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Abstract

We show that arbitrary rf 1'>hase shifts can be measured precisely using
the nuclear spins to monitor the phase of the rf field. Other imperfections
like resonance offset:. rf inhomogeneity or symmetric phase transients are
removed by the aétidn of the mutiple-pulse sequence and have 1little
inﬂﬁence on the measurements. Ph@e shifts can be trimmed to the desired

value with an uncertainty of less than 10 millidegrees in favorable cases.



Introduction

Many important NMR experiments require rf pulses of different phase,
and phase shifters are now standard equipment on most all commercially
available spectrometers. Two-dimensional experiments in liquids (1,2) rely
heavily on orderly phﬁse ;ycles to select a certain signal while rejecting
all others. In these experiments, errors in the rf phase shifts result in
unwanted signal breakthrough and the appearance of artifacts. Composite
pulses (3-12) can requirevrapid, accurate phase shifts of arbitrary values
in order to operate successfully. Hultiplg-pulse experiments in golids (13-
20) are notoriously sensitive to pulse imperfections, errors in the phase
shifts included. Finally, nultiple-quantum NMR (21-25), in which a phase
error A¢ propagates to nA¢ for an n-quantum coherdénce, can prove very

demanding as n becomes large.

In this paper we propose a sttaightforv&fd method to set transmitter rf
phase shifts to any desired value with high accuracy. The method, a
generalization of the work of ﬁaubenreisser and Schnabel (26), is reasonably
insensitive to other 1nperfect1$ns such as rf inhomogeneity or resonance
offset. It performs well in practice as we demonstrate by experiment. Using
an oscilioscope, simple diagnostic patterns are produced for *rational”
phase shifts of px/q for small q, allowing quick trimming of the phase
shifts to exactly the right values. More generally, Fourier transformation
of the signal response allows the measurement and setting of arbitrary phase
shifts. For systems {n which the phase shifts are c&ncrolled by software,
we can envision a scenario in which the computer automatically calibrates

the phase shifts without operator intervention.



Symmetric and non-symmetric versions of the basic sequence are shown in
Fig. 1; they essentially differ only by the moment at which magnetization is
sampled. Figure 1 (a) Becomes the Haubenreisser-Schnabel sequence when
¢ - /2, generating a net rotation about the y axis. The non-symmetric
sequence of Fig. 1 (S) generates an equivalent rotation about the z axis.
The z rotation can be preferable for the Fourier transform experiment since
only a single resonance is obtained. However, direct observation of the
time-domain signal 1is simpler with the symmetric sequence, because it
simplifies {interaction with the receiver phase. For this reason, and to
facilitate a comparison with earlier work (26), we concentrate on the

symmetric version of the experiment.
Theory

We consider the symmetric sequence of four 90° pulses applied to an
ensemble of isolated spins,vvith the timing diagram shown in Fig. 1 (a).
The first'and last pulses are applied with a reference phase of 0, which may
be considered +x, and the two center pulses are applied with relative phase
¢, -x < ¢ < x. The sequence may be preceded by a prepulse. For the on-
resonancé case, assuming perfectly rectangular pulses and neglecting
relaxation, the result of the 4-pulse sequence of Fig. 1(a) can be predicted

exactly using rotation operators:

R = R _(x/2) R ($) R () R_($) R (x/2)

- R-y(é) R (2x) R_y(é) (1]

in which Ry(a) = oxp(-iaIx), etc. The operator Rx(2x) = + 1 depending on

whether integer or half-integer ipins are involved, so



R=%R_(2). | (2]

Aside from the absolute sign of the operator, which we ignore hereafter,
Eq. [2) shows that the result of the 4-pulse sequence is a pure rotation of
angle 2¢ about the -y axis. If the 4-pulse sequence is repeatedly applied
and a single data point is captured after each segment, then we find for the

x-component of the magnetization <Ix(c)> at integer multiples of Te
<1:(mc)> - sin(2n¢) (3]
if the spins are initially prepared at thermal equilibrium, and
<I (nr )> = cos(2né) (4]

if they are'initially prepared along the x axis of the rotating frame by a

y
modulo x up to a sign ambiguity, while if both components are available the

90, prepulse. Fourier transformation of the cosine component determines 2¢
sign of 2¢ can be determined as well. Since the value of the phase shift is
usually approximately known beforehand, either component can be used to
determine ¢. The precision of the measurement depends on the number of data
points that can be collected before the driven free induction decay is lost

in the noise.

Equation [2] is only valid if the rf pulses are ideal, so it is very
important to assess the likely impact of spectrometer imperfections on the
phase calibration procedure. Our approach is to concentrate on the exact
formula for the imperfections and then to recover the average Hamiltonian
(13) result by expanding the error terms in a perturbation series. In this

way the connection between the exact expressions and the average Hamiltonian
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approximation 1is made clear. One strategy we repeatedly employ is to
express a product of small error rotations as a power series using the

Baker-Campbell-Hausdorff formula:

nk exp(-i.Sk gk_l_) - exp(-i(EkSk Ekz + %— zbjsksj m X Ej.}-’ +...)). [5]

In Eq. [5] the 6, are small rotations about unit axes my and the terms in
the product on the left hand s{de are understood to be ordered with larger k
to the left. The errors “cancel out"” when the rotation they induce is

nearly the identity operator. The algebraic conditions

§ -0 (6]
Zkkﬂk -

5.6 XxXm =0 a (7]
ijkjgk =3 - ’ v

express this cancellation to first and second order In § which, rather
confusingly, {is ‘ referred to as’ zeroth or first order in the avefage
Hamiltonian expansion. The other formula we need is the net rotation angle
for a small rotation cbmbined with a larger rotation. If @ and § are

arbitrary angles, and

exp(-1pu, 1) = exp(-1fm,-1)exp(-1sm, -1) (8]
then 8 is given by
cos(B8/2) --;— (1 + ‘31'52)“5(2—}1 ) +-§'— 1 - 51'52)°°s(£—§—6' ). [9]

If @ =%m; then g =6 % §, while if 51-92-0 and § is small, B = 6. An
important special case occurs for § = x, when g = ¢ 1f m-m, = 0 regardless

of §.
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We consider three sources of error: rf inhomogeneity, resonance offset
and symmetfic phase transients. Of these, rf inhomogeneity has the greatest

impact for liquid-state sﬁectrometers employing saddle-coil configurations,

. while the symmetric phase transients could be more important for high-power

applications "{n solids. Resonaﬁce offset is the 1least important
imperfection since it is reasonable to assume that the frequency of the rf
carrier can always be adjusted very near to resonance if a liquid sample

such as water or acetone is used.

The rotation operator describing the 4-pulse sequence in the ﬁresence
of rf inhomogeneity, in which each spin experiences a flip angle x/2 + €(X)
depending on its spatial position, can be written, for a single volume

element 5 ) -

R=R(x/2+ ¢) R ($) R (x + 2¢) R_(4) R (x/2 + ¢) (10]

which can be simplified to

R - R_y(2¢) R, (11)
with

R, = lRy(Zé) R (€) R-y(2¢)][Ry(¢) R (2¢) R_y(¢)] R (e€). (12]

The  grouping of the terms {is meant to emphasize the 'toggling frame"
transformation of the errors under the ideal rotatioﬁ (13). Since the y-
rotations only act to tilt thé axis of the ¢ rotations into the xz plane,
Eqs.‘[S] and [8] show that, provided 2¢ dominates.e, R represents a rotation

by an angle 24 to first order in ¢. Thus, the error terms are quenched by

the rotation induced by the phase difference between the pulses.



The same conclusion can be reached by using the average Hamiltonian
method. In this case we select a rational phase shift ¢ = prx/q and choose k
so the 2k¢ is a multiple of 2x. This insures that the sequence is cyclic in
the average Hamiltonian sense. The exact formula for Ry, over the entire

sequence becomes

1 .
Rke- exp(-ielx){ II;—2k-1 exp(-21c[1xcos(n¢) + Izsin(n¢)])}exp(~1e1x). {13]

Using Eq. [5] we find

2k-1
R’kc- expq -21 [e Z o Ixcos(né) - Iz sin(né) + O(ez)] } (14)

The x- and z-components can be combined into a single complex version of

Eq. [6]:

2k-1
Z exp(-ing) = 0. (15]
n=0 A

Eq. [15] 1s satisfied for all ¢ » O, because the sum is invariant to
multiplication by exp(i¢). In the case of an "irrational" phase shift, not

of the form px/q, the series must be extended to infinity (the sequence is

never cyclic) but still becomes arbitrarily small. Paradoxically, all phase

shifts other than zero appear to offer some compensation.

It should be remembered, however, that a power series offers a local
description only. Even though all values ¢ » O produce an essentially
parabolic dependence of 2¢ on ¢, Eq. [15] gives no hint of the size of the
second order term, which in fact depends strongly on ¢. For ¢ » O we find,

to second order,

W



2k-2
R~ exp{Zi[ez Iy Z (2k-1-n)sin(ng) + 0(63)]}. {16]

n=-1

Eq. [16] shows that values of ¢ near x, for which the terms are alllémall
-and alternate in sign, offer the best compehsation. This conclusion should
be geometrically obvious, for phase shifts near x cause the formation of
rotary echoes that are insensitive to variations in the pulse flip angles.
An inspection of the exact expression, Eq. [12], shows that R, — 1 as
¢ — x. Accordingly, all terms in the average Hamiltonian expansion must

vanish in this limit.

Eq. {16] makes an important point: aside from the exceptional points

¢ = 0 and ¢ = x, the effect of rf inhomogeneity is to increase the magnitude
. -

of the appareﬁt rotation angle, regardless of the sign of €. Because of

this effect, |¢| will be set to a slightly smaller value than desired.

To calculate resonance offset effects we use the §-pulse approximation,
equivalent to neglecting the tilt of the effective field and slight
lengthening of the x/2 pulses (27) while still retaining the evolution due
to free precession in the windows. If we assume a resonance offset Aw and

let § = Awr then, by the same procedure used for Eq. [10] we find

R=R_(2) Ry {17}
where
R, = [Ry(2¢) R_,(6/2) R_y(2¢)][Ry(¢+5) R, (8) R.y(¢+8)] R_,(8/2). (18]

Eqs. (S] and (8] again show that the error §, provided it is small, has no

effect on the net rotation 2¢ to first order in § unless ¢ is close to x or



an odd multiple thereof.

These assertions can be confirmed using the average Hamiltonian method.

Usiﬁg the same assumptions as before, the rotation operator for the cyclic

sequence becomes

1
Rks- exp(i% Iz) [ IT n_k.exp(-is[Izcos(8+(2n-1)¢) + Ixsin(8+(2n-1)¢)])

X exp(iS[Izcos(2(n-1)¢) + Ixsin(Z(n-1)¢)])] exp(-i% Iz)’ [19]

The § terms in the arguments of the sine and cosine functions do not affect

the first-order term in § and can be ignored. We then find

k
RkG- exp{is E: Iz[cos(Z(k-l)é) - cos((2k-1)¢)]
n=1

+ Ix[sin(Z(k41)¢) - 8in((2k-1)¢)] +~O(¢2)} (20]

vhich makes Ry, the identity operator to first order in § if

2k-1
Z (-1)"exp(ing) = 0. (21)
n=0

The sum is invariant to iulciplication by exp(2i¢) and hence vanishes for
all ¢ except ¢ = x or an odd multiple thereof. Higher-order terms with
respect to resonance offset are irrelevant for the present discussion since

we assume that § will be almost zero when the experiment is carried out.

The effect of symmetric phase transients can be modeled by replacing

each rf pulse by a sandwich of three rotations
R (x/2) — Ry(ﬂ) R (x/2) Ry(ﬂ) , (22)

and assuming that a phase shift transforms all three rotations in the same
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wvay as for a single pulse. The exact nature of the transiénts Present in
the experiment depends on the char;cteriscics of the probe and rf circﬁitry,
so that Eq. {22] is an oversimplification; Nevertheless, an analysis based
on Eq. [22] can give some idea of the performance in an actual tuned

circuit. -

Proceeding exactly as before, we find

R =R _(26) Ry [23)

Vﬁe re
Ry = R (B[R (24) R (§) R_(29)](R($) R, (B) R_,(26) R_,(8) R__(#)]

X R_,(8) R (). [24]

. EY .
Once again, Eqs. (5] and {8] show that R is a rotation of angle 2¢ if 24 ’

dominates 8. The error part for a cyclic sequence 1is

k-1
R, - exp{i[éE: I (cos(2nd) - cos(2(n+1)4))
-0 2

+ Ix(sin(2n¢) - 8in(2(n+l)4)) + O(ﬂz)}]} (25]

which vanisghes to first order in g8 if

k-1
2: ‘exp(2ing) - exp(2i(n+l)¢) = O. [26]
n=0

The telescoping sum is an {dentity for all ¢, since exp(2ik¢) = 1.
Inspectiqn of the exact expression, Eq. [24]), shows that Rﬂ — 1 as ¢ — x.
Symmetric phase transients thus show the same qualitative behavior as rf

inhomogeneity with regard to ¢, except that the compensation is better near

¢ - 0.
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In summary, the errors induced by rf inhomogeneity or symmetric phase
tr#nsiencs are increasingly compensated as ¢ approaches «x, while the
tolerance to resonance offset effects 1s superior as ¢ approaches O.
Operation on resonance allows all the offending terms to be removed by

choosing values of ¢ near enough to «.
Phase Calibration Procedure

The fir;t step in the phase calibration procedure is to balance the
amplitudes between the channels. Fof this-purpose. the sequence of Fig. 1
can be used with all four pulses set to the same phase, but with sampling
after each 90° pulse, the so called *"flip-flop®" sequence. With the receiver
‘reference phase correctly set, the periodically sampled time-domain signal
gives rise to a pattern of three lines when w, 1s set to the nominal value.
A small deviation away from the 90° condition shows as a divergence of the
central feature. Inhomogenéity of the rf ineld causes a decay of the
observed magnetization; if the w, distribution 1is symmetric about the
‘nominal value the ceﬁtral feature can still be nulled at all times, when the
amplitude is correctly adjusted. In the case of a skewed distribution the
central feature always shows som? divergence and a compromise must be made
(27). The iﬁportant point is that all éhe channels should be adjusted to
give the same pattern. If the phase and amplitude variables interact when
the phase or amplitude of one channel is altered, it may be necessary to
readjust the amplitudes.after the phases have been adjusted, and proceed
iteratively. Sequences are described in the literature for the measurement

and characterization of any phase transients that may be present (28-30).
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It is possible to calibrate rational phase shifts between the channels
in essentially the same way as the amplitudes, by observing the patterns
produced for the periodically sampled time-domain signal. A correctly
adjusted phase shift of px/q, vhere q > 2 and p are relatively prime, gives
a pattern of (q+l)/2 lines if q is odd, and (q+2)/2 lines if q is even, for
the periodically sampled cosine component of Eq. {[4]. The sine component,
Eq. [3], gives q lines if q 1is odd, q/2 lines 1if q is even and not a
multiple of 4, and (q+2)/2 lines otherwise. Conversely, the observation of
a k-line pattern for the cosine component limits q to 2k - 1 or 2k - 2. The
two cases can be distinguished by displaying only the odd-numbered time-
domain data points. If q =2k - 1 then a k-line pattern results; 1if
q- 2k‘- 2 fewer 1lines will result, allowing the two cases to be
distinguished. Confirmation is possible by displaying the sine component,

and verifying that the correct number of lines is obtained.

The special case of «x/2 phase shifts has been discussed by
Haubenreisser and Schnabel (26). The sequence of Fig. 1l(a) is used with
¢ = x/2, without the initial prepulse. In this case it is advantageous to
sample the magnetization both a? the midpoint and end of the 4-pulse
sequence, giving a three-line pattern. An error in the 90° phase shift
shows up as a divergence of the central feature. This divergence is easier
to identify visuallj than the incipient appearance of a cosine wave on a
two-line pattern (produced with the prepulse included), since the latter can
be hard to distinguish from the natural decay of the magnetization at the

correct phase setting.

Suppose that 2q phase shifts of x/q are to be systematically calibrated
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8o that channel p has relative phase px/q. Tﬁis would be the case in a
typical multiple-quantum experiment, for example. A phase shift near «,
e. g: (q-1)x/q, 1is selected as the basic unit and _calibrated between
channels 0 and q - 1. For example, in the case of a series of 45° phase
shifts, a 135°'phase shift 1s established between channels 0 and 3 by
adjusting channel 3 until the correct 3-line pattern is obtained. The
receiver reference phase is adjusted by 13s° (by software) and the process
repeated between channels 3 and 6. In the general case, each successive
channel, n(q-1) mod 2q, is then calibrated with respect to the first pair:
channel 2q7 - 2 is adjusted until the same pattern is obtained between
channels q - 1 and 2q - 2, etc. until n(q-l) mod 2q is channel 0 again. If
this last pair of channels also gives the correct pattern then all the

phases are correctly set.

A lignifiéanc systematic miscalibration shows up as a discrepancy on
the last pair of chanﬁela. allowing a ché'ck on the procedure. In the
example of 45° phase shifts, a series of 3x/4 - ¢ phase shifts results in a
phase difference of 3x/4 + 7¢ between the 'last pair of channels, which
differs by 8¢ from the other phase shifts and may be detectable even though
the individual errors were not. By recording the initial setting of channel
0 and the setting (~-8¢) required to obtain a response congruent with the
other pairs of channels, channel O can be adjusted by npproxinu:lt:ely -¢. The
response between channels 0 and 3 is then recorded, taken to represent a
135° phase ghift and the circuit repeated. The remainiug adjustments are
then very small. It should not take more than one adc.litional circuit to

bring all the phases into alignment.
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This check for self-consistency is of importance when very accurate
calibration is desired, or if the rf field shows a wide distribution around
the nominal value. As discussed earlier, the second-order term fqr rf
inhomogeneity results in a slight increase in ﬁhe apparent nutation
frequency. A positive phase shift 0 < ¢ < x will thus be set to a somewhat
smaller nominal valﬁe é - €, wvhere £ depends on the shape of the
distribution, and on ¢. As we shoﬁ in the experimental section, mereiy
adjusting the phase shift.to give a pattern closely resembling the naive
prediction for the case of a perfectly homogeneous field keeps £ typically

well below 0.1° 1f the rf homogeneity is good. In contrast to the flip-flop

sequence, the quadratic dependence on ¢ expressed by Eq. [16] results in a

compromise setting even if the rf distribution is symmetric.

The phase calib?ation is tedious'when many channels are involved. The
obvious solution is to use software control to trim the pulse amplitudes and
phases. The procedure described here is repetitive enough that it can be
programmed easily. All the phases could then be adjusted under computer.

control.
Experimental

Hulgiple-pulse free induction decays were obtained using a home-built
spectrometer operating at '178.9 MHz for protons. This frequency was
generated by mixing the output of a PTS 500 synthesizer' with a 30 MHz
1#:etmediACe ftequehcy (IF), both of which were derived from the same 10 MHz
clock. Transmitter phases were selected by apparatus normally used to

generate quadrature pulses for multiple-pulse work (31,32), acting on the
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IF. Four independently switched rf channels with mechanical amplitude and
phase controls modified the 30 MHz IF prior to the final mixing stage to

generate the Larmor frequency.

For these experiments the channels to be compared were first
approximately aligned at the IF level using a Hewlett-Packard model 8405A
vector voltmeter. Only two channels were required for the experiments shown
here, but three were generally checked for consistency. Two were kept in
quadrature and the third was adjusted to the non-quadrature phase being
investigated. - After this preliminary adjustment, final calibration was
performed by observing the NMR signal, using the familiar “flip-flop"
sequence to set the amplitudes, and the new sequence described here to set

the phases. : \ , s

All experiments employed a single sample of heavily doped (0.01M
Cr(Acac)3) acetone in a 4 mm bulb housed within a sealed 30 mm length of
8 mm o.d. pyrex tubing. The T, for the proton resonance was approximately
200 ms; the field was shimmed to give a linewidth of less than 40 Hz. No
field/frequency stabilization of the superconducting magnet was employed.
The sample was centrally located within a 6 turn selenoid, 30 mm long and 8
mm in diameter. Flattened copper wire was used to 1improve the rf
homogeneity across the sample. The probe coii was series tuned for
178.9 MHz and matched, with a parallel capacitance, to 50 @ to better than
108 reflected voltage. The quality factor for the matched resonance circuit

was Q = 90 at room temperature.

Radiofrequency power was supplied by a broadband ENI 5100L amplifier,
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capable of an output power of ~200 W at 178.9 MHz. This proved sufficient
to generate a field w,/2x =~ 71.4 kHz, giving a 90° pulse time of 3.5us. An
interpulse delay.r « 40 us provided an acceptable duty cycle while at the
same time resulting in driven FIDs that decayed appreciably faster than
would be expected due to relaxation alone. This allowed the predicted
compens#tion for th inhomogeneity to be verified experimentally. The
relatively rapid decay under the fiip-flop»sequence could be empirically fit
quite closely by an w, distribution consisting of a superposition of a
Lorentzian distribution with a Lorentzian squared, both slightly skewed to
lower field values. No theoretical significance is attributed to this
particular functional form: it merely provided a simple means to simulate

the expected decays for the phase calibrat:!.on sequences.

‘I‘Be first trace of Fig. 2 shows the familiar 3-line pattern,
representing a nominal 90° phase shift, obtained with the sequence of
Haubenreisser and Schnabel (26). Using the'vsequence of Fig. 1(a) without
the initial ptepulse-, sampling of the x-component of t:he. magnetization
occurs once at the midpoint of each 4-pulse segment and once at the end. A
total of 384 points are displayed for each mltiple-pulse FID, corresponding
to about 33.4 ms. By deliberately misadjusting the pulsewidth to 3.6 us
(a = 92.6-0) and 3.7 pus (a = 95.10) the tolerance to rf inhomogeneity can be
monitored. An incipient slow qscillation on the outer features is evident

for a = 92.60, and becomes considerably more pronounced for a = 95.1°.

The topmost trace of Fig. 3 shows the 3-line pattern expected for a
nominal 45° phase shift, sampling at the end of each 4-pulse segment. The

384 points shown correspond to 66.8 ms, twice the length of the signals
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shown in Fig. 2. The small divergence of the central feature results from
the rf inhomogeneity across the sample. As the 90° pulses are deiiberately
misadjusted, there is an increasingly rapid decay of the time-domain signal
a;companied.'by faster oscillations. The oscillations can be slowed by
misadjusting the phase shift as well, to a value slightly smaller than 45°.
The exact value depends on how badly the pulses are in error. This behavior

is in accord with the prediction of Eq. [16].

Figure 4 shows the simulated time-domain signals corresponding to the
experimental data in Fig. 3, 4including the effects due to the w,
distribution, but neglecting relaxation. Closest agreement is obtained by
supposing a phase shift ¢ = 44.96°. Simulations in which ¢ varies by as

little as 0.01° from this value give recognizably différent behavior.

Figure 5 demonstrates the superior compensation for rf inhomogeneity
offered by a nominal 135° phase shift. Comé;rison with Fig. 3 shows ;hat,
even with the pulses badly misadjusted, long decays, having only very slow
oscillations, are produced. In addition, with the pulses adjusted to
a = 90°, there 1s less divergence of the central feature. if is therefore
easier to make the correct adjustment visually. The simulations shown in
Fig. 6 indicate a phase shift ¢ = 134.9870. and are sensitive to changes as
small as 0.005°. The noticeably larger amplitude near the end of the

simulated signals i{s due to the neglect of relaxation in the calculation.

We conclude this section with a demonstration of the patterns obtained
for nominal phase shifts ¢ = 112.5° and ¢ = 108°, shown in Fig. 7. The

112.5° phase shift gives the pattern of 5 lines (p = 5, q ~ 8) expected for
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the sine component, Eq. [3]. A 108° phase shift also gives a pattern of 5
lines (p = 3, @ = 5) in this case. The patferns are easily distinguishable
in the figure, but are somewhat harder to identify from an oscilloscope
trace alone. The simulations give the best agreement for the values
& - 112.479° and ¢ = 107.980. respectively. The systematic error of about

0.02° 1s nearly the same for the two phase shifts because they are so close.

We have found that 6- and 7-line patterns are very hard to identify on
an oscilloscope trace, so smaller phase increments place greater demands on
display resolution and operatbr patience. For very small increments (large
q) the number of "lines" predicted for the time-domain signal is
impr#ctically large. In such a case one may resort to computer simulation
of the mulitible-pulse FID: as the figures show, once the w; distribution
has been determined, computer simulation of the timé-domain signal yields an
accurate determination of the phaée shift. Direct Fourier transformation of
the signal, possibly using the sequanﬁe ‘of Fig. 1 (b), provides an
alternative way to measure the phase; Increased compensation for rf
1nhomogeneityAnanifesta itself as a narrower resonance and hence reduced
phase uncertainty, so the precision of the Fourier method should be

correspondingly high.
Conclusions

We have shown that rf phase shifts can be very precisely measured and
accurateiy calibrated using the nuclear spins themselves to monitor the
. phase of the rf field. The sequences proposed here successfully eliminate

the influence of other imperfections to a large extent, so that the behavior
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of the spins is dominated by a nutation depending only on the relative phase
of the rf pulses. We expect these sequences to be of practical value in
aligning transmitter phases, and in devising automated algorithms for phase

alignment under computer control. r
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Figure Captions

Figure 1. Multiple-pulse sequences for phase alignment. Fig. 1(a)
shows a symmetric repetitive sequence that gives a net rotation-of 2¢ about
the -y axis. The corresponding non-symmetric sequence of Fig. 1(b) delivers

a net rotation about the z axis.

Figure 2. Experimental results obtained with the sequence of
Haubenreisser and Schnabel (26). A nominal 90° phase shift yields a 3-line
pattern when sampling occurs twice per period. Misadjustment of the 90°

pulse lengths induces an oscillation on the outer features.

Figure 3. Experimental results obtained with thé sequence of Fig. 1(a)
and a nominal 45° phase shift. The time-domain signal decays quickly when
the 90° pulses are misadjusted, showing only 1limited compensation for rf

inhomogeneity.

Figure 4. Simulated multiple-pulse FIDs corresponding to the
experimental data shown in Fig. 3. The rf field distribution across the
test sample has been taken into account in the calculation, but relaxation

has been neglected. Best agreement 1is obtained for a phase setting

é - 44.96°.

Figure 5. Experimental results obtained with the sequence of Fig. 1(a)
and a nominal 135° phase shift. The time-domain signal is quite insensitive
to misadjustment of the 90° pulse lengths, showing excellent compensation

for rf inhomogeneity.
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Figure 6. Simulated multiple-pulse FIDs corresponding to the
experimental data shown in Fig. 5. Best agreement is obtained for a phase
setting ¢ = 134.987°. showing considerably less systematic error than in the

case of nominal 45° phase shifts.

Figure 7. Rational fractions of x phase shifts give rise to systematic
patterns, as shown above. Both ¢ = 108° (3x/5) and ¢ = 112.5° (5x/8) give
pleasing 5-line patterns. The simulated multiple-pulse FIDs give best
agreement for ¢ = 107.98° and é - 112.479° respectively, a systematic error

of about 0.020.



-23-

90

90

90

90

30

90

90

9

XBL 878-10280

Figure 1



<b->

~24-

Experiment
a=90° ¢ = 90°

a=926° ¢=90°

a=951" ¢=90°

92 384

Yiraf2)

XBL 8778736

Figure 2



<l >

-25-

Experiment
a=90° ¢ =45°
P s — ~—— - TR
a=926° ¢=45°
- -
._.-..
am8951° ¢ =45°
..‘
&
. .. ()
. A %-'—"—""'—'""‘————‘ ’ -
... o' :
o
1 !
0 192 384

Figure 3 ‘ XBL 6779738



-26-

Simulation
a = 90° o= 44.96°

<>

a=951°

. — b—— T
a=926° ¢ =4496°
"""u-.‘\
/‘,\‘ — — r——
s\.\.-‘"' —

¢ = 44.96°

‘ Figure 4

XBL 8779737




<t >

-27-

Experiment
a =90° ¢ = 135°

a=926° ¢ = 135°

T e
g |
0 192
yr,
Figure 5 XBL 8778735



<t >

-28-

Simutation
a=90° ¢ « 134.987°

a=926° ¢=134987°

a=951° ¢ = 134.987°

TSN

XBL 8779734

Figure 6



V.YJ

<t >

-29-

Experiment
a=90° ¢ «108°

Seqe
esseege
080tessesacees .
Lol .
. L ]
. .o LYY T TY PP Py . .
. R B
- o*n
P
e = - hd *Te L o4
° ° cotapoe®
reaeteaat® .o
- e .
oveee ®
e e
soee

a=90" ¢=107.98*

Experiment
a=90" ¢=1125°

-...-...o.o.-o‘-OCQOCQt.¢.

Simulation
a=90® ¢« 112.479°

AL AL LA AL LA AL LI LI L Ll LTI T I Y YL P Y Y Y Y YT Y Y P PPy Py

PP PSSP NP Uy P AgfuA,
eteiiviviteietwieiivi e tefe

--C-OO.."““‘"‘..“-...-.....-‘.-.............

—
.

0 ‘ ' 192

vr,

xBL 8779732

Figure 7




LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





