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Numerical Design of Composite Pulse NMR

Xujie Yang,Xiaobo Huang,Daoyong Chen,Zhengliang Zhi
Lude Lu and Xin Wang"
Materials Chemistry Laboratory, Nanjing University of
Science and Technology,Nanjing 210094, P. R. China
B. C. Sanctuary
Department of Chemistry, McGill University,801 Sherbrooke
Street WestyMontreal yQuebec H3A 2K6,Canada

ABSTRACT This paper describes the method of a phase-alternat-
ing composite n pulse sequences, in which the subroutines are pro-
gramed instead of the previously reported ”IMSL" library DUNS]
to solve the non-linear least square problems, being used to mini-
mize the pulse angles with respect to resonance off-set. The main
program and subroutines were carried out on a personal computer.
It is found that the results from the new program were in agree-
ment with that reported in the reference being obtained from IBM/
3600 computer and the present method is more effeciant than other

existing pulse sequences.

= Author to whom correspodence should be addressed
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INTRODUCTION

The development of composite pulse as a means in NMR opti-
mization could compensate for verious inadequacies of single pulse.
In this respect, Freeman and Levitt!! first proposed the composite
sequences , since then composite pulses are used in many NMR ex-
periments, including Hetero-TOCSY experiment with radio-fre-
quency mixing pulse sequences!®, description of two-dimesional
NMR experiment®, assignment of the proton NMR spectra®?, and
optimization of pulse sequences for studying biological macro-
molecules®, among many other applications.

The design of composite pulses could be assisted by computer
simulation of the paths of magnetization vectors during the se-
quence of pulses®"). A numerical algorithm has been used in mini-
mizing flip and phase angles with respect to off-resonance®. This
paper describes of method of composite ® pulse sequences with
phase-alternating. The composite n pulse sequences are intended to
flip the magnetization to antiparallel position, in which the phase

function @; for i-th pulse is restricted to the values of 0 or m.

THEORY

Composite pulses exploit the group properties of rotations i.
e. , the product of n rotations will produce a new rotation,

D(@) = AD@) o}
where Q denotes the Eular angles, which can be expressed as™

Qi=(ait+oi, By ai—pi+m) (2
where B is the flip angle, a the azimuthal angle and ¢ pulse phase

angle, which are given by
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sina=—cos ({2t/2) /cos(B/2)

cosa=—Aw/Q * [sin(Qt/2)/cos(B/2)]

sinf=2w,/Q * [sin(Qt/2) * cos(B/2)] (3

cosf=1/0% » [Aw?’+w,cos(t)]
where Aw=w—wp,w,=7H,, =~/m and w; is the RF ampli-
tude.

In general, composite pulses can be expressed as a Wigner ro-
tation matrix acting on the nuclear spin polarizations, expressed as
spherical tensor components('”

()= 3 q,D.ﬂ,‘,’(ﬂl) e D2 (0y)+DP ;. (Qa-y) » DL o Q)5 (0)

ayige

@
where k is the tensor rank and q the spherical component. In addi-
tion, the &% (0) is the multipole polarization at equilibrium and &
(t) the polarization at time t which representing the magnetization
at Z direction.

On-resonance, a is reduced to the value of —x/2, and off-res-
onance, B and a are needed to fully describe pulses. For phase-al-
ternating composite x pulses (¢4 =¢i+x, i=1,2,+n, set ¢;=0),
only the vector magnetization is treated, k=1, q=0,11. A com-
posite pulse sequences containing n pulses is then simply expressed
as a product of Wigner rotation matrix.

Extension of this method to multiple pulses can be carried out
analytically by using computer algebra to multiply n rotation matri-
ces together. In this case, non-linear least-square method has been
used to optimize the flip angles of n composite pulses with respect
to off-resonance (Awi/w;).

For a phase-alternating composite n pulses considering the

pulse angles is described by n parameters. The efficiency of a com-



Table 1 Optimizing procedures of three composite pulses

STARTING GUESSES ARE:
. 7650000D+02 . 1813000D+03 . 2869000D+03

NUMBER OF PTS IS 8 NUMBER OF PULSES IS 3
NUMBER OF OBJECT IS 3

GRADIENTS OF THE ANGLES ARE:
-, 1617204D-03 -, 1642678D-03 . 1016560D-03

THE RESIDUES ARE:
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RESIDUES

. 2691891D-02
. 2956424D-02
. 2647161D-02
. 1246660D-02
. 1328477D-02
. 3885619D-02
. 42063713D-02
. 4338331D-02

DEL

. 0000000D+00
. 1000000D+00
. 2000000D+00
. 3000000D+00
. 4000000D+00
. 5000000D+00
. 6000000D+00
. 7000000D+00

FSUMSQ IS .7791723D-04 FITTED ANGLES ARE:
. 8755122D+02 . 2268343D+03 . 3234880D+03

kbkbkbbknd kbbb b kkk bbbk bbbk bbbk kbbb bbb bbbk

STARTING GUESSES ARE:
. 8760000D+02 . 2268000D+03 . 3235000D+03

NUMBER OF PTS IS 10 NUMBER OF PULSES IS 3
NUMBER OF OBJECT IS 3

GRADIENTS OF THE ANGLES ARE:
. 1208731D-03 -. 1491438D-03 . 9952606D-04

THE RESIDUES ARE:
RESIDUES DEL

. 4960936D-02 . 0000000D+00
. 7760708D-02 . 1000000D+00



Table 1. Continued

. 1183927D-01
. 9778120002
. 3712696D-02
. 2658226D-02
. 9977667D-02
. 1611844D-01
. 9176706D-02
. 1676950D-01

. 2000000D+00
. 3000000D+00
. 4000000D+00
. 5000000D+00
. 6000000D+00
. 7600000D+00
. 8§000000D+00
. 9000000D+00

FSUMSQ IS .1029812D-02 FITTED ANGLES ARE:
. 86649270402 . 2054029D+03 . 3044631D403

EREAEEES R R E R BB RE SR SRR R AR E S bRk Rk Rk hk ek,

STARTING GUESSES ARE:
. 8660000D+02 . 2054000D+03 . 3045000D+03

NUMBER OF PTS IS 12 NUMBER OF PULSES IS 3
NUMBER OF OBJECT IS 3

GRADIENTS OF THE ANGLES ARE:
-. 4207138D-04 .1091601D-03. -. 7447743D-04
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THE RESIDUES ARE:
RESIDUES DEL

. 5764632D-02 . 0000000D+00
.1366126D-01 . 1000000D+00
. 2868417D-01 . 2000000D+00
. 3377476D-01 . 3000000D+00
. 2287713D-01 . 4000000D+00
. 8066874D-02 . 5000000D+00
. 7T768024D-02 . 6000000D+00
. 2528750D-01 . 7000000D+00
. 4147113D-01 . 8000000D+00
. 3479690D-01 . 9000000D+00
.1646907D-01 . 1000000D+01
. 4826121D-01 . 1100000D+01

FSUMSQ IS .8996292D-02 FITTED ANGLES ARE:

. 8437175D+02

. 1850766D+03

. 2868589D+03
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posite pulse may be characterized by function F(x), being defined

as®

FooO= 2O F=f0T « (0 (5)
x= By s Byr +++B)T

where m>=n, and f;(x) is the i-th component function F(x). In this
case, the optimized pulse sequences can be obtained by minimizing
the function F(x), which is termed cost function and the condition
of minimum point must be satisfied.

g(x)=VF&x)=Df(x)T » f{(x)=0 (6
by a series of mathematical treatment, the following relationship
for iteration can be obtained. More detailed information was given
by Dennis™ and Gilll'?,

{xk+l=xk+Pk

Pi=— QT+ mD I (x0) }

where J is m x n Jacobian matrix (J;=2/3x;),u a damping factor

D)

of some non-negative value, and I unit matrix.

In eq. (7), the p« introduces a bias towards the steepest de-
scent direction. It has been proven that, if the first derivative vec-
tor of F(x) is uniformly continuous function for F (xi+1) <<F (x:)»
then one can choose g (k=1,2+*) so that g coverages to near ze-
ro. The condition assigned for the completion of minimization is
cheeked. The condition is

I gx) | <e (8)
where € is a gradient tolerance. This process is repeated many

times until the minimization criterion is achieved.

CALCULATION AND RESULTS
We have reported a phase-alternating composite =n pulse
NMRU#, in which the “IMSL” library DUNSJU', solving the non-
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Table 2 Optimized Phase-Alternating Composite n Pulse
Composite pulse (‘:5:) To(t::;;t:st;on Reference

180 +0.12 180 7
180 +0.2 180 This paper
59.3 220.2 +0.5 279.5 13
84.7 251.7 +0.5 336. 4 This paper
83.1 175.5 278.3 +1.1 536.9 13
84.4 185.1 286.8 +1.15 556.3 This paper
59 298 59 +0.15 416 7
34.2 7123 197.6 288.8 +1.0 643.6 15
37.9 113.6 167.5 257.7 +1.3 576.7 This paper
58 140 344 140 58 +0. 35 740 7
51 113.4 296.4 113.4 51 +0.7 921. 6 This paper
389.2 176.3 108.9 287.6 156.5 +1.4 1118.5 This paper
158 T171.2 342.8 145.5 81.2 85.3 +1.5 984 15
143.3 154.1 320.9 121.8 72.2 84.3 +1.8 896. 6 This paper
131.6 142.2 314.8 115.1 70.2 83.4 +1.8 857.3 13
66 180 227 406 227 180 66 +0. 85 1420 7
80.5 T;:‘..—: 1111'51.7 310.1 144.2 +10 875, 6 3
84.3 % 01.231:;8 320.9 154.1 +18 897, 3 This paper
91.6 64.4 124.4 112.4 8.5

3 143 573 +2.0 912.3 13
69.1 100.6 96.4 158.1 199.8 +2.0 088, 8 This papes

69.9 45.6 249.4
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linear least square problems, has been used to optimize pulse an-
gles with respect to a range of resonance off-set (Awi/w,). In this
paper, we present an algorithm for the least-squares estimation of
non-linear parameters instead of the "IMSL” library DUNS]. Cal-
culation were carried out on COMPAQ 586 personal computer.
The optimization of F(x) with respect to the parameters x includ-
ing pulse angles and resonance off-set was performed. The opti-
mizing steps are as follows.

(1) program subroutine DBSLS and SOLEQ were used to cal-
culate £(xi)sJxs gx» F(x) and (W +m)Pie=—J"f(xy), respec-
tively.

(2) a main program and subroutine DBSLS and SOLEQ were
used to optimize pulse angles in the range of resonance off-set
(Awi/wy) called DEL.

(3) repeat step(2) with optimized pulse angles by means of in-
creasing the off-set (Awi/w,), until the required results are ob-
tained. The optimized procedures of three composite n pulses (76.
5° 181.3° 286.9°) are listed in Table 1.

(4) after above steps, the final optimized data of other com-
posite pulse angles are summerized in Table 2. It is found that the
results are in good agreement with those reported in the refer-

(13}

ence'’®’, the present method is more effeciant than other composite

pulse sequences.
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