
Appendix D. Phase Transients 

If one routes an rf pulse through a phase-sensitive detector (PSD) one 
naively expects at its output a dc pulse with a shape equal to the envelope of 
the rf pulse. If one varies the phase φ of the local oscillator of the PSD one 
expects that the shape of the dc pulse will remain unchanged but that its size 
will vary as cos(cp — φ0), where φ0 is the phase of the rf carrier of the rf pulse. 
In particular, one expects that there will be some phase φ which nullifies the 
dc signal. 

However, this is not what one typically observes in practice and the trouble 
is usually not connected with the PSD. Figure D-l shows what one typically 
gets instead. Both cases (a) and (b) are encountered in real life. 

The interpretation of Fig. D-l is that the rf pulse contains out-of-phase 
(quadrature) components at both its leading and trailing edges. These are called 
phase transients or phase glitches. 

Whatever the nature of their origin is, their effect upon the nuclear 
magnetization <M> is the following: A pulse that ideally rotates <M> in the 
rotating frame through an angle βχ about the x axis actually first rotates 
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FIG. D-l. Phase transients. Phase-sensitively detected rf pulses are shown with the 
reference phase φ chosen such that the amplitude of the stationary part of the pulse is at its 
maximum {top) and zero {bottom), (a) Symmetric, (b) nonsymmetric phase transients. The 
right-hand part of the figure shows actual oscilloscope traces. 
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<M> through a (small) angle a, about the y axis, then through an angle ßx 

about the x axis, and finally through a (small) angle atr about the y axis. 
The indices / and tr stand for leading and trailing. We cannot predict the 

signs of 0Lt and atr. From the areas under the bottom traces of the right-hand 
part of Fig. D-l one may estimate the size of oct and atr to be roughly 3°. (The 
areas under the top traces correspond to ßx « 90°.) Note, however, that this 
number is typical for our spectrometer; it may well be appreciably different 
for others. 

To understand how phase transients affect pulse cycles, let us consider the 
simple phase-alternated {_Ρ%° — τ — Ρ-χ — τ — ]η pulse sequence sketched in 
Fig. D-2. 

We suppose that the phase transients are equal with respect to the stationary 
parts of the pulses for both types of pulses. Further below, we comment upon 
the justification of this supposition. For case (a) where az = atr we immediately 
deduce from Fig. D-2 that rotations ® and @, (2) and ®, φ and © each 
cancel and that the net rotation of the nuclear magnetization is zero. Note 
that for rotations φ and © to cancel there are two conditions, (i) Rotations 
φ and ©, taken by themselves, must cancel and (ii) the series of rotations 
(2MD between rotations φ and © must cancel also. Both conditions are 
fulfilled for symmetric phase transients and correctly adjusted 90° pulses. We 
conclude that symmetric phase transients (a, = atr) do not destroy the cyclic 
property of the phase-alternated pulse sequence. This conclusion applies also 
for more complex multiple-pulse sequences such as the WAHUHA and 
MREV sequences: Symmetric phase transients are not harmful. 

We now turn to case (b) where α̂  φ atr. The adjacent rotations ® and @ 
do not cancel. Rotations φ and @, which are about the same axis and which 
carry <M> through equal angles in opposite directions, would cancel if they 
were not separated by another rotation about a different axis, rotation Q). 
The trouble is, of course, that rotations about different axes simply do not 
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FIG. D-2. Phase-alternated pulse sequence [P%° — τ—Pt°x — τ]„. (a) Symmetric, (b) non-
symmetric phase transients. 
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commute. Thus, the net rotation of <M> is nonzero in case (b) and we conclude 
that nonsymmetric phase transients (αζ Φ atr) destroy the cyclic property of 
the phase-alternated pulse sequence, and the same holds true of more complex 
multiple-pulse sequences. Nonsymmetric phase transients are harmful. 

We recognized the harmful effects of nonsymmetric phase transients in the 
early days of multiple-pulse sequences and described tricks to compensate for 
them.147 These tricks are somewhat obsolete now since means have been 
found (see below) that enable us to avoid nonsymmetric phase transients from 
the very beginning. To understand them, a knowledge of the origin of phase 
transients is required. 

Ellett92 has shown that phase transients are inevitable companions of rf 
pulses in resonance circuits.148 He points out, however, that by properly 
tuning the resonance circuits the phase transients can be made symmetric 
(az = atr) and thus harmless. 

Mehring and Waugh149 have considered rf switching—as done in every 
coherent pulse spectrometer—as a source of phase transients. Double-
balanced mixers are now used almost universally for rf switching. Their 
switching speed is very high, and the transition from "off" to "on" and from 
"on" to "off" is typically shorter than the period of the rf carrier. Hence we 
feel that this effect can hardly account for the phase transients observed finally 
in the NMR probe, where they last for many periods of the rf carrier. 

In our pulse spectrometer, at least, the major producers of phase transients 
are broad-band, but tuned, class C transistor amplifiers driven into saturation. 
Empirically we discovered the ratio of the leading and trailing phase transients 
(cci/(xtr) to depend very sensitively on 

(a) the level of the driving rf power, and 
(b) the quiescent base currents of the transistors. 

These transistor amplifiers are used at power levels of «50 mW to 10 W and 
the phase transients they produce propagate right through the following tube 
power amplifiers (2.5 kW) into the NMR probe. 

By monitoring the quiescent base currents of the relevant transistors we 
are able to vary the ratio a,/atr of the phase transients in the NMR probe 
smoothly from well below to well above unity without affecting the rf-pulse 
power virtually at all. 

Of course, what is called for is to have the phase transients symmetric and 
thus harmless simultaneously for all the x, — x, y9 and —y pulses. By monitoring 
the quiescent base currents of the relevant transistors as described, we can 

147 J. S. Waugh and U. Haeberlen, U.S. Patent 3,530,374 (1970). 
148 He thinks—and so do we—that professional electronics engineers were aware of that 

fact long ago. 
149 M. Mehring and J. S. Waugh, Rev. Sei. Instrum. 43, 649 (1972). 
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adjust for this condition only if the levels of all pulses are the same at the inputs 
of the transistor amplifiers in question. It is by no means a matter of course 
that they are the same, since in all multiple-pulse spectrometers the x9 — x, 
y, and — y pulses are routed through different channels with different gains 
before they are combined and further amplified in a single-channel power 
amplifier chain. 

Thus we see that phase transients are one reason—but only one—why 
multiple-pulse spectrometers must be designed very carefully even in parts 
that are absolutely uncritical for more standard types of pulsed NMR 
experiments. 




