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A detailed analysis is presented of a method to eliminate transverse magnetization prior
to each rf excitation in pulse sequences with TR < T',. It is shown that artifact-free images
with high 7', contrast can be obtained only if a phase shift that is incremented during each
TR interval is applied to the transverse magnetization. Computer simulations are used to
show that when this phase increment is 117°, the steady-state transverse magnetization
prior to each rf pulse is nulled over a wide range of T, T, and rf tip angles, resulting in
optimal 7', contrast. Such nulling of steady-state transverse magnetization cannot be ob-
tained by using large gradient pulses. or gradients of random or linearly incremented
amplitude. Images of phantoms and human subjects confirm the theoretical predictions.

@© 1991 Academic Press. Inc

INTRODUCTION

Several imaging techniques have recently been proposed for the rapid acquisition
of MR images, which employ gradient-refocused echoes and a short delay (TR ) between
successive rf pulses (/-4). In these sequences TR is kept shorter than 7, and the
magnetization is allowed to reach steady state. These techniques can be divided into
two groups: (1) “refocused” steady-state sequences, where both longitudinal and trans-
verse magnetization are allowed to reach steady state; (ii) “spoiled” steady-state se-
quences, where the transverse magnetization is made zero. or spoiled, prior to every
rf pulse, so that only the longitudinal magnetization attains steady state.

The refocused steady-state sequences, referred to here as SSFP (5, 6), or steady-
state free precession, provide images with a high signal-to-noise ratio, but with contrast
that depends on 7', 7>, TR, and the rf tip angle (7). These images do not provide
the 7', contrast available from partial saturation spin-echo sequences. The spoiled
steady-state sequence, referred to here as FLASH (/) or fast low angle shot, gives
images with good 7', contrast and improved signal-to-noise ratio compared to 7'-
weighted spin-echo sequences (8). Since TR < T, the transverse magnetization in
an SSFP sequence does not decay to zero prior to each rf pulse in the train. Therefore,
in order to obtain the good 7’| contrast available with FLASH sequences the transverse
magnetization must be eliminated, or spoiled, prior to each of the rf pulses.
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This paper presents a detailed theoretical analysis of a method for spoiling that was
introduced earlier (9, /0). Computer simulations are performed and used to optimize
the method. Images of phantoms and humans are presented which confirm the theo-
retical predictions. The method produces artifact-free images with completely spoiled
transverse magnetization, even when TR < 7. It is shown that spoiling with large
gradients (/4), gradient pulses of random or linearly incremented amplitude ( 10-
13), or random phase shifts (6). is ineffective.

THEORY

In an SSFP pulse sequence, a train of rf pulses is applied to the spin system, with
interpulse time interval TR shorter than 7,. The transverse magnetization of each
isochromat acquires a phase shift of ¢ radians during each TR interval, given by

TR

<I>:f w(1)dt, 0<t<TR, [1]
4]

where w( 1) is the resonance offset of the isochromat at time 7. Magnetic field gradients

and field inhomogeneities make the resonance offset depend on the spatial position

of the isochromat, whereas ® remains the same for all TR intervals.

Consider the train of rf pulses shown in Fig. |. Immediately after the first rf pulse
P, transverse magnetization S is created. Since TR < T, this magnetization is re-
focused by subsequent rf pulses, such that a net transverse magnetization S~ appears
prior to each rf pulse in the sequence. Approximately 37, s after the onset of the
sequence, steady state is attained such that S* and S are the same for all rf pulses.
These steady-state transverse magnetizations are denoted S and S, respectively, as
shown in Fig. I.

If the Sy signal is eliminated (“spoiled”), then S is equal to the steady-state
transverse magnetization of the FLASH sequence, given by (15)

I — exp(—TR/T})
I —cosa-exp(—TR/T))/’

(2]

S'I;LASH = A’()Sin « (

where « is the rf tip angle.
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F1G. 1. A continuous train of rf pulses separated by the time interval TR, with TR < T,. The transverse
magnetization S, created by pulse P, is refocused by P, and appears prior to P; (denoted by S ). After
steady state is achieved, these two components are designated as Sy and Sg;.
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Time Evolution of a Single Isochromat

The time evolution of the phase of a single isochromat in an SSFP pulse sequence
has been described previously (Ref. (22), Fig. A1). The amplitudes of the longitudinal
and transverse components depend on ( /6, 17)

E, =exp(-TR/T)), [3a]
E> = exp(-TR/T,), [3b]

and on the rf tip angle (/8).

Because of T, relaxation between the rf pulses, there is longitudinal magnetization
prior to every rf pulse in the train. Therefore, the true situation is more complicated
than indicated in Fig. Al of Ref. (22). The total magnetization prior to any rf pulse
in the train is, in fact, the sum of many magnetization components. Each one was
created from longitudinal magnetization by some previous rf pulse, and has evolved
through a unique trajectory. This is illustrated in Fig. 2 where the time evolution of
the trajectories of three components prior to pulse P, is shown. Component | in Fig.
2 is created from longitudinal magnetization by pulse P, 4. Its phase is inverted by
P, >, and prior to P, it has zero phase. Components 2 and 3 are created by P, .; and
P, ,. respectively. Prior to P,, the phase of component 2 is zero, and the phase of
component 3 is 2&. From Fig. Al (Ref. 22) and from this analysis, we see that when
& is the same for all TR intervals, the phase of a// magnetization components prior
to any rf pulse is given by AP, where A is an integer. i.e., A = 0, £1, £2. ... After
steady-state is attained, the magnetization becomes periodic in time, with period TR,
and it is the same prior to any rf pulse.

Effect of Applied Gradients

Thus far, we have analyzed the time evolution of one isochromat subjected to a
train of identical rf pulses. When magnetic field gradients are applied, the precession
frequency of the spins becomes position-dependent. If the same gradient pulses are
applied during each TR, and magnetic field inhomogeneities are neglected, the phase
of a spin at position 7, is given by

. 3 20 PHASE
~ 2 -
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FiG. 2. An example of three magnetization components which evolve with different trajectories prior to
pulse P,. The phase accumulated between successive rf pulses is &.
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TR
B(r) = vr-fu G(1)di = yr-m,, [4a)

where

TR

m, = G(t)dt, 0<tr<TR [4b]

0
and G(7) is the gradient applied at time . The spin system now contains many different
1sochromats, each one with a different phase ®. As shown above, the phases of all
magnetization components prior to the rf pulses are k- ®(r), where k is an integer. If
m, is sufficiently large, magnetization components with nonzero phase will add de-
structively and cancel. Only magnetization components with zero phase prior to the
rf pulse add coherently and contribute to the signal. In Fig. 2, magnetization com-
ponents that evolve through trajectories | and 2 add coherently and contribute to the
signal, but the component that evolves through trajectory 3 is dephased.

A Technique for Spoiling the Transverse Magnetization

As pointed out above, the transverse magnetization must be eliminated prior to
every rf pulse in order to obtain the characteristic FLASH contrast. However, from
the discussion in the preceding sections, it is seen that if ¢ is the same for all TR and
TR < T, this condition is not satisfied, even in the presence of magnetic field gradients.

This section shows how the transverse magnetization can be eliminated prior to
any rf pulse by varying the phase ¢ from one TR interval to another. Using this
procedure, the phase of a given magnetization component will then depend on the
trajectory through which it evolves. This is demonstrated in Fig. 3, where the mag-
netization trajectories 1, 2, and 3 of Fig. 2 are redrawn. The phase angle ¢ now varies
from one TR to another. The phase angle between rf pulses P, 4 and P, ; is denoted
$(n — 4). the phase between P, ;and P, »1s ®(n — 3), and so on. Using this notation,
the phases of the magnetization components evolving through trajectories |, 2, and

P || d(n-4)| | P(n-3)] | P(n-2) ®(n-1 PHASE
| [—
| AT
| s 2
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l \\\_/—/3 TIME
! - A
| -
Pr PZ Pn 4 Pnf?) Pn72 F)n—l Pn
0 L /1 1 . L A N S
t=0 t=(n-NTR

FIG. 3. The effect on the trajectories of Fig. 2 when the phase accumulated between any two consecutive
rf pulses is not constant.
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3 prior to rf pulse P, are given by &(n — 1) + ®(n — 2) — ®(n — 3) — &(n — 4),
d(n—1)— ®(n—3),and &(n —2) + &(n — 1), respectively. By using this technique
magnetization components that evolve through different trajectories acquire different
phases, and their contributions may cancel each other, resulting in zero transverse
magnetization prior to the rf pulse.

We denote the phase applied to the spins between the nth and the n + 1 rf pulse
as d(n). We make ®(n) to vary from one TR to another so that it is a function of n.
We seek a set of phase values { ®(n)} such that in steady state there is cancellation
of transverse magnetization prior to all rf pulses. The same phase values { ®(7) | must
be applied to all the spins in the selected slice or volume to ensure that cancellation
of magnetization is achieved for all the excited spins. This means that $(») cannot
be varied by using gradients with variable amplitudes because if such gradients are
applied, spins at different locations within the image will experience different phase
values, resulting in good cancellation in one part of the image and no cancellation in
another (/0). Position-dependent phase shifts can be avoided if ®(#) is varied by
changing the frequency of the rf synthesizer and resetting it, as explained in the Ap-
pendix. With this procedure all the spins within the selected slice or volume experience
the same phase shift.

This method of eliminating coherent transverse magnetization by phase shifts poses
two problems: (a) The amplitude of the magnetization components dcpends on £,
E,, and the rf tip angle. A particular set of phase values { ®(#)} might cancel transverse
magnetization only over a limited range of these variables. Therefore, optimization
of {®(n)} is needed to achieve maximum cancellation of magnetization over the
desired range of k. E-. and rf tip angles. (b) Whenever the transverse magnetization
is not cancelled perfectly, variations of ®(#) from one TR to another might cause
fluctuations in the measured signal. Such fluctuations cause image blurring, ghosts,
and noise in the phase encoding direction. Clearly, this problem can be solved by
choosing { ®(n)} in such a way that the signal remains stable for arbitrary E,, E;.,
and rf tip angle. even though ®(#) is varying.

Choosing { ®(n) | for Effective Spoiling

Suppose that the phase ®(#) for a spin at location r is given by

TR

d(n) = yr- G(t)dt + Yy(n)= P(r) + Y(n), [5]
4]

where ®(r) is defined by Eq. [4] and is the same for all TR. The phase y(#n). which
is applied by changing the frequency of the synthesizer and resetting it, is the same
for all the spins in the selected slice but it changes from one TR to another.

Since ®(r) in Eq. [5] is the same for all TR, the position-dependent phase of all
magnetization components is k - ®(r), where & is an integer. As explained before, only
magnetization components with & = 0 contribute to the measured signal. The effect
of Y(n) in Eq. [5] is to add a phase shift to each component, which depends on the
trajectory through which it evolves and the values of {{(#)}. These values must be
chosen so that the magnetization components with k = 0 acquire different phases and
cancel each other.
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Consider the train of rf pulses shown in Fig. 1. in which TR is shorter than T,. We
focus attention on pulse P, and assume that steady state has already been attained
before P, is applied. i.e.. (n — 1) TR » 37,. The phase ®(#) which accumulates during
the TR interval subsequent to pulse P, is given by Eq. [5]. The objective is to find
values for {(#) such that the sampled NMR signal remains the same throughout the
scan for any given E,. -, and rf tip angle.

From the discussion of the example in Fig. 3, it follows that the phase of any
magnetization component prior to pulse P, can be written in the form

phase = > ®(n — k) — 3 ®(n — j). [6]
%

J

The different terms in the sums of Eq. [6] depend on the trajectory of the component.
The number of terms with negative sign depends on the number of times the phase
of that trajectory was inverted by the rf pulses. For all components with zero phase
due to gradients. we have

2 ®(r) = 2 B(r) = P(r)(K —J) = 0. (7]

k /

where A and J are the number of terms in the first and second sum of Eg. [6].
respectively. The number of positive and negative phase terms in Eq. [ 7] must be the
same for any component that contributes to the signal. Therefore. the phase of these
components can be written as

phase = > [®(n — k) — &(n — j)]. [8]

For example. the phase of magnetization components 1, 2, and 3 in Fig. 3 are given
by ¢(n — 1) + ¢(n — 2) = ¢p(n — 3) — p(n — 4), ¢(n — 1) — d(n — 3), and
d(n —2) + $(n — 1). respectively. Only components | and 2 have the same number
of positive and negative phase terms, because their phase due to gradients is zero.

We want to find a sct of ®’s so that Eq. [8] is independent of # for any arbitrary
magnetization component with zero phase due to gradients prior to pulse P,. This
requirement would ensure that the steady-state magnetization remains constant
throughout the scan for any given value of E,. 5, and rf tip angle. Therefore, Eq.
[8] must be independent of # for arbitrary & and j, which can be true only if every
term of the sum satisfies the relationship

P(n — k)~ ®(n — j) = independent of [9]

for arbitrary n, k. and j. Because ®(r) in Eq. [5] is the same for all rf pulses, Eq. [9]
can be written as

Y(n — k) -~ Y(n - j) = independent of n. [10]
This can be fulfilled if. and only if,
w(n) = nd + Yy, [11]

where ¢ and ¥ are arbitrary constants. If Eq. [11] is satisfied an artifact-free image
will result. That is, the steady-state magnetization remains constant throughout the
scan for any given Iy, E,. and tip angle only if the phase () is linearly incremented
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by ¢, radians in every TR interval. Note that the value selected for ; affects only the
total phase of the final image, and because only the magnitude of the image is displayed.
the value of Y is unimportant. However computer simulations in the next section
show how the image contrast depends on V.

The constraint imposed by Eq. [7] applies only when m,. defined by Eq. [4], is
large. When 1, is small or zero, an)' magnetization component prior to P, will con-
tribute to the sampled signal. However, the phase in Eq. [6] must be independent of
n for arbitrary 1, k, and j. This can be fulfilled only if each & is the same for all n.
In this case both longitudinal and transverse magnetization reach steady state, resulting
in a refocused SSFP image. Therefore, effective spoiling can be achieved only if my is
large enough.

The technique described in this paper can be implemented by using the pulse se-
quence of Fig. 4. Two phase encoding gradient lobes with opposite polarity and equal
amplitudes must be used, so that the total phase accumulated due to gradients in each
TR is the same, as required by Eq. [5]. The synthesizer frequency is changed at time
1,, after the signal has been sampled. The synthesizer is reset at time /,, after time 7
has elapsed, and a phase ¢ has been added to the transverse magnetization. In each
TR the frequency jump of the synthesizer is increased so that the phase Y(#) is incre-
mented according to Eq. [11].

This spoiling technique can be implemented in three-dimensional scans by adding
two phase encoding gradient lobes with opposite polarity and equal amplitudes in the
slice select direction.

Computer Simulations

An optimum value of ¢ ; must be selected, such that a cancellation of transverse
magnetization is achieved over a wide range of values of £, £>. and tip angle. We

SLICE R e
SELECT
READOUT { {——

usse EI E

A B
ot

FIG. 4. Diagram of a pulse sequence which can be used to implement the described spoiling method.
Phase is added to the transverse magnetization by changing the frequency of the synthesizer at time 7,, and
resetting it at time 7». This phase is incremented by advancing to a progressively higher frequency at 7, in
each TR.
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developed computer simulations to verify the theoretical predictions and to choose
the optimum value of ¥ ,. The Bloch equations were solved to follow the time evolution
of the magnetization of an isochromat every 10 us in response to the pulses in Fig. 4.
The rf pulses were nonselective, to simplify the calculations. Magnetic field gradients
were included by calculating and adding the time evolution of 200 isochromats. The
precessional frequencies of these 200 isochromats were chosen so as to give the phases
d(r), defined in Eq. [4a], a uniform distribution over the entire range of 360°.

The signal S* immediately after each rf excitation in a train of pulses was calculated
in the presence of the gradients shown in Fig. 4 for a variety of phase shifts ¥(#). In
each TR the phase shift Y(n) was incremented according to Eq. [11]. The result is
presented in Fig. 5. It is seen that for any value of phase increment y,, S™ stabilizes
after about 47, s (i.e., 160 rf pulses) and remains constant, as predicted by the theory.
The magnitude of the steady-state signal depends on the phase increment ¢ ,. In Fig.
6, S" is calculated for the case where y(#n) changes randomly in the range 0° to 360°.
Here S* fluctuates randomly from one TR to another, and would lead to severe
artifacts in the phase encoding direction of the image.

In order to find the optimum value of y ;, the steady-state signal S was calculated
as a function of Y, and plotted in Figs. 7a and 7b. Peaks in the amplitude of S, are
observed for certain values of phase increment. Crawley ef al. (10) and Sekihara ( 19)
pointed out that these peaks occur when 4 is equal to 360° / m, where m is an integer,
as a result of incomplete cancellation of transverse magnetization prior to each rf
pulse. The phase increment y , that causes full cancellation of transverse magnetization
prior to the rf pulses is the one whose steady-state signal intensity is identical to the
FLASH signal given by Eq. [2]. The dashed line in Figs. 7a and 7b corresponds to
the FLASH signal. The calculated signal S is very close to the FLASH signal for all
the relaxation times and rf tip angles shown, when ¢, = 117° or ¢, = 123°, as indicated
by the arrows. We repeated the calculation of the steady-state signal S for 7,/ TR

0.4 . . 04—y — S
T1=40TR T1=40TR
= T2=T1
0.3 VWA~ T2-T1 0.3 W S —
no spoiling no spoiling
0.2 i - 0.2
g+ 180 = ﬂ
01 e . |
| L JAA A
0.0 Y 117° 0.0 Vf
0 to 360° J
B Y [ N . - " - o T e — b
50 100 150 200 250 300 50 100 150 200 250 300
® Rf Pulse Number ® Rf Pulse Number

FiG. 5. The calculated S* signal immediately after each rf excitation in a train of pulses in the presence
of gradients (Fig. 4). In each TR a phase shift (n) was applied, as explained in Fig. 4, and incremented
linearly. Computer simulations are shown for phase increments of 180°, 90°, and 117°. The rf tip angle
was 60°.

FI1G. 6. Computer simulations of S* immediately after each rf excitation in a train of pulses similar to
the method of Fig. 5. The phase shift Y(n) changed randomly between 0° and 360°. The rf tip angle
was 60°.
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F1G. 7. Simulations of the steady-state signal S arising from the pulse sequence in Fig. 4 as a function
of the phase shift increment . Steady-state conditions were ensured by applying the train of rf pulses for
4T, before S& was calculated. A phase increment of 117° or 123°, indicated by the arrows, results in a
steady-state signal which is approximately equal to the FLASH signal.

in the range 10 to 40, and for T,/ T, in the range 0.1 to 1, since these encompass the
range of values encountered clinically. In each calculation the rf tip angle was varied
from 0° to 90°. We found that S is consistently very close to the theoretical FLASH
signal only when ¢, is 117° or 123°. This is demonstrated in Fig. 8 for a range of
parameters,

EXPERIMENTS

Theoretical predictions from the previous sections were validated by acquiring images
of uniform phantoms and human subjects. The imaging pulse sequence was developed

0.3| T1=20TR e T T T 0.3} T1=20TR o
T2=T1 -7 T2=0.2T1 GRASS
e —FLASH
,~ —-GRASS ciige s
0.2 , 0.2 117° increment
, —FLASH SO
S St < ——_
ss ” ¢117° increment ss 4 T~
/ —~
01} 4, 0.1
0.0 0.0
0 20 40 60 80 0 20 40 60 80
Rf Tip Angle (deg) Rf Tip Angle (deg)
0.3} T1=40TR T 4 3| Ti=40TR L
T2=T1 - T2=0.2T1 GRASS
7 erass —FLASH
0.2 pd —FLASH 0.2 ©117° increment
st /7 *+117° inc t st —_————
ss , ncremen! ss //’ \\\\\\
o1f o - 01t # ~
J R -
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Rf Tip Angle (deg) Rf Tip Angle (deg)

FiG. 8. Simulations of S|, with spoiling by phase shifts that increased linearly by 117° compared to pre-
dictions of S¢, for FLASH and GRASS (4). The rf pulses were applied for 47", before S was calculated.
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on a Siemens Magnetom 1.0-T MRI unit. Spoiling was implemented by using rf pulses
of different phase, as explained in the Appendix. The measured data were phase-
shifted to compensate for each rf pulse and were then reconstructed into images using
the fast Fourier transform.

Various patterns for spoiling were evaluated on uniform phantoms. Figure 9a il-
lustrates spoiling by the phase encoding gradient alone, without additional phase shifts,
Lobe B of the phase encoding gradient shown in Fig. 4 was removed for this image.
The bright horizontal band occurs at the center of the phase encoding direction, where
the phase encoding gradient is too weak to spoil the transverse magnetization (10).
The pulse sequence shown in Fig. 4, including lobe B of the phase encoding gradient,
was used for the experiments to evaluate spoiling by phase shifts. In Fig. 9b a random
phase shift between 0° to 360° was applied in each TR interval, producing conspicuous
ghosts in the phase encoding direction. Appearance of these ghosts is not surprising,
given the results of Fig. 6. The phase shifts for Fig. 9c were incremented linearly by
117°. The image is artifact-free and of uniform intensity as predicted by Eq. [11].

This observation extends to the images of a human subject (Fig. 10). It is verified
that phase shifts incremented linearly by 117° spoil the transverse magnetization with-
out altering the contrast between gray and white matter and without producing any
artifacts.

DISCUSSION

We have presented a method to eliminate steady-state transverse magnetization
prior to each rf excitation in pulse sequences where TR < 7',. An artifact-free image

FIG. 9. Three images of a uniform phantom that demonstrate spoiling. The conventional linearly incre-
mented phase encoding gradient, without a rephasing lobe, was applied for image (a). Random phase shifts
between 0° and 360° were applied for image (b). The phase shifts for image (c) increased linearly by 117°.
The T, and T, of the phantom were approximately 400 ms each. The rf tip angle was 60° and TR was
25 ms.
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FIG. 10. Images of the human head obtained (b) without changing the frequency of the synthesizer at
time 7,, resulting in a refocused SSFP image with bright cerebrospinal fluid, and (a) with a linearly incremented
phase shift, resulting in high 7', contrast and demonstration that effective spoiling was achieved. TR was 33
ms and the rf tip angle was 60°. The images are from a three-dimensional acquisition, with the first phase
encoding direction mediolateral and the second phase encoding direction anterosuperior.

with high 7'; contrast can be obtained when a phase shift that is incremented linearly
during each TR interval is applied. When this phase increment is 117°, the steady-
state signals agree closely with those of FLASH, indicating that complete spoiling has
been achieved. Consequently, image contrast becomes independent of 75. From our
computer simulations it is apparent that almost all other values for the phase increment
fail to remove the 7, dependence. The motivation to eliminate this dependence stems
from the following consideration. Tissues with longer 7', values generally also have
longer T, values (20). When comparing two tissues, the steady-state signal S from
the one with longer 7', will be weakened because of slower 7', recovery but will be
enhanced by the longer 7', since it produces a larger refocused signal. The net effect
is that the contrast between the two tissues is reduced. Hence, elimination of the 7,
dependence leads to improved contrast.

We have also shown that the steady-state transverse magnetization cannot be spoiled
by applying large gradient pulses of constant amplitude during each TR interval.
While images showing evidence of spoiling have been produced using this technique
(14), it should be recognized that such spoiling is caused by the random Brownian
motion of the spins in the presence of large gradient pulses (21). Consequently, the
contrast between tissues becomes dependent on the diffusion coefficient.

CONCLUSION

Our analysis shows that artifact-free images with true spoiling of transverse mag-
netization can be obtained only if the following conditions are fulfilled: (a) In each
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TR interval a phase y(n) is added to the transverse magnetization and Y(») is linearly
incremented by ¢ radians in each TR. The same phase value, ¥(n), must be applied
to all the spins in the selected slice or volume. (b) ¢, must be different than 360°/

m. where m is an integer. If ¥, is set to 117° or 123°, adequate cancellation of

transverse magnetization can be achieved for all values of T,/TR and T,/ TR which
are encountered clinically. (¢) The value of m, (defined by Eq. [4]) must be large
enough so that only magnetization components with zero phase due to gradients
contribute to the measured signal. (d) For each spin, the total phase due to gradients
must be the same in each TR interval. Using this method images with good 7', contrast
and high signal-to-noise ratio per unit time can be obtained.

APPENDIX

The phase of the transverse magnetization can be altered by changing the frequency

of the synthesizer in the spectrometer by Arv Hz and then resetting it after 7 s (22). It

a phase shift of y radians is desired, Av and 7 are set so that
Y= —2mwAur. [A1]

The frequency Av is incremented to increment the phase ¢ according to Eq. [11]. The
frequency jump and reset is carried out during every TR interval immediately after
data sampling and before the next rf pulse. as shown in Fig. 5. During the first TR.
Av 1s set to some initial value and it is incremented in subsequent TR intervals until
the scan is completed. These phase shifts are accurate because Av can be set very

accurately using modern synthesizers. For example, ¢ can be set with an accuracy of

0.04 degrees if the accuracy of Avis 0.1 Hz and 7 = | ms. This method was originally
demonstrated by Zur and Bendel (9).

Crawley ¢t al. (10) proposed an alternate method to achieve the phase increments
of Eq. [11]. In this case the phase of the rf pulses is incremented. while the frequency
of the synthesizer remains unchanged. The phase shift O(#) applied to the nth rf pulse
P, is given by

nol
O(n) = 3 ji,. [A2]

j 0

where ¥, is the phase increment in Eq. [11]. and J1s an integer. From Eq. [A2] we
obtain

On+ 1) - On) = ny,. [A3]

The phase of the received signal, which is sampled immediately after pulse P,, must
also be shifted by O(n). The resulting signal is analyzed by transforming to a rotating
frame where the phase of the rf pulses and the receiver is constant in time. We call
this the rf rotating frame. In the laboratory frame the precession frequency of the
transverse magnetization is constant. Equation [ A3] shows that the phase difference
which accumulates between the transverse magnetization and the rf rotating frame in
the time interval between rf pulses P, and P,y is . Therefore, the signal measured
in this rf rotating frame is identical to the signal obtained by incrementing the frequency
of the synthesizer. It is cumbersome and less accurate to vary the phase of the rf pulses
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because any small systematic errors in the phase of the rf pulse or the receiver accu-
mulate as » increases. However, such errors might be circumvented by the use of
modern digital transceiver technology. This alternative can be used if the frequency
of the synthesizer cannot be varied.
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