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(57) Abstract

A radio frequency (Rf) pulse is applied to a coil
(6). A sample is placed on support (3) and an antenna
coil (62) detects Rf signals from the nuclei. The effective
magnetic field (B) applied to the sample is a vector sum
of the resonant offset of the nuclear spins (AH) and the
Rf field of a spin-lock pulse (B)). This effective field B is
controlled to enhance NMR measurement. Several meth-
ods of control are described, those being: (a) performing
an adiabatic passage on AH; (b) controlling the Rf pulse
such that By and AH vary sinusoidally in time; (c) invert-
ing B after on half of the Rf pulse.
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NMR MEASUREMENT BY CONTROLLING THE EFFECTIVE MAGNETIC FIELD

This invention relates to nuclear magnetic resonance
(NMR) methods.

One NMR method makes use of the so called "surface
coil" defined herein as a coil which provides an
inhomogeneous radio frequency magnetic f£field. The
surface coil has proven to be a useful device for
irradiation and detection of tissue regions near to the
surface of animal or human subjects, particularly for in
vivo NMR spectroscopy. Unfortunately, the gross
inhomogeneity of the rf field provided by a surface coil
leads to complications. If the surface coil is used to
transmit a simple square rf pulse, maximum positive

fsi%nals will be excited from sample regions where the

pulse angle ¢ is 90°, no signals can be excited in
regions where © is 180° or 360° and maximum negative
signals will be generated from regions where 8 is 270°
and so on, where signal excitation is given by sin 9.
The sensitivity of the coil to a sample point is
proportional to the pulse angle & that can be induced at
that point, and so the coil is more sensitive to surface
regions closest to it. Thus overall, following a square
rf pulse, detected signal is proportional to & sin &, A
further complication is that various signal regions have
a complicated shape. Thus, on the one hand the sample is
excited in a grossly non-uniform manner, but on the other
hand only crude localisation of the signal from the
sample is achieved, so the surface coil is far from ideal
from either point of view.

The shape of the rf field provided by a surface coil
has been detailed (A. Haase, W. Hanicke and J. Frahm, J.
Magn, Reson. 65 401 (1984) (Ref 1) and M. R. Bendall, J.
Magn. Reson. 59 406 (1984) (Ref 2) and various methods
for improving sample localisation have been reviewed
(M.R., Bendall in "Magnetic Resonance (MR) Imaging", 2nd
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Edition (C.L. Partain, A.E. James, J. A. Patton, R.R.
Price and J.P Jones, Eds), W. B. Saunders, Philadelphia,
1986) (Ref 3).

In accordance with the first aspect of the
invention, a method of obtaining a nuclear magnetic
resonance signal from a sample using a radio frequency
irradiation coil which provides an inhomogeneous radio
frequency magnetic field, comprises causing the coil to
apply a radio frequency pulse to the sample in the
presence of an external magnetic field, performing an
adiabatic passage, and obtaining the resultant NMR
signal.

Conveniently, the adiabatic passage comprises a so
called "half adiabatic rapid passage", as explained in
greater detail hereinafter.

The methods in accordance with the invention

may be utilised to obtain localisation of N.M.R. signal'

from regions in space, using switched field gradients.

In accordance with a second aspect of the invention,
a method of obtaining a nuclear magnetic resonance signal
from a sample, comprises applying a radio frequency
magnetic field pulse to the sample in the presence of an
external magnetic field, wherein the rf pulse is
controlled such that:

B, =v A sin 27 v t and AH A(cos 27 vt + s),
or Bl = Vv Acos 2r v t and AH = A(sin 27 vt + s),

s = 8/A, where S is the frequency offset of a
nucleus from the centre of the spectrum, and where v
allows for variation of B, throughout the sample, AH is
the resonance offset of the nuclear spins, and B1 is the

where

rf field of a spin-lock pulse.

In accordance with a third aspect of the invention,
a method of obtaining a nuclear magnetic resonance signal
from a sample comprises' applying a radio frequency
magnetic field pulse to the sample in the presence of an

-~
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external magnetic field, wherein the effective magnetic
field applied to the sample is inverted after
substantially half the duration of the pulse.
The methods according to the second and third
5 aspects are particularly wuseful in combination with
methods according to the first aspect of the invention,
The NMR methods may, for example, form part of an imaging
experiment, or a spectroscopy experiment,
Some examples of methods in accordance with the
10 present invention and an example of apparatus for
carrying out such methods will now be described with
reference to the accompanying drawings, in which:
Figure 1 is a schematic magnetisation diagram;
Figure 2 is a diagrém showing signal response as a
13 function of distance in an experiment using a surface
coil;
Figure 3 is a contour plot of the magnitude of the
refocussed component versus the variables v and A/v;
Figure 4 illustrates the insensitivity of the pulse
20 to resonance offset;
Figure 5 is a schematic diagram of apparatus for
performing the methods described;
Figure 6 shows an example pulse sequence.
The apparatus illustrated in Figure 5 comprises a
25 magnet assembly having north and south poles 1 and 2, and
a sample support 3, positioned to support the sample, for
example a human patient, between the pole pieces 1 and 2.
The magnet assembly may be a permanent magnet assembly,
but 1s preferably a superconducting electro-magnet,
30 powered by a power supply 4, Rf generator 5 is provided
to supply an Rf signal to a sample on the sample support,
by means of an Rf coil 6. The Rf coil 6 is mounted on a
probe assembly 7 of conventional form.
An Rf receiver 8 1is connected to a suitable
35 receiving antenna, which may be the coil 6, or may be one
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or more other coils of conventional form, for example a
coil 6a as illustrated schematically in Figure 5. The Rf
generator 5 and Rf receiver 8 are connected to a computer
9, programmed and arranged to control the phase and
5 frequency of Rf signals produced by the Rf generator 5,
and to receive signals from the Rf receiver 8 and process
them as indicated herein, in order to obtain the desired
NMR signal. )
A pulse generator 10 is also controlled by computer
10 9. The output from the pulse generator 10 is fed to an
Rf modulator 11, which modulates the Rf signal produced
by the Rf generator 5, thereby to produce the desired
sequence of Rf pulses. The sequence of Rf pulses is
amplified by Rf amplifier 12, which not only controls the
15 overall amplitude of Rf pulse signals fed to the probe
assembly 7, but also, by means of control link 13, can
control the relative amplitudes of indivdual Rf pulses,
under the control of the computer 9.
The computer 9 is so programmed and arranged as to
20 produce the desired pulse range, as disclosed herein,
according to methods which are generally known per se.
Referring now to Figure 1, the diagram illustrates
magnetisation component spin-locked AH (Hz) off-resonance
by the effective field B at an angle o to the transverse
25 plane of the rotating frame. For example, if an
off-resonance single-frequency pulse 1is switched on
instantaneously, the spin~locked component will be sin «a
times the initial z magnetisation., If AH is then reduced
to zero adiabatically the spin-locked component follows B
30 down to the x axis and may be detected.
As illustrated in Figure 1, if at some sample point
in the field gradient the nuclear spins are at a
resonance offset of AH Hz, and the rf field of the
spin-lock pulse is Bl(Hz), the spin-locked magnetisation
35 component is at an angle & to the transverse plane and

)
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aligned with tpe effective field B, where a and B are-
given by :

tan o = AH/B1 and B = (AHz + Blz)¥ = B

, Seca (1)

If the field gradient is switched off, AH rapidly
reduces to zero and the question arises of whether the
spin-locked magnetisation will follow the effective field
B as it <collapses down to the transverse plane,
According to standard texts (T. C. Farrar and E, D.
Becker, "Pulse and Fourier Transform NMR", p. 13,
Academic Press, New York 1971.(Ref 4)) the spins follow B
provided dAH/dt << Bz, the condition for adiabatic rapid
passage. For our purposes this inequality is best recast
as

da/dt << B : (2)

If the spin-lock pulse is switched on in the
presence of the field gradient, then at sample points
where AH>Bl, the initial angle a is large and most of the
initial z magnetisation would be spin-locked along B.
Provided the field gradient is switched off slowly enough
in accordance with inequality (2), this spin-locked
component would be rotated down to the transverse plane
and could be detected after switching off the rf pulse -
this is known as "half adiabatic passage" in traditional
NMR spectroscopy (Ref 4), If the field gradient is
perpendicular to the surface coil with the zero-crossing
plane of the gradient aligned with the sample surface,
then the initial AH is small and B1 is large at the
sample surface, Thus the initial angle a is small and
little of the initial 2z magnetisation would be
spin-locked at the sample surface. In this way a large
proportion of maximum possible signal could be detected

PCT/AUS6/00353
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from moderate depths into the sample, with suppression of
surface signald, a crude but potentially useful form of
sample localisation. It can be expected that the length
of the spin-lock pulse on either side of the gradient
5 switching point needs to be randomised over a series of

transients to eliminate any residual un-locked
magnetisation not dephased by the switched gradient (Ref
3). The most efficient mathematical form of the time
profile of the gradient switching to obey inequality (2)

10 also needs to be established before the conditions of
practical viability of this method are known.

Our early research in this area has concentrated on
gaining a practical understanding of inequality (2) and
this has led to an efficient means of uniformly exciting

15 the sample with a surface coil in the absence of field
gradients. For example, if the initial &H offset is
induced throughout the sample using the main field and
then reduced to zero in the presence of a continuous
single frequency rf (spin locking) by sweeping the field

20 onto resonance, a large proportion of the sample may
experience half adiabatic passage (ie. equivalent to a
90° pulse) depending on inequality (2). An equivalent
experiment is to keep the main field constant and to
sweep the frequency of the rf onto resonance. To ensure

25 that the initial effective field B is vertical (a = 90°),
and thus that all the initial z magnetisation is spin

. locked, the amplitude of the rf pulse may be increased
from zero as its frequency is swept onto resonance. The
exact form of this amplitude/frequency modulation is

30 determined by the need to obtain maximum efficiency with
respect to inequality (2).

Inequality (2) merely expresses a guiding principle
and cannot be extended to an exact equation which
determines the detailed behaviour of nuclear spins under

35 the influence 6f any pulse. - However, from (2) it would
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be reasonable to expect that if da/dt or B varies during
the pulse, the inequality would be less likely to hold
throughout the whole pulse. Based on this assumption
da/dt and B shgﬁld be constant to which we add the
already established conditions that B, = 0 and AH is a

maximum initially, and B, is a maximum and AH = 0

1
finally. One solution to these boundary conditions is

that

B, = A sin 27rvt and AH

N A cos 2wvt (3)

1/4T Hz finally, where T is
the length of the pulse in seconds. From Eq. (1) B and

de/dt are constants in Hz and equal to A and -v
respectively. We will call this amplitude/frequency

where t = 0 initially.and v

modulated pulse an example of a "sin/cos" pulse.

For the particular case of the sin/cos pulse, it is
easy to write down equations for the final transverse
magnetisation which results from initial z magnetisation
by moving to a second rotating reference frame which
rotates with the effective field B, ie. the z axis of
this second frame is aligned with B and the x axis is
common with the axis of the normal rotating frame. 1In
this second frame there is an additional fictitious field
equal to da/dt (= - v) perpendicular to the plane of
rotation of the frame, ie., along the x axis. Thus the
overall effective field E in the second frame is tilted
by an angle o' from the transverse plane of the second
frame where

tan o' = A/v and E = al + \)2);s =v seca', (4)

and thus the angle of rotation of initial z or z
magnetisation around E is given by (using T = 1/4v)
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8" = 7 get a (5)
’1.

The compohent of magnetisation still aligned with z

(ie. B) at the end of the pulse is given by the f term

of matrix (11) described in M. R. Bendall and D. T Pegg,

Magn. Reson. Med. 2, 91 (1985) (Ref 5), with &' and 8" in

place of ¢ and 6', which is

I
2

sinz(tan'lA/V) + coszr(tan-lA/v) cos (T seca') (6)
' 2

This is the component which can be considered to have
"followed" the rotating B field down to the y axis of
Fig. 1, or undergone half adiabatic passage. For
example, the final y component is more than 90% of the
initial 2z magnetisation for A/v>3 (ie |da/dt] < B/3,
relating back to inequality (2)), and is more than 98%
for A/v>7. |

For a surface coil, the situation is more complex
than that described by Egs (3) to (6) because of the
inhomogeneous rf field, and because we are concerned with
a spectrum of nuclear spins. Thus Egs. (3) becomes

Bl = v A sin 27 v t and AH = A{cos 2T Vvt + s}, (7)
where s = S/A, where S is the frequency offset of a
nucleus from the centre of the spectrum, and where v
allows for variation of B, throughout the sample. Since
B and d®/dt are no longer constant, an explicit equation
like (6) cannot be written down. Instead it is necessary

to split the complex pulse into a large number of pulse
increments (eg. 250), where each increment has constant
amplitude and frequency, and determine the effect of each
increment using a suitable rotation matrix such as matrix
(11) of Ref (5). For the ideal case (v=1, s=0),
calculations using 250 increments gave the same results

L7l
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to at least 3 significant figures as those obtained using
Eq.(6). Furthir calculations show that for A/v = 18, the
final magnetisation is more than 95% of the initial gz
magnetisation in the range 0,5 L v <5, ie., for a factor
of 10 variation in B1 across the sample. Up to a further
5% of signal is lost for ~0.2< s < 0.2,

If the spectrum width S is #250 Hz and the limits of
s are 0.2, then A should be 1250.Hz. Since v=1.6 at the
midpoint of the range 0.5 < v < 5, this corresponds to a
maximum B, of 1.6 x 1250 Hz at the end of the sin/cos
pulse, which is equivalent to a 90° pulse time (tgo) for
a square pulse of 130 us, a readily achievable figure for

'surface coils and in vivo samples given about 1 kw of

available pulse power. Thus in practice a sin/cos pulse
will adequately cover a reasonable spectral width. If
A/v = 18, the length of the pulse T is 3.6 ms, which is
quite short relative to 'I'1 relaxation times of in vivo
species of interest, another important factor. Thus the
sin/cos pulse is quite practical in terms of length and
required pulse power and theory shows that it will
provide the equivalent of a 90° pulse across a reasonable
spectral width for at least a factor of 10 variation in
fr field strength in the sample.

We have tested the sin/cos pulse experimentally and
have found agreement with the theoretical predictions.
Frequency modulation of rf pulses was not available so
phase modulation was used instead., Since phase is the
integral of frequency, the phase was modulated as
(A/27v) sin 27vt using 256 pulse increments. An obvious
first demonstration utilised a small water phantom at the
centre of a larger surface coil, The sin/cos pulse
induced a similar signal response to that provided by a
90° square pulse, and the phase and amplitude of the
signal was remarkably insensitive to changing the
transmitter pulse power.
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A more séringent test is illustrated in Pigure 2
which shows on€-dimensional images of the signal response
from a column of water placed perpendiculérly on top of
the surface coil wire. The figure illustrates signal
responses as a function of distance in the xy plane from
a 7 cm diameter surface coil for a 12.5 cm long
perpendicular column of water, for sqdare pulses
(continuous curves numbered 1 to 11) and for the sin/cos
pulse (dashed qurve). The square pulse lengths were 40,
50, 70, 100, 133, 160, 200, 250, 300, 400 and 500 pus
respectively. The length of the sin/cos pulse was 3.77
ms, A/v was 18.8 and v = 1.6 approximately at the
midpoint of the water column. The maximum possible
signal decreases with distance from the coil in
accordance with the decreasing sensitivity of the coil to
remote samples. The square pulses {(of x phase) and the
sin/cos pulses were followed by a 25ms spin~lock pulse of:
y phase, during the central 5 ms of which a read-out
gradient was switched on. The read-out gradient was weak
(60 Hz/cm) and the zero-crossing point was near the
remote end of the water column so that signal loss from
off-resonance effects in the gradient was less than 2%,
The 1long spin-lock pulse ensured that any unlocked
components were efficiently dephased. The small increase
in signal at greatest distance from the coil is caused by
a fortuitous juxtaposition of the weak field gradient and
main field inhomogeneity at the water/air interface.
Measurements were carried out on a Biospec spectrometer
(2.0 T). Figure 2 compafes the response from square
pulses of different lengths to that obtained with the
sin/cos pulse. A weak "read-out" field gradient parallel
to the column of water was switched on during a spin-lock
pulse subsequent to the square or sin/cos pulses and left
on during signal acquisition to spatially encode the
signal respons¢ along the water column. The physical
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dimensions of éoil and column ensured at least a factor
of 17 variation in rf field strength along the column as
indicated by tbe numerous oscillations between positive
and negative signal for the longer square pulses. 1In
5 comparison, the sin/cos pulse gave only positive signal
and this was ¢lose to the maximum possible along the
whole length of the column. Figure 2 also illustrates
the interference that must be generated between positive
and negative signals, resulting in signal loss, when

10 using long square pulses to sample increased depths, and
that this is avoided by use of the sin/cos pulse.

The sin/cos pulse should be useful in maximising
signal-to-noise in in_ vivo spectroscopy in situations
where localisation beyond that determined by the

15 sensitivity of the surface coil is not required. The
importance of maximising S/N using complex pulses has
been recognised (M., S. Silver, R.I. Joseph and D. I,
Hoult, J. Magn. Reson. 59, 347 (1984) (Ref 7)). There

_ may also be applications in high-resolution NMR since the

20 pulse is superjor to the best available 90° composite
pulse (R. Tycko,iH.M. Cho, E. Schneider and A. Pines, J.
Magn. Reson. 61 90 (1985) (Ref 6)). Whilst the sin/cos
pulse is efficient, other pulses such as one half of the
sech/tanh pulse of Silver et al may be used.

25 The adiabatic 90° excitation pulse described can
readily excite more than 90% of possible NMR signal
across a factor of 10 variation in rf field strength and
over a reasonable spectral width. This rf pulse is an
amplitude/frequency modulated pulse called a “sin/cos"

30 pulse during which the amplitude and frequency are
modulated as oné quarter of a complete cycle of sine and
cosine functions respectively., Doubling the length of
the pulse to one half of complete sine and cosine cycles
generates a 180° inversion pulse which is similarly

35 insensitive to Vvariation in the Bl field and is related
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to the sech/tanh inversion pulse of Silver et al (Ref 7).
Like the sech/tanh pulse, the sin/cos 180° inversion
pulse is useful over a reasonable spectral width, or it
may be utilised in a pulsed field gradient for slice
selection in {maging or localised spectroscopy. Our
calculations indicate that the sin/cos 180° pulse has an
advantage in length and sometimes maximum required rf
power over the equivalent sech/tanh pulse for these
applications.

It should also be noted that reversing theisih/cos
pulse to cos/sin (for the case ending at cos 180° and sin
180°) gives a good 180° spin-echo or refocusing pulse.

It might be expected that a 180° inversion'pulse
could also function as a 180° refocusing pulse especially
since it can be readily shown that for any pulse the
proportion of z magnetisation that is inverted is exactly
equivalent to the proportion of transverse magnetisation
that is refocused (M. R, Bendall and D. T. Pegg, J. Magn
Reson. 63 494 (1985) (Ref 8)). However, for a refocusing
pulse, there is the additional requirement that the phase
of the refocused magnetisation be constant under the
relevant variable conditions which in our case are
variable Bl and variable resonance offset  AH.
Unfortunately both the sin/cos and sech/tanh 180° pulses
generate refocused magnetisation with widely varying
phase depending on the magnitude of Bj. We show below
that this phase problem can be eliminated or reduced by
inverting the ¢ffective field, B, halfway through the
pulse., We signify these "B flips®™ by (+-) added to our
previous nomenclature, eg. sin/cos(+-).

To determine the effectiveness of various refocusing
pulses it is ngcessary to unambiguously calculate the
magnitude and phase of the refocussed component resulting

from transverse magnetisation of any phase prior to the

pulse, We are not interested in the individual
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components of x, y and z magnetisation, but only in the
refocused compohent, By definition this is the component
of transverse magnetisation which is independent of field
homogeneity, afd such other effects as heteronuclear
coupling, aftet a spin-echo delay that is symmetric
around the refocusing pulse. From previous work Ref 8,
R. Kaiser, E. Bartholi, and R. R. Ermst, J Chem Phys 60
2966 (1974)(Ref'9) and G. Bodenhausen, R. Freeman, and D.
L, Turner, J. Magn., Reson. 27 511 (1977 (Ref 10) we know
that all other magnetisation components are eliminated
and only the refocused component is detected if the
refocusing pulge is cycled through all four phases
([tx,ty]) during a series of 4 successive transients with
receiver inversion corresponding to the y phases. This
is true of any refocusing pulse whether simple (square),
composite or cémplex (modulated amplitude or frequency)
because any pulse leads to an overall rotation of say ¢
about an axis tilted some angle o from the xy plane at
some phase anéle B to the x axis of the rotating
reference frame; The rotation matrix for such a general
pulse is (Ref 83.
-

sin28c056 + c0528 sinagin® - sin2g
e = 2 2 Sy 2 .2 fxz
X {cos“a + sin"acosé) X cos“asin®(8/2)
F(8[8] 1“) = .
~ginasingé - sin2g coszscose + sinZB
£ £ = f
™o g vy 2 2 ¥z
X cos“asin(6/2) X (cos“e + sin“acosé)
fzx fzy £rz
=) ﬁ‘-

PCT/AU86/00353
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and the cycle matrix (Ref 9) for the camplete four phase cycle is (Ref 8)

* cos’®  -sin28 0 |
£(8[B4x,84y] ,0) = posZasin® (8/2) -sin®8 -cos28 0 (9)
0 o o)

Thus coszasinzfe/Z) is the refocused component and 28is
its phase angle relative to the x axis resulting from any
refocusing pulses. For a composite or complex pulse we
do not readily know what 6,a¢ and B are though these could
be calculated for any particular conditions of available
offset rf power and resonance offset, However a more
simple procedure has been developed by recognising from
equation (8) that

refocused compopent = cos?a sin(6/2)

2
= X5[(£ R S

2,1/2
xx " Lyy ]

fyx) (10)

and

tan 28 = -(fx + fyx)/(fxx - £ ) (1l1)

Y yY

The matrix terms,,fxx, fyg fxy

the individual components of x and y magnetisation
resulting from unit x or y magnetisation prior to the

and £ are of course
Yy

pulse as expressed by
%X
fyx = f£(8[gl,a) X 0 (12)

£ 0
-2X
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£ 0
Xy :
fyy '=  £(0[B],a) x 1 (13)
S £ 0
2y,

These terms may be calculated for any complex pulse by
splitting it 4{nto a sufficiently large number (1000
increments or dgreater) of successive square pulses with
corresponding  successive application of the Bloch
10 equations, Altérnatively and equivalently, the effect of
the successive pulse increments can be calculated by
successive application of matrix (8). Generally the
phase B is constant (zero) except at the B flip where it
is inverted (180°). The tilt angle ¢ is given by the
15 resonance offset (4H, Hz) of the rf by

tan o = bH/B, (14)

and the increased rotation 6' around the tilted axis for

20 each pulse ind}ement, which takes the place of € in

matrix (8) for @his application is given by

8' = § seca (15)
where © would be the equivalent on-resonance rotation
(a=0) for that pulse given by

25 : 8 = ZiBlT/n radians, (16)
where T is the length of the complete pulse divided into
n increments and the units of B, are hertz (B, = 1/t560
is the on-regonance 360° pulse time, and easily
determined expefimental factor).

30 Suitable equipment including the <capacity for
continuous rf or phase modulation was not available
during the development of the following pulses, so they
have not been ¢hecked experimentally. To be confident
that inadvertent errors have been excluded, the

35 calculations were made using the Bloch equations and
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checked in a sgeparate laboratory using the above more
explicit rotation matrix approach. These calculations
which utilised a large number of small pulse
incrementations to mimic the complete pulse also gave the
same results as the explicit equations described below,
which are valid for the special case of ideal conditions
(v=1, s=0 as signified below). Note also that the
original sin/cos pulse has been tested experimentally,
and gave results in accordance with similar theoretical
calculations.

In simple;terms, a refocusing pulse is one which
inverts x magnétisation but retains y magnetisaiion (or
vice versa). We first considered a cos/sin 180° pulse
which simply hds the amplitude and frequency modulation

functions swapped compared to the original sin/cos pulse

ie. B, A cosznvt and AH=A sin®mvt extending from t = 0 to
t = 1/2v, Under suitable conditions which obey the
inequality ,
da/dt]| << B (17)
x magnetisation will be spin 1locked by the initial
conditions of 1large Bl on-resonance and remain spin
locked as the é¢ffective field rotates up to the z axis
midway through the pulse and then down to the =-x axis,
ie. x magnetisation is cleanly inverted. Unfortunately
it is easily shéwn that y magnetisation fluctuates wildly
with different éulse lengths or variable Bl. '
both the frequency offset and the B1 field is inverted
halfway through the pulse, ie. the pulse is described by
Bl = Acos2rvt add AH = A sin2rvt for t = 0 O 1/4v and

B,

However, if

-3 cos2nvt and AH = ~-A sin2wvt for

t =1/4v to 1/2v (18)
the effective ﬁield B is immediately flipped to the -z
axis but rota£e$ in the same sense back to the x axis at
the end of the pulse. 1Initial x magnetisation remains
spin locked during the instantaneous B flip and rotates

PCT/AU86/00353
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in the same sense down to the -x axis as before, but it
can be expected that the precession of initial Y
magnetisation will be substantially reversed and cancel
out during thé second half of the pulse. Detailed
calculations show that this is true so that the refocused
component has a magnitude of >95% and a phase variation
of < 10° over a factor of 10 variation in B1 power for a
reasonable pulse length, but unfortunately the pulse is
very sensitive to off-resonance effects.

To invert X magnetisation but retain Y
magnetisation, a pulse must also invert z magnetisation,
ie. it must rotate a plane of spins 180° around the y
axis, Thus in a general sense we seek any good 180°
plane rotation pulse., As previously explained, we know
that the sin/co? 180° pulse inverts z magnetisation, and
this property will be retained by including a B flip as
in the sin/cos (+-) pulse, ie. the pulse is described by

Bl = A sin 2w7vt and AH = =A cos 2wvt for £t = 0 to 1/4v
and Bl = =A sin 27vt and AH = =-A cos'Zwvt
for £t = 1/4v to 1/2v (19)

If the B flip leads to retention of one of x and y
magnetisation, then the other transverse component must
be inverted since z magnetisation is inverted. Thus the
sin/cos(+-) pulse would be a refocusing pulse and
detailed calculations show this to be true.

Under the ideal conditions expressed by equation
(19), explicit equations can be derived for the complete
pulse in a similar fashion to those equations derived for
the original sin/cos 90° pulse, by moving to a second
rotating reference frame which rotates with the effaootiva
field B. 1In this second frame any initial magnetisation
will rotate an angle 6" during the €first half of the
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pulse around the effective field E which is at an angle
@' to the transverse plane of the second frame where

tan o' = A/v and 6" = gsec a' (20)

For the second half of the pulse E makes an angle of =-a'
to the transverge plane of the second frame (B flips but
da/dt remains the same), and initial magnetisation will
rotate a second angle 6" (n/2 sec a') around the new
10 direction of E, The overall rotation matrix for the
rotation of initial magnetisation in the second

-

reference frame is given by

£f'(e",a') = £ (6([x],c) X £(0[x],=a), (21)
15 where £(8([x],c) is matrix (11) of Ref (5) and 8" and a'
replace 6' and o respectively in the latter matrix.
Denoting the various terms in £'(8",¢') by f;; it can be
readily seen that the relevant terms for the rotation in
the first rotating reference frame are given by
20 fxx = f'ii; £ = £'==; :E,x = f'-§ and fxy = f'§§ (22)
assuming the intitial rf has y phase. Since in this
case fxy = 'fyx’ from equation (11), 28=0, which is very
encouraging and from equation (10) the magnitude of the
refocused componént as a fraction of unity is given by

25

2 2 2

%[(cos2 a' + sin u'cosef')2 + 2sin”a'sin”e"
- sin22a' sin(6"/2) + cos?e" - cosla'sin®e"]  (23)

where ¢ and o' &re given by equation (20). Thus, under
30 these ideal conditions the refocused component is more

than 90% of initial transverse magnetisation for A/v >4

and more than §5% for A/v>7, and there are no phase

problems. Note that if the initial rf has y phase, x

magnetisation is restrained and y magnetisation is
35 inverted by the sin/cos (+-) pulse.
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A complex refocusing pulse is only suitable for
practical application if it can be used under variable
conditions of rf power across a reasonable spectral
width,

5 Thus equation (19) becomes

B, = VA sin2nvt and AH = A(cos27vt + 8) for t = 0 to 1/4v
and B, = -vAsiprvt and AH = -A(cos2mvt - s)
for t = 1/4v to 1/2v _ (24)
10
where s = S/A, where S is the frequency offset of a
nucleus from the centre of the spectrum, and where v
allows for variation of Bl because of rf homogeneity or
experimental migetting. The results of calculations made
15 by splitting the pulse into 1000 increments are shown in
Figures 3 and 4,

Figure 3 is a contour plot of the magnitude of the
refocussed compbnent versus the variables v and A/v. A
suitable value of A/v may be chosen from the graph and

20 applied experimentally by matchihg the length of the
pulse (1/2v) to the maximum B, power available (a). For
example, at A/v = 20, the rf field strength may vary by a
factor of 8 and still produce more than 95% refocusing or
by a factor of 14 and produce more than 90% refocusing.

25 The excellent phase properties of the pulse are retained
for variable Bl with no significant phase variation
(<<1°) for the ranges of A/v and v shown in Figure 3,

Choosing A/v = 20, Figure 4 illustrates the
insensitivity of the pulse to resonance offset. Thus for

30 a prechosen range of v there is little further signal
loss for the range -0.2<s<0.2 and for the whole figure
the phase of thé refocused component varies by much less
than 1°.

Our prime objective is to develop adiabatic rf

35 pulses suitable for application with surface coils for in
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vivo applicatiohs, and thus pulses which compensate for a
1 field. The sin/cos (+-) refocusing
pulse 1is compensatory over a similar range to the

large variation in B

original sin/cos 90° excitation pulse, except for the

5 fact that the former is of course twice as long as the
latter. For example, if the on-resonance 90° pulse time
for a square pulse provided by a surface coil is 100ps at
the centre of a region of interest then a 5.7 ms sin/cos (+)
pulse will refocus more than 90% of all transverse magnetization

10 across a factor of 8 variation of the B, field around
this region centre, and across a spectral width of
t350Hz. Thus introduction of the effective field (B)
flip satisfactorily eliminates the potential phase
problem which otherwise prevents the use of adiabatic

15 pulses as refocusing pulses, but  retains the
insensitivity of the pulse to rf inhomogenity.

The sech/tanh 180° inversion pulse of Silver et al
(Ref 7) may also be converted to a refocusing pulse by
inclusion of a B flip as in sech/tanh (+-). However, our

20 preliminary calculations indicate that the sin/cos (+-)
pulse has an advantage in terms of the length of the
pulse needed to achieve the same purpose.

It should be noted that the calculations leading to
Figures 3 and 4 were for the refocused component only.

25 1In experimental gituations small unrefocused components
may dephase efficiently but in situations where these are
large they can be eliminated by repeating the experiment
with the normal‘(ix,iy) phase cycling of the refocusing
pulse as demonstrated by matrix (9).

30 Figure 6 shows an example radiofrequency pulse
sequence. For a sin/cos radiofrequency pulse the amplitude
of the radiofrequency signal is modulated as a sine
function (a), and the frequency of the radiofrequency
signal is concurrently modulated as a cosine function (b).

35 For a sin/cos 90° pulse the pulse is terminated at time T,

3
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and for a sin/cos 180° pulse it is terminated at 2T where
amplitude B = A sin 21™v t and frequency AH = A cos
210 vtand T=1/4v.
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CLAIMS:
1. An NMR apparatus for the study of a sample comprising

magnetic resonators by one or more pulses of Rf energy, said
resonators subject to an effective magnetic field B in a frame
of reference rotating at Rf frequency Vs the effective
field B comprising the vector sum of a resonance offset H
and the Rf magnetic field Bl’
angle ¢ with respect to said Rf magnetic field Bl'

said effective field B at an

comprising modulation means for controlling both the amplitude

and frequency of said pulse to cause said pulse to exhibit a

first time dependence in amplitude over the interval defined

by said pulse and further to cause said pulse to exhibit a

second time dependence in frequency over the interval of said

pulse, said time dependencies satisfying the conditions wherein

(a) said effective field B is maintained substantially
constant over the interval of said pulse,

(b) said angle o« changes over the interval of said pulse in
accord with said modulation, said change comprising a
rate da/dt such that de/dt is substantially constant
over the interval of said pulse and that de/dt is small
compared to B. ’

2. The apparatus of claim 1, including alignment means for
bringing the magnetic resonators into alignment with the
effective field B prior to initiation of said pulse.
3. The apparatus of claim 1 or 2, wherein modulation is
accomplished such that alignment of the resonators with the
effective field B is maintaiﬁed over the duration of said
pulse. 7
4. The apparatus of claim 1, wherein the modulation means
varies the Rf magnetic field £from a value zero at the
initiation of said pulse to a maximum value at the termination
of said pulse and said modulation means causes the resonance
offset to vary from a maximum value at the beginning of said
pulse to a value of zero at the termination of said pulse.

5. The apparatus of claim 1, wherein the modulation means

varies the Rf magnetic field from a value =zero at the

initiation of said pulse to a maximum value at the termination
of said pulse and said modulation means causes the resonance
offset to vary from a maximum value at the beginning of said
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pulse to a value zero at the termination of said pulse.
6. The apparatus of any preceding claim, wherein the said
modulation means is applied to a series of successive Rf
pulses.
7. NMR scanner apparatus for the study of a spatially
distributed sample containing magnetic resonators by spatially
inhomogeneous application of one or more pulses of Rf
radiation to generate selected rotation of said magnetic
resonators, comprising:

amplitude modulation means to vary said pulse amplitude
in accord with a first sinusoidal function over an interval
having a selected initial value and selected £final value of
argument of said first sinusoidal function,

frequency modulation means to vary the Rf frequency of
said Rf pulse in accord with a second sinusoidal function
related to said first sinusoidal function by a phase
difference of 900, said second sinusoidal function having
selected initial and final values for the argument of said
second sinusoidal function, '

whereby substantially uniform rotation o0f said magnetic
resonators are induced over a substantial .portion of said
spatially distributed sample.
8. The NMR scanner apparatus of claim 7, wherein said first
sinusoidal function is a cosine function and said second
sinusoidal function is a sine function.
9. The NMR scanner apparatus of claim 7, wherein said first
sinusoidal function is a sine function and said second
sinusoidal function is a cosine function.
10. The apparatus of claim 8 or 9, wherein the said
sinusoidal functions controlling the said modulation means is
applied to a series of successive Rf pulses.
11. The NMR scanner of claim 5 or 6, wherein the arguments
of said first and second sinusoidal functions span an
identical interval for said pulse.
12, NMR scanner apparatus for the study of a spatially
distributed sample containing magnetic resonators by spatially
inhomogeneous application of one or more pulses of Rf
radiation to generate selected rotation of said magnetic

resonators, comprising:



10

15

20

25

30

35

24 '
WO 87/03370 : PCT/AU86/00353

amplitude modulation means to vary said pulse amplitude
in accord with a first sinusoidal function over an interval
having a selected initial value and selected final value of
argument of said first sinusoidal function and means for
inverting the sign of said amplitude midway between the
initiation and termination of said pulse,

frequency modulation means to vary the Rf frequency of
said Rf pulse in accord with a second sinusoidal function
related to said first sinusoidal function by a phase
difference of 90°, said second sinusoidal function having
selected initial and final values for the argument of said
second sinusoidal function.
13. The apparatus of claim 12, wherein for each said
sinusoidal function, said initial value of said argument is
0°, said £final value is 180°, whereby a 180° pulse is
effective over a substantial portion of said distributed
sample.
14. The method of achieving spatially uniform NMR pulse
excitation of a distributed sample from an Rf coil proximate
the surface of said sample comprising the steps of:

moduléting, by a first sinusoidal function, the
amplitude of an Rf pulse applied to said Rf coil to impose a
time dependence of said amplitude from a selected initial
value of the argument of said first sinusoidal function to a
selected final argument of the value of said first sinusoidal
function,

modulating, in accord with a second sinusoidal function
related to said first sinusoidal <function by a phase
difference of 900, the frequency of said Rf pulse applied to
said Rf coil to impose a time dependence of said frequency
from a selected initial value of the argument of said second
sinusoidal function to a selected final argument value of said
second sinusoidal function.
15. The method of claim 14, wherein frequency modulation
includes phase modulation.
16. A method of obtaining a nuclear magnetic resonance
signal from a sample using a radio frequency irradiation coil
which provides an inhomogeneous radio frequency magnetic
field, the method comprising causing the coil to apply a radio
frequency pulse to the sample in the presence of an-external

i



10

15

20

25

30

35

25
WO 87/03370 PCT/AU86/00353

magnetic field, performing an adiabatic passage, and obtaining
the resultant NMR signal.
17. A method according to claim 16, wherein the step of
performing an adiabatic passage comprises changing one or both
of the radio frequency pulse and the external magnetic field.
18. A method according to claim 16 or 17, wherein a half
adiabatic passage is performed. _
19. A method according to any one of claims 16 to 18,
wherein the adiabatic passage is such that the effective field
B experienced by nuclear spins within the sample is changed
such that

|desdt] < B
where tan ¢ = AH/Bl and B = (A.H2 + B?)l)5 . Bl
sec o , AH is the resonance offset of the nuclear spins, and
B1 is the Rf field of a spin-lock pulse.
20. A method according to claim 19, wherein

|dasdt| << B.
21.- A method according to claim 19, wherein !da /dtl < B
by at least a factor of two.

22. A method according to any one of c¢laims 16 to 21,
wherein the Rf pulse is controlled such that: !
Bl =v A sin2® vt and OH = A(cos 210 v t + s),
where S = S/A, where S is the frequency offset of a nucleus
from the centre of the spectrum, and where v allows for
variation of B1 throughout the sample, AH is the resonance
offset of the nuclear spins, and Bl is the Rf field of a

spin-lock pulse.
23. A method according to any one of claims 16 to 21,
wherein the Rf pulse varies in accordance with the following

formula:
Bl=vAc052ﬂ~\> tand AH=A(sin 2 n v t + s8),
where s = S/A, where S is the frequency offset of a nucleus

from the centre of the spectrum, and where v allows for
variation of B1 throughout the sample, AH is the resonance
offset of the nuclear spins, and B1 is the Rf field of a
spin-lock pulse.

24, A method according to claim 22 or claim 23, wherein the
Rf pulse is controlled such that the phase of the Rf pulse is
modulated in accordance with the formula
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(A72 v ) sin 21T v t.
25. A method according to any one of claims 22 to 24,

wherein the pulse length is such that 2 vt varies between zero
and /2 or between zero and T during the pulse.
26. A method according to any one of claims 16 to 25,
wherein the effective magnetic field applied to the sample is
inverted after substantially half the duration of the pulse.
27. A method of obtaining a nuclear magnetic resonance
signal from a sample, the method comprising applying a radio
frequency magnetic field pulse to the sample in the presence
of an external magnetic field, wherein the Rf pulse 1is
controlled such that:

B1 VAsin2®™ v £t and &6H = A(cos 2 ™ v t + 8),
or By =vAcos 2t v tand AH=A(sin 2 ® v t + 5),
where s = S/A, where S is the frequency offset of a nucleus
from the centre of the spectrum, and where v allows for
variation of B1 throughout the sample, AH is the resonance
offset of the nuclear spins, and Blris the Rf field of a

spin-lock pulse.
28. A method of obtaining a nuclear magnetic resonance
signal from a sample, the method comprising applying a radio
frequency magnetic field pulse to the sample in the presence
of an external magnetic field, wherein the effective magnetic
field applied to the sample is inverted after substantially
half the duration of the pulse.
29. The method of achieving substantially spatially uniform
excitation of a sample comprising magnetic resonators, from a
spatially inhomogeneous Rf field, comprising the steps of:

applying a static magnetic polarizing field to said
sample along a first axis,

generating an Rf magnetic field principally directed
along axes other than said first axis, whereby said magnetic
resonators experience an effective magnetic field at an
angle a to said polarizing field, to align said magnetic
resonators with said effective magnetic field,

concurrently modulating the amplitude and frequency of
said Rf field to expose said sample to Rf irradiation for a
discrete interval while

(i) maintaining said effective field at a



10

15

20

25

30

, 35

27
WO 87/03370

PCT/AUS86/00353
substantially constant magnitude over said
interval,

(ii) rotating said effective field at a
substantially constant rate g%- over said

interval,
(iii) limiting said rate g-g— to a magnitude small
in comparison with said effective field, and
(iv) continuing to substantially maintain alignment
of said magnetic resonators with said
effective magnetic field over said interval.
30. The apparatus of claim 1, wherein the modulation means
comprises means for varying the Rf magnetic field from a value
of zero at the initiation of said pulse to a maximum RE
magnetic field value at the midpoint of said pulse and thence
to the value zero at the termination of said pulse while said
modulation means concurrently causes the resonance offset to
vary from a maximum resonance offset value at the beginning of
said pulse to a value of zero at the midpoint of said pulse
and thence returns to said maximum resonance offset value at
the termination of said pulse.
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