a phenomenon that is familiar to
those who have used under-sampling in time-domain.

The task of finishing ‘Principles’ seemed so hopeless that we
decided to submit a separate paper to JMR. A selfless referee wrote
three full pages containing no less than 12 elaborate equations of
the sort shown in Fig. 2. Wallace Brey, the able Editor of JMR for
many years, wrote an elegant letter to Richard Ernst on November
7th 1983 that is still on my files (‘I shall, of course, be pleased to ac-
cept his manuscript with any revisions you feel it is appropriate to
make.’).

One may wonder in what respect our 1984 paper [1] represents
an improvement over the earlier 1977 work [7]. True, our paper
makes allowance for several consecutive coherence transfer steps.
It also introduced a rather clumsy notation (that I can never
remember myself) using bold and lightface characters with and
without brackets to distinguish between selected and rejected
pathways. However, the main virtue of the 1984 paper appears

(7)) 222 3 o7 (1)) exp{—iApi®;}.
2

Fig. 2. The key equation of our ‘pathway’ paper.

to lie in the graphical representations of coherence transfer path-
ways, which nicely supplement the information conveyed by pulse
sequences. The pathway paper [1] also explains the need to select
two mirror-image pathways to obtain pure-phase peaks, as op-
posed to ‘phase-twisted’ lineshapes, in two-dimensional spectra
[3].

The key equation of our 1984 paper (Fig. 2) says in effect that, if
the phase of an external perturbation (i.e., a sequence of pulses)
represented by a propagator U is shifted through some arbitrary
value ¢, a component of the density operator ¢ having coherence
order p before the perturbation is transformed into a superposition
of components with coherence orders p’, the phases of which are
determined by the product of the phase ¢ and the difference be-
tween the coherence orders Ap =p’ — p. For readers who find our
original pathway paper [1] a trifle hard to digest, more enjoyable
(and more useful) explanations can be found in excellent textbooks
by Keeler [8], Levitt [9], and Hore et al. [10].

There are striking similarities between our pathways [1] and
Alexander Bain’s elegant paper [11]. The latter received about 10
times less credit than ours, judging by the numbers of citations
that are so dear to the fans of ‘bibliometrics’. This raises a question
that may be of some interest to historians of science: why is it that
two papers that were published roughly at the same time, and offer
similar insight, did not receive equal attention? Somehow, our
pathways have become part of widely accepted language, while
Bain’s work has not quite made it. Mukamel has drawn analogies
between our modest pathways and the celebrated Feynman dia-
grams [12-14]. For such widely used pictorial conventions, the
numbers of citations are no more relevant than for Schrédinger’s
equation.

It is well known that some authors write essentially the same
book again and again. Several attempts have been made to gener-
alize pathways to heteronuclear systems, comprising protons I,
and, say, carbon-13 nuclei S. The distinction of coherence orders
p; and ps calls for elaborate three-dimensional diagrams. Likewise,
Miiller designed diagrams for AX5 systems where the three equiv-
alent spins are treated in terms of irreducible tensor operators. De-
spite their beauty (Fig. 3), such diagrams have not found much
popularity [15].

We have tried to generalize pathways to encompass quadrupo-
lar nuclei in anisotropic phases, where one must distinguish be-
tween ordinary (Zeeman) echoes and quadrupolar echoes. It
turns out to be helpful to make a distinction between coherence or-
ders p=m’ — m and satellite orders q = (m’)? — (m)?. This distinction
calls for increasingly baroque coherence transfer pathway dia-
grams that do not offer sufficient insight to deserve much popular-
ity [16]. We have tried to convince the rapidly growing community
of two-dimensional optical ‘femtosecond’ spectroscopy of the rele-
vance of pathways, through a talk at a symposium organized by Pe-
ter Hamm on Rigi Kulm in 2006, and by lecturing to Graham
Fleming’s group in Berkeley in 2007. To no avail: there appear to
be no suitable quantum numbers in optics that bear any useful
analogies to our beloved coherence orders p=m’' — m.

It might be wise to heed to Edward Gibbon’s eloquent advice: ‘I
cannot dissemble that six ample quartos must have tried, and may
have exhausted the indulgence of the Public; that in the repetition
of similar attempts, a successful Author has much more to lose,
than he can hope to gain; that I am now descending into the vale
of years...” [17].

Clearly, like Gibbon’s work, our pathway paper was written
with an ambition to set a trend. It contributed to cleaning up a cha-
otic field of prescriptions for phase cycles that achieved much the
same thing under different guises. But it was hardly written to be-
come a citation classic. Had ‘bibliometrics’ been fashionable in the
1980s, had granting agencies been as reluctant to subsidize funda-
mental research as they are today, had they been quicker at shift-
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Fig. 3. Coherence transfer diagram appxropriate for an AXs; system in terms, of
irreducible tensor operators with ranks I and coherence orders p.

ing their focus to ‘useful’ nanobiotechnology, it appears doubtful
that our pathway paper would ever have been written.
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