Application of Tensor Theory to Pulse Sequences
I
TSI ed HAJATAE MRl dFA

&
rr

Tensor 3t & 3DE white mattere AF2& WAA 18
diffusion tensor® AUt AT G71M T tensore 83 Azt
(operator)d4Yth. NMR =& MRIJAY A2BEL vector2 EA|sta, o]
vector 2ol 90% rf pulsed] 934 zEFA x-y planel Z rotations <
AL vector diagramo.® JeEbdYU 1Y o] vector notationS2& £
Aol dojus o AEL FAFoz Bd st @AV dEHH. 2
PP =48 Edo] product operator$t tensor operatordyth (1, 2, 3).
3 o2 %87} &= proton NMR 4137} single quantum@l® **Na 5ol
= multiple quantum 2137} A7)1A I™ o]& vector2E YERE F71 §l
o™ tensor® EA4o] 7YY (4, 5H).

o] tensore E8]& ¢ul& wi}x MRI sequence designol] o} 7183
F2H FARE AT, to] 7|E FAoly 4 HAAZ HuH g
Al MRIZ AFsAE EEdAE & &8 =2ln d&F4Ud. 78 spin
echo sequencedlA] echo 21&¢ =A7$} rf flip angle®9] #AE ok A
I I Bloch equationg computer® ZE W vl o o] F=d ¥kl 90
T 9} 180% rf pulsed] 940l echo AlZ 9] 9Ato] ot =207 Hg&
Fex] FAH0E AXNTE F£ Jv HHS Fo4F dA ZFYH (Ref. 69
Ch. 18 Table 18.5)

B Zolo| = tensor ©]& FolA single quantumo] A 8F & H oA
A A sequence designdl L3I LS A5, spin echo®} stimulated
echoZ #A3le Holmx Yo}

718 #3344 A9
© X tensor notatione 7, &2 (F © A3 irreducible tensorghil

gtych), o714 subscript® /€ rank#ti 3t m quantum numberE
Vel Ut RankE B4 lojm B3] #Na SolA rank7l 2 o]39 g
2 A3 A AU (2, 5). 3tH, quantum numberE 87t €3 A3
proton NMR 4139 A$o|x +10/9, 0 z component® &7|3tA HY




o}.

Spindll 7}siA & flip angle©] 990l Fx' FO=Z HE ¢ rf pulseE
0,4) 2= VYR, tensor T, & rf pulsed] 9&iA thex o] AMFY

o
T;m M—) ledrln'm (0) exp[l(m - m')¢] Tlm' ’ [ ]‘ ]

m'=-1

m'2 rf pulse 9 quantum number && coherence order® eI Y ).

Single quantum®] 79l =3%3}dA, 2 [1]2 tA]

1
L —%2 > d,,(0)explilm-m)p] T,,, [2]

m'=-}
2 Ay F Utk 9714 4, ()2 reduced rotation matrix element ¢
Yt} o]& flip angleo] 93t signal amplitude® ZA3IE factorZA] =1

A Aol daiMrt & 1o AelddsHH (Ref. 19 p. 88).

®1

Elements d', (0) of reduced rotation matrices

d; =di, =sin’ g = %(1 —cosd)
d), =d;; = cos’ —i— =%(1 +c0s6)

d),=d' =-d' =-d\ = sin6

7

1
dy, =cosf

A7V m=-m.



melA tensor operator®] AH L rf pulsed &7} signal amplitude
gk ol 2} signal® phase 744 AEr7t €t FAUG. BE o yolrlA
off-resonanceYt multiple quantum 7} % & ¢ AT ZFAYLh (2 -
5).

Spin Echo and Stimulated Echo

olA] tensor? F8&A& spin echo® o7} stimulated echo® 799
&g & RAFYT

H A sequenceE rf pulse YF= JERIA

(91s¢1)_)71—>(927¢2)_)72‘—>(93=¢3)_)T37 [3]

7, rf pulses® Z+A& YeEbdYT.  o]A] o] rf pulse sequencecl gt

tensor®] W3S density operator® T8 Ut}

OhH HeH W f (6,4,)2 5t A, 1=0":

p(07)=T,. [4]
AulE= m = 0, & z component?to] ER3t= fully relaxation®] Ho A=
FEHAYT o] AoA HlE A4E AN 12 sdFUTH

=di (0,)e* T- + d(6,)T,,+ diy(6,)e™ T, (5]
b, B 1& ARk 2 [5]5 AEstd
o(0") =cosb, T, + %sin&l (e Y]T‘+e"'¢‘T”). (6]
4 [(6)& ol Aste} 6, =7 B4E AU,
o(0%)= Lz( ST +e T, ). (7]



N

Z, z component 0°] Il transverse component’} AAlo]l ¥ HAEH

component¥tS FH3HA HEd, ML= vl&@ A

)
il
e
Lo
oz
Ha

ANEE=E T

19

>
A%

s( +)=_\/%er¢.ex¢ﬂ, (8]

¢, < receiver?] phase® UelTH &, A& = 7l rf pulsed phasedl
sl 43S ¢A "

(Ch S8 W f (6,,4,)8 I8l BH, =1

RE¢ke] field inhomogeneitys o] A& off-resonance frequency’t Q<
%3¢ tensor operatore T3 Zol AT (7).

T’[m 913 3 e—ile T}m. [9]

A Al A Ar)YdE HL phase shift7} quantum number mell B &=
At olth, &, multiple quantum A13E © #WE& £% 2 phase shift7} §7)
A}k, 8 m = 09 A$olE= phase shift7} glch. Wk 2 [6]9] density

operator=

o(r, )=cosf T,, + —\/l—fsinH1 (e"”' e T +eh e T”). [10]

)% REE 7,0 dAFete Fe AYY AFHZ Bk,

(2h) S8 W if (8,,4,)8 N8 ANE, i=1":
WA Z} tensorEel WE AME SHEH,

1
I, 2405 Y d),(6,) ™ T,

m'=—1

=d} (0,)e”" T,; + dy(6,)e* T, + d,,(6,) T, [11]

(62 ¢:) Z g~ l+m)d T

tm

= d1;(0,)T; + dy;(6,) e T+ di;(6,) e T, (121



o714 spin echoZ A% E NMR 2139 tensor pathwayE & 3H,

Tlo (6.4 }Tll (6,4,) s T

17"
o2} A spin echo® ©|2+%& density operatore 4 [10]9] 7, &5 & [11]

ZHH,

1 +2¢, 7, +Qlt -1y
ﬁ51n0d (6,) e/ CH+20:) ponale) [14]

Off-resonance”} refocus®+= r=2r, Y WY spin echo® AHEl3HH,

SE o(t)=

11

SE 0(27,)= —sing, sin? % el
V2 2

= %sin@l sinzg—z2 et g2t T [15]
Sl AAHoz &3 9= niek ol g,=2 2 W 7}F 2 echoS FA
gt} AmglE HL phase Shlft?_ltﬂ, _Le} 180% rf phase zt9] 2uj7}

oe H2
echodl Yeldtl. EE inhomogeneitye]l 2%t phase shift7} 7,=7 4
BAo] Hol gF& GFA He AR o] "o (7).

Oh ME T (6, 4)2 b8t X8, f=r 41,
o] W] HZE4E stimulated echo(STE)ell ©]2Z+ tensor pathwayS ArH B H,

TlO (6:.41) >T;] (6,.4,) >T;0 (03’¢3)%T

11

[16]

weta, A [519 T, 3H% A [11]19 T, S EHE density operatore

inhomogeneity7} BA4%E = Al7HQ 7, =7 oA O3 Zo] F3jr},

STE o (21, +1,) = ?}_2— sin 6, 715— sind, :/1——2— sing, e'H+4 ) To
= 5—\17_é—sin0] sing, sing, 'CHrhH) T [17]

STEY Az A7|= «91=6?2=6?3=£°a] o #djo]l™, phase shifte A F rf

pulse®] #|&ztell Bl st AWM A rf pulsed] ] vl T



(B}) Spin echo2t stimulated echo2t2| Bl ul:
A (1519 (1718 B 22 AHg 34,

X 2
Spin echo$} stimulated echo?d 413 £

Spin echo Stimulated echo
. . . 206, 1. . .
Amplitude sind, sin 5 —siné, sind, sinf,
Phase ¢1 + 2(¢2 - ¢1) - ¢] + ¢2 + ¢3

E 22 A4WBEW T echos9 43 I7)= 91=.92=93=%°a] o 27 5

o, spin echo’} Hu7} H+= 01=%&92=7r d wo} Hlwste E o

stimulated echo® H WA= spin echo® 0.58) ojt}. 7 19 F echo 2l

S AVNE 6,=6,=6,=02 TLF Aol Ut 28 EUth A phase
£ AHEWE FH A f pulse? phase?d 4,5 Z843H F echod T8
_/r: olo v ok 2= oh;}_

ML= =2 T A

ot
®

o
3

o
o

—Ste

/ _
// \-Kspmecho \
(/N
/S N\

<o
IS

Signal amplitude
o
w

e IANEEAN
~_

0 .
0 10 20 30 40 50 60 70 80 90 100 110120 130 140150 160 170 180
Flip angle (degree)

o
w

o
N

=4
2




9. 1. Spin echo$} stimulated echo? 41% A7), MW rf pulse’} &
flip angleql Z-$o|t}.

a4 8

Tensorg}= operatorg AFE3SIH Y rf pulse sequenced| 9
NMR A&9 H7]E= &2 phase shift 7HAE F£8H o7 AT 4 o),
B%0o] NMR 4159 &8 coherence orderd pathwayE 3 3d}7] &o]d}
of 53T sequencedlA dold F U 2 echoEd AAHoR 43
A & £t ol Y3t echo A& WHE XA¥d= B, & phase cycling©]
U gradient pulse® E&3t= WHEL Lotdl=d Wf FE&3lh Yolrst
Al proton MRI 92 E Al B Eo0] 27|34 =74 X = multiple quantum
AT E AT T U

References

1. R.N. Zare, “Angular Momentum: Understanding Spatial Aspects in Chemistry and
Physics,” Wiley-Interscience Publication, John Wiley & Sons, 1988.

2. G. Jaccard, S. Wimperis, and G. Bodenhausen, J. Chem. Phys. 85, 6282 (1986).

3. J.R. C. van der Maarel, Chem. Phys. Lett. 155, 288 (1989).

4. K.J. Jung and J. Katz, “Mathematical Analysis of Generation and Elimination of
Intersequence Stimulated Echo in Double-Quantum Filtering,” J. Magn. Reson. 124,
232 -236 (1997).

5. K.JI. Jung, J. S. Tauskela, and J. Katz, “New Double-Quantum Filtering Schemes,” J. Magn.
Reson. B 112,103 - 110 (1996).

6. E.M. Haacke, et al., “Magnetic Resonance Imaging, Physical Principles and
Sequence Design,” John Wiley & Sons, 1999.

7. K.J. Jung and J. Katz, “Chemical-Shift-Selecitve Acquisition of Muitiple-Quantum-Filtered
»Na Signal,” J. Magn. Reson. B 112,214 - 227 (1996).



