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1.1   Introduction
t ivsiy o mgic soc (Mr) xpims is omous, gig  
om simpl o-imsiol poo ucl mgic soc (nMr) 
spcoscopy oug muli-imsiol muli-ucl spc o ull 
-imsiol mgic soc imgig (MrI) o mopology  
ucio i imls  ums. Som xmpls o  yps o  po-
uc om i Mr xpims  sow i Figu 1.1.

dspi  wily i iomio co o s ,  u-
ml w sysms o nMr spcoscopy (i bo  liqui  soli 
ss)  MrI (um  iml)  vy simil. t bsic compos 
iclu  ollowig:
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3The Principles of Magnetic Resonance, and Associated Hardware

 (i)  t mg, wic polizs  ucli  poucs   mgiz-
io wii  smpl.

 (ii)  t ioqucy coil(s), wic smi pulss o lcomgic 
(eM) gy io  smpl  c  pcssig mgizio, 
wic cosius  Mr sigl.

 (iii)  Mgic l gi coils, wic iuc  spil pc o 
 ucl pcssio qucy  c b us o coc o 
slcio, msums o iusio,  MrI.

 (iv)  Sim coils, wic  us o pouc s omogous  mgic 
l s possibl ougou  smpl.

 (v)  t civ lcoics  cicuiy, wic mpliy, l  igiiz 
 Mr sigl o  sog  pos-pocssig.

  
t pysicl gm o compos (i) o (iv) is sow i Figu 1.2 

o  vicl bo mg.

Figure 1.2    Scmic o  sup o ig-soluio liqui-s nMr xpi-
ms. t vicl-bo supcoucig mg s  cl bo o 
i 89 mm (wi-bo) o 51 mm (ow-bo). Ss o supco-
ucig sim coils  mb wii  cyos. aiiol oom 
mpu sims  loc isi  mg bo. t x lvl 
iws compiss  mgic l gi s, wic my cosis 
o o- o -xis gis. t imos sucu is  rF coil 
coiig  nMr smpl.
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Chapter 14

I iio,    sis o lcoic compos us o swic  
gis o  o, o pouc ig pow rF pulss,  o mpliy  
igiiz  sigl. a simpli block igm o  gliz Mr sysm is 
sow i Figu 1.3.

tbl 1.1 givs  i o  ccisics  pomc o com-
pos i ypicl commcil nMr  MrI sysms. t sysm po-
mcs o c o  compos i  bl  xpli i g il 
i  lv scios ougou  book.

I  ollowig scios i is cp  bsic pom ivolv i 
mgic soc  xpli biy, wi liks o  lv sysm 
w. t   lg umb o Mr books lig wi  bsic -
oy o ig-soluio liqui-s nMr,1–5 soli-s nMr6–9  MrI,10–13 
 s  vis o cosul s oms o muc mo i-p l-
yss o i spcs o bsic Mr oy.

Figure 1.3    lock igm o  gic Mr sysm. t imig o rF pulss, gi 
pulss,   cquisiio  ll i o  cl clock. Fo ig-s-
oluio nMr   ypiclly  o ou i qucy c-
ls (i iio o  lock cl) smiig rF pulss, ws 
o MrI usully oly  poo cl is ps. I ig-soluio 
nMr  sigl civ coil is us: i cos, o MrI   usully 
mulipl civ coils  ssoci civ cls, wi 32 big  
ypicl umb o commcil sysms.
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1.2   The Superconducting Magnet and Nuclear 
Polarization

t ol o  mg is o poliz  ucli o pouc   mgiz-
io wii  smpl. Fo nMr spcoscopy  MrI, lmos ll mgs 
 supcoucig. t mgic l soul b mpolly sbl  
omogous o wii ps-p-billio (ppb) ougou  smpl. Mos 
mgs  civly sil, i.e.  ig l os o x sigi-
cly ousi  pysicl imsios o  mg isl. Mg sig 
is cosi i il i Cp 2 o is book, s wll s appix 1a   
 o is cp.

all ucli wi  o omic wig /o  o omic umb pos-
sss  uml quum mcicl popy m “spi”   
m “spi-civ” o “nMr-civ”. t mos impo spi-civ ucli 
iclu 1h, 13C, 15n, 23n, 17O, 31  2h. nobly spin-inactive  ucli suc 
s 16O  12C. Cosiig  poo s  simpls xmpl,  pop-
y o spi c b viw s  poo spiig ou  il xis o 
oio givig i  ci vlu o gul momum (P). Sic  poo 
is  cg picl, is oio suls i  mgic mom (µ). tis 
mgic mom poucs  ssoci mgic l, wic s  co-
guio simil o  o  b mg. t mgiu o P is quiz i 
ms o  ucl spi quum umb (I):
  
   

1
21

2π
hP I I 


 (1.1)

w h is lck’s cos (6.63 × 10−34 Js). I  ollowig lysis  spi 
1/2 uclus (I = 1/2) is cosi, cospoig o 1h, 13C, 15n,  31 i 
 pvious lis. I is cs:

 3
2π 2
hP 


 (1.2)

Table 1.1    Ccisics o  mg, gis,  rF coils i commcil 
sysms.

nMr MrI MrI

hum aiml
Sic mgic 
l

4.7–23.5 sl 1.5–9.4 sl 4.7–21.1 sl

oo qucy 200 Mhz–1 Ghz 63.8–400 Mhz 200–900 Mhz
Gi sg 500a mt m−1 40–80b mt m−1 1 t m−1 (6 cm i..)

750 mt m−1 (9 cm i..)
450 mt m−1 (12 cm i..)

rF coil im 1.3–20 mm 10–60 cm 10–60 mm
rF mpli pow 1 k 30 k 4 k
Sos puls ∼1 µs ∼10–50 µs 5–10 µs
a Sigl xis iusio gis c c ∼25 t m−1.
b 300 mt m−1 o spciliz sysms o  um-cocom pojc.28,29
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Chapter 16

t mgius o  mgic mom   gul momum o 
 poo  l by:
  

  
1
2( 1)

2π
hμ P I I  

  γ
γ  (1.3)

w γ is  ucl gyomgic io,  s  spcic vlu o i-
 ucli, wi poos vig  igs γ (wi  xcpio o iium). 
Fo poos o:

 3
4π
hμ 

 γ  (1.4)

  
µ cois  compos ( µx, µy  µz), c o wic c v y 

vlu wii  coiios gov by q (1.4): is siuio is sow i 
Figu 1.4(). howv, i  psc o  sog mgic l, B0, µz is 
quiz wi vlus giv by:
  

 I2πz
hμ m
γ  (1.5)

w mI is  ucl mgic quum umb,  c k vlus I,  
I − 1...−I. I  cs o  poo, mI = ±1/2  so:

 
4πz
hμ  
γ  (1.6)

  
t oiio o µ wi spc o B0 is sow i Figu 1.4(b). t i-

cio o  sic mgic (B0) l wi µz suls i Zm spliig, 
poucig wo gy lvls: o i wic µz ligs plll o B0 ( low 
gy s)   o i-plll ( ig gy s).

t  mgizio, M0, o  smpl coiig Ns poos is popo-
iol o  ic i populios bw  wo gy lvls, wic 
is ic by olzm’s quio:
  

  
s 2 2

0 s
0 , parallel anti-parallel 2

1 4π 16π

N

z n
n

h h B NM μ N N
kT

    γ γ  (1.7)

  
eq (1.7) sows    polizio o  smpl is popoiol o 

 sg o  mi mgic l. howv, sic  gy i-
c bw  wo lvls is vy smll, so is  populio ic. Fo 
xmpl,   opig mgic l o 11.7 sl o vy o millio 
poos,  is  populio ic o oly ∼40 poos bw  
plll  i-plll oiios.
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7The Principles of Magnetic Resonance, and Associated Hardware

1.3   The Transmitter Coil to Generate 
Radiorequency Pulses

I o o c  Mr sigl, gy mus b ppli o  ucl spi 
sysm o simul siios bw  wo gy lvls. a puls o eM 
gy is ppli   spcic soc qucy (0), wic cospos 
o  gy ic bw  wo lvls via:
  

 0
0 2π

hBhf E  
γ  (1.8)

  

Figure 1.4    () I  bsc o  mgic l µ lis i  om icio  
 ucli occupy  sigl gy lvl. (b)   sic mgic l 
is ppli, µz bcoms quiz   gl θ o 54.7° wi spc 
o B0. lll (α)  i-plll (β) oiios cospo o wo 
gy lvls, wi  ic ΔE = γhB0/2π. a g umb o ucli 
occupy  low gy, plll s.
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Chapter 18

t soc qucy i hz, o soc gul qucy (ω0) i 
is p sco, is o giv by:

 0
0 0 0,

2π
Bf B 
γ

ω γ  (1.9)

  
t puls eM wv cosiss o bo mgic  lcic l com-

pos,  i is  magnetic compo  ics wi  ucl 
mgizio. t eM gy, m  ioqucy (rF) puls, is s-
mi via  rF coil. as sow i Figu 1.5,  mgic l compo, 
B1

+, o  eM wv om  rF coil mus b c i  icio perpendic-
ular o B0 i o o ic wi  mgizio.

Usig clssicl mcics,  cio o  rF puls ppli log o 
xis poucs  oqu ppicul o  xis. as sow i Figu 1.5(b), 
 gl α by wic  mgizio is o is popoiol o  po-
uc o  sg o  ppli rF l   im, τB1, o wic i is 
ppli.
  
 α = γB1

+τB1 (1.10)
  

af pplicio o  rF puls wi ip gl α bou  x-xis,   
mgizio c b xpss s  i vcos.
  
 Mz = M0 cos α, Mx = 0, My = M0 si α (1.11)
  

t gomic sig o  rF coil is mi by  quim  
 B1

+ l pouc by  coil mus b ppicul o B0. t   
lg umb o i gomis, wic  iscuss i il i Cp-
 3. O xmpl, wily us i ig-soluio liqui-s nMr, is  
“sl” coil, sow i Figu 1.6. t log xis o  coil is coici wi 
B0,  cu owig oug  copp couco poucs  B1

+ l 
wi  qui oiio. t rF coil is u  impc mc 
o 50 Ω   Lmo qucy o ig cicy. t rF coil my b u 
o mo  o qucy, s lso iscuss i Cp 3.
ow o  rF coil is suppli by  rF mpli,  gl spcic-

ios o wic iclu:
  
 (i)  amplis o liqui-s  soli-s nMr xpims mus b 

bl o pouc pulss s so s 1 µs, wi ccu  poucibl 
sp,  qucis up o ∼1 Ghz. I soli-s nMr pplicios, 
vy ig pow pulss wi  vy ig uy cycl my b us o 
poo couplig.

 (ii)  I  cs o MrI, up o 30–60 k o pow mus b vilbl wiou 
 pomc vyig ov im owig o y compo ig, 
s wll s  mplis big cpbl o ig uy cycls o rF-i-
siv squcs, suc s ubo spi-cos.

  
t sig o rF mplis is scib i il i Cp 6.
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1.4   Precession
  rF puls is u o,  compo o mgizio i  
svs pl pcsss ou B0, s sow i Figu 1.7(). t pcs-
sio qucy, ωpcssio, is xcly  sm s  qucy o iiio:
  
 ωpcssio = ω0 = γB0 (1.12)
  

t cocp o  oig c m is vy usul i lyzig  
bviou o   mgizio,  is sow i Figu 1.7(b). t oig 
c m (x′y′) is  s oig ou B0   gul qucy ω0.

I c,  xc pcssio qucis o i ucli wii  mol-
cul  mi by wo o cos, cmicl sif  scl couplig, 
wic  ouli i  ollowig scios.

1.4.1   Chemical Shif
t m “cmicl sif” s o  c  poos i i cmicl 
vioms wii  molcul so  sligly i qucis: 
i pcssio qucis  shifed (wi spc o  c, is-
cuss blow) wi  mgiu o  sif pig o i picul 
chemical viom. t cus o is sif is   xc mgic l 

Figure 1.6    () oogp o  sl coil, om o  c copp subs, 
us o ig-soluio liqui-s nMr. t lcicl cicuiy us 
o uig  impc mcig is siu blow  coil. t sm-
pl is plc i  c o  coil. (b) Cu I owig oug  
coil poucs  B1 l  is ppicul o B0.
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xpic by c poo i  molcul is sligly low  B0 owig 
o  silig cs o  lco clou suouig c poo. elc-
os v  mgic mom, wic is opposi i sig o  o  po-
o,  so  civ mgic l xpic by  poo is uc. 
as  xmpl, cosi  lcic ci molcul sow i Figu 1.8. t 
 ou i poo goups (Ch3, Ch, Oh, COOh) i is molcul: c 
o s poo goups s  sligly i pcssio qucy sic 
y xpic  sligly i mgic l. t civ mgic 
l, B, xpic by  poo is giv by:
  
 B = B0(1 − σ) (1.13)

w σ is cll  silig cos,  is l o  lcoic vi-
om suouig  uclus. t so qucy o  poo is 
giv by:

 ω = γB = γB0(1 − σ) (1.14)
  

O o  mi cos  mis  vlu o σ is  lcog-
iviy o  oms coc o  poos:  poo i  –Oh goup 
s  low silig cos  os i  –Ch2– goup sic oxyg is 
mo lcogiv  cbo  pulls lcos wy om  poo, 
us ucig  silig. t so qucy o  poo o  –Oh 
goup is o ig   o  poos i  –Ch2– goup. t 
cmicl sif (δ), i uis o ps-p-millio (ppm), is  s:
  

   6 ref

ref

ppm 10 f f
f

 
  (1.15)

  
w  is  so qucy o  poos i mylsi-

l (tMS), wic cs s  c o poo nMr spc. Figu 1.9 
sows ppoxim cmicl sif gs o poos i i cmicl 

Figure 1.7    () Immily f  90° puls bou  x-xis,  mgizio 
lis log  y-xis,  ss o pcss   qucy ωpcssio, giv 
by q (1.12). (b) I  oig c m  mgizio vc-
o pps sic.
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Chapter 112

vioms. Fo  lcic ci molcul,  o o soc qu-
cis is: Ch3 < Ch < Oh < COOh.

1.4.2   Scalar Coupling
Cosi  poos i  molcul sow i Figu 1.10. t  
 cmiclly isic poos (ha, h,  hC), wic v  i-
 cmicl sis  cospoig so qucis. howv, 
 is lso  icio bw  wo poos ha  h, wic  
sp by  cmicl bos (ha-o-C-o-C-o-h). t mgic 
il xpic by ha ps upo w h is i  α (plll) o 
β (i-plll) s,  vice versa: is pomo is m scl 
couplig. to,   ou i gy lvls o is coupl 
wo-poo sysm: αα, αβ, βα,  ββ, s sow i Figu 1.10(b). t 
xc vlu o  scl couplig cos J ps upo  umb o 

Figure 1.9    t g o poo cmicl sifs o i cmicl moiis.

Figure 1.8    () Cmicl sucu o  lcic ci molcul. (b) ll--sick mol 
o  lcic ci molcul wi oxygs sow i , poos i wi 
 cbos i gy.
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13The Principles of Magnetic Resonance, and Associated Hardware

i cos, icluig  picul yp o cmicl bo (sigl, 
oubl o ipl bo), s wll s  gl sub bw  C–h 
bos ( Kplus gl), bu i gl  vlus  bw 1  7 
hz. t g  umb o bos bw  poos  wk  
couplig,  so o  molcul i Figu 1.10()  is civly o 
couplig bw ha  hC sic   iv cmicl bos bw 
 poos.

Fo  coupl ha–h sysm,  ou i siio gis co-
spoig o  gy lvl igm i Figu 1.10(b)  giv by:
  

 
12 A AB 34 A AB

13 B AB 24 B AB

1 1,
2 2
1 1,
2 2

J J

J J

   

   

ω ω ω ω

ω ω ω ω

 (1.16)

  
Figu 1.11 sows  voluio o  pcssig mgizio o  

 i poos. Fom Figu 1.9  cmicl sif o hC s  low-
s vlu, ollow by ha   igs vlu o h. hC pcsss   si-
gl qucy, ws poos ha  h  “spli” io wo qucis by 
 scl couplig.

1.4.3   Relaxation Processes
t l c  mus b cosi i ms o  pcssio o   
mgizio is lxio. af  rF puls s b u o, c o  
mgizio compos Mz, Mx  My us o i ml quilib-
ium vlus, wi  im-voluio mi by spcic im-coss. 

Figure 1.10    () a cmicl molcul wi  i poos. ha  h  
scl coupl, ws hC is o coupl. (b) egy lvl igm o 
 coupl ha  h poos.
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Chapter 114

t im-voluios o Mz, Mx  My  cciz by iil qu-
ios kow s  loc quios:14
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 (1.17)

  
t u o Mz o is quilibium vlu o M0 is gov by  spi-lic 

(T1) lxio im,   u o Mx  My o i ml quilibium 
vlu o zo by  spi–spi (T2) lxio im. I soul b o   
liv vlus o T1  T2 c b vy i o i yps o smpl, 
bu T1 is lwys greater or equal o T2. Fo o-viscous liquis us i ig-s-
oluio nMr,  vlus o T1  T2  vy simil. I cos, i soli sm-
pls T2 c b up o six os so  T1,  o um MrI  T2 o 
my sof issus is bw o  wo os o mgiu smll  T1.

Solvig  loc quios o  Mx  My compos o mgiz-
io givs:
  
 My(t) = My(t = 0)−t/T2, Mx(t) = Mx(t = 0)−t/T2 (1.18)
  

Figure 1.11    evoluio o  mgizio i  molcul sow i Figu 1.10 
om  combi cs o cmicl sif  scl couplig. t 
oig c m (x′y′) qucy is s o  cmicl sif o ha.
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to,  pcssig mgizio vcos sow i Figu 1.11 
cy xpoilly s  ucio o im. I pcic,  is  iio 
m  givs is o  cy o svs mgizio, wic is m 
“iomogous li-boig”  s  im-cos o T2

+. tis m 
iss om spil iomogiis i  mgic l wii  smpl 
s--wol,  c is om  mg isl o mo commoly wi  
iomogous smpl. t ovll lxio im o svs mgi-
zio is m T2

*, wic is giv by:
  

 * 2 2
2

2 2

T TT
T T






 (1.19)

  
t u o Mz o is ml quilibium vlu o M0 is gov by  

T1 lxio im:
  

       1
00 ( 0) 1 e

t
T

z z zM t M t M M t
 

       
 

 (1.20)
  

1.5   The Receiver Coil or Detecting the MR Signal
I ig-soluio nMr xpims,  sm rF coil us o smi  
rF pulss is lso us o c  Mr sigl. I cos, i MrI xpi-
ms  lg umb o smll coils  ypiclly us o civ  sigl, 
wi (usully)  sigl lg coil us o smi  rF pulss. Fo simplic-
iy,  wiou losig gliy, Figu 1.12() sows  cs lv o 

Figure 1.12    () dcio o  Mr sigl occus via  volg iuc coss 
 mils o  rF coil by  im-vyig mgic ux pouc 
by  pcssig mgizio. (b) t iuc volg s  ucio
o im, icopoig cmicl sif  scl couplig, s wll s 
T2
* lxio.
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Chapter 116

ig-soluio nMr i wic  sl coil sow i Figu 1.6 is us 
s  civ coil. t im-vyig mgic l pouc by  pcs-
sio o  mgizio vcos suls i  volg big iuc i is 
civ coil. t iuc volg, V, is giv by Fy’s lw  is popo-
iol o  -o-cg o mgic ux:
  

   1
sample

dxy
BtV M r

t t I
 

    
    (1.21)

  
w  coil ssiiviy is  s B1/I, i.e.  B1 l pouc p ui 
ppli cu. a ig sgs o  B0 l,  poos pcss   
ig qucy,  vlu o ϕ/t icss,  so  c Mr sigl 
is ig.

t im-omi sigl is sow i Figu 1.12(b). s o  pvi-
ous scios  sigl cois  umb o i qucis owig o 
cmicl sif   cs o scl couplig,  cys xpoilly s 
 ucio o im. t im-omi sigl is usully  o s   
iucio cy (FId).

1.6   The Receiver: Signal Demodulation, Digitization 
and Fourier Transormation

t logu im-omi sigl sow i Figu 1.12(b) mus b cov 
io  igil sigl so  i c b so  pocss. typiclly,  mg-
iu o  sigl is o  o o millivols o v low, wic ms 
 i co b igiiz icly wi  ig ymic g by  comm-
cil logu-o-igil cov (adC). I mus s pss oug  Mr 
civ, wic is cov i il i Cp 7  so oly  bi ovviw 
is giv .

1.6.1   Receiver Electronics
a block igm o  lcoic cicuis i  civ is sow i  
Figu 1.13. t sigl s psss oug  low-ois pmpli, wi 
 ypicl gi co o 20–30   ois igu ∼0.5 . Commcil 
adCs us i Mr v  mximum ipu volg o 5 vols, wi solu-
io o 16 bis,  so  volg soul b mplii o clos o 5 vols 
bo big igiiz, owis  ull ymic g o  adC is o 
uiliz.

hig-soluio adCs co smpl   vy ig qucis ssoci-
 wi Mr,  so i is cssy o moul  sigl o uc  
smplig  i o o k vg o  ig ymic g. t 
s moulio sp uss wo ps ssiiv cos (Sds), wi  
ipus o  wo Sds ps sif by 90° o pouc l  imgiy 
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oupus c   low imi qucy, ωIF. ec Sd cois  
mix  low pss l, wi  mix civly cig s  sigl muli-
pli. t oupu o  mix s qucy compos  (ω0 + ωIF)  
(ω0 − ωIF):  low pss l movs  ig qucy compos. t 
l, sr(t),  imgiy, sI(t), compos o  sigl pss oug  sc-
o mplicio sg   igiiz usig sp adCs. I pcic, 
igil smplig is ow commo i bo nMr  MrI,15  is iscuss 
u i Cp 7.

1.6.2   Signal Processing
I nMr xpims, f  sigl s b igiiz  so, i is Fou-
i som io  qucy omi (o imgig xpims, cov-
 l i is cp,  somio is  muli-imsiol ivs 
Foui som). t qucy-omi sigl s bo l, Sr(),  
imgiy, SI(), compos giv by:
  

    
* *

* *

2
2 2

R I 0 2 2
2 2

( ) 2πj
1 (2π ) 1 (2π )

T T fS f S f M
T f T f

 
      

 (1.22)

  
t l p o  qucy-omi sigl, Sr(), is m  bsop-

io-mo spcum, s sow i Figu 1.14. ec li i  spcum is 
scib by  Loz ucio wi  ull-wi-l-mximum (FhM) 
giv by (πT2

*)−1. t imgiy compo o  qucy-omi sig-
l is m  ispsio-mo spcum, s lso sow i Figu 1.14. 
t l p o  spcum is isply f  ps o  spc is 
jus o ccou o  i ly bw  rF puls big swic 
o   s o  cquisiio. Fqucy ip (zo-o)  
qucy-p (s-o) psig  ppli so   l p o 
 spcum is complly bsopiv.

Figure 1.13    lock igm o  iiviul compos i  Mr civ.
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1.7   Shim Coils
dspi vy o o cosuc  mg  poucs  complly omog-
ous sicl ougou  i smpl, is is impossibl o civ i 
pcic. Fii mcicl olcs i wiig  plcm o  sup-
coucig wis,  mil impcios wii  supcoucig 
wi isl sul i  smll g o spil viio o  B0 l. I, i 
is oiclly oly possibl o pouc  complly omogous l wi 
 iily log mg, s cov i Cp 2. Fumo, ulss  
smpl is  pu liqui,  i mgic suscpibiliis o compos 
wii  smpl,  i picul  bouis bw s compo-
s, pouc isoios i  mgic l: is is  cs picully o 
MrI xpims i imls o ums, s scib i Cp 4.

I o o couc is smpl-p iomogiy i  sic 
mgic l, i is cssy o iouc “sim coils”, wic  iscuss i 
mo il i Cp 4. ts  “cocio” coils, oug wic cu 
c b pss o pouc  spilly-vyig compsoy mgic l o 
 picul smpl big sui. t  wo i yps o sim coils: 
(i) supcoucig sim coils, wic  siu i  cyos o  mg, 
s sow i Figu 1.2,  wic  jus oly uig mg isllio, 
 (ii) oom-mpu sims, wic  omlly plc o  isi o  
mg bo. I ig-soluio nMr  my b up o iy i sim 
coils oug wic cu c b pss. t so o suc  ig um-
b is  i is ssil o obi ow liwis i ig-soluio nMr 

Figure 1.14    Foui somio o  complx im-omi igiiz sigl 
givs  bsopio spcum (op)   ispsio spcum (blow).
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spcoscopy i o o sp  socs om poos i simil cm-
icl vioms. I MrI    w sim coils sic: (i) imgig is 
ily lss ssiiv  spcoscopy o B0 l iomogiis, (ii)  
c o  sims is lss sic y  siu  muc g isc wy 
om  smpl  i ig-soluionMr,  (iii)  iisic iomog-
iis pouc by  smpl  muc g.

t gomy o  sim coils is sig o pouc i spil 
viios i  mgic l. Figu 1.15() sows xmpls o  ss 
o sim coils us o pouc i spil compsios o  mg-
ic l, Figu 1.15(b), s  ucio o locio i  z-icio. t 
cs o mis-sig  sim cus  lso sow i Figu 1.15.

Opimizio o  cus oug  sim coils c b pom i 
wo i wys. I o mo,  l compo o  uium lock 
sigl is moio, cov l i Scio 1.9, i  o mo mg-
ic l gis  us, s scib i Scio 1.8.4.

1.8   Gradient Coils
Mgic l gi coils,  m usully so o simply “gi 
coils”,  sig o pouc  li pc o  civ mg-
ic l o spil posiio. ty cosis o sp coucos (wis o 
i ss) oug wic cu psss o pouc  gi l. I 

Figure 1.15    () i gomis o Z1, Z2  Z3 sim coils wi  ppopi 
liv cu vlus  icios povi by  iiviul sim 
dC pow supplis. (b) t spil viio i mgic l i  
z-icio o c o  Z1, Z2  Z3 sim coils. (c) a spcum 
sowig  wll-simm li sp. () a spcum sowig low-l 
symmy pouc by  sub-opiml vlu o  Z2 sim. () a spc-
um isplyig  symmic bo bsli pouc by  sub-opi-
ml vlu o  Z3 sim.
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ig-soluio nMr pobs,  sigl z-xis gi coil is usully i-
g io  rF pob, loug -xis gis c lso b ps. 
Fo MrI,  ip oogol ss o gi coils  ps, 
c cooll by ip gi mplis.

Sic oly  z-compo o  mgic l (Bz) ics wi  
poo mgic moms, i is  spil viio o Bz  is lv. 
t mgic l gis  sig o b li ov  smpl, i.e.:
  

 z
z

B G
z





 (1.23)

  
Figu 1.16 sows  plo o mgic l vs. spil posiio o  gi 

ppli log  z-xis.
  gi is swic o by pssig cu oug  coil,  

mgic l Bz bcoms  ucio o z posiio  is giv by:
  
 Bz = B0 + zGz (1.24)

w Gz s uis o sl (t) p m. t cospoig pcssio -
qucis (ωz) o  poos, i  oig m,  giv by:

 ωz = γzGz (1.25)
  

dils o gi coil sig, s wll s  gi mplis,  cov-
 i Cp 5. Gi coils  us o my puposs i Mr,  ol-
lowig big  mos commo:
  
 (i) dpsig o “cusig” o uw svs mgizio.
 (ii) Coc slcio i mulipl quum coc xpims.16

Figure 1.16    a li gi i  z-icio c b pouc by wo ss o 
loops o wi (), c o cyig cu i  opposi icio. 
(b) Miwy bw  loops,  z = 0,  iiol mgic l 
om  wo ss o loops ccls ou,   mgic l xpi-
c by  ucli is B0.
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 (iii)  Msums o pp iusio cocis o liqui smpls,17 
o issus i MrI.18

 (iv)  rpi opimizio o sim cus o ig-soluio nMr  
MrI.

 (v)  Spil loclizio i MrI19,20  locliz in vivo mgic so-
c spcoscopy (MrS).

  
t ollowig scios giv  bi ovviw o s gi-bs 

pplicios.

1.8.1   Crusher Gradients to Dephase Transverse 
Magnetization

“Cus” gis  us o ps svs mgizio   
wily us, o xmpl, i locliz in vivo Mr spcoscopy o suppss 
uw sigls isig om impc rF pulss. I o o clcul 
 qui sg  uio o  gi puls o civ ps-
ig, cosi  c o  gi, Gz, ppli o  im τ s sow i 
Figu 1.17(), o svs mgizio, Mxy. t soc qucy 
o  poos is giv by q (1.25). I o ssums  smpl wi lg 
L i  z-icio,  wi uiom poo siy,   vg 
svs mgizio, s  ucio o Gz  τ, ov  lg L is 
giv by:
  

      j2

2

sin /21 0 e d
/2

z

L
G z z

Lxy xy
z

LG
M M t z

L LG





   γ γ

γ
 (1.26)

  
i.e.  sic ucio. Figu 1.17(b) sows  plo o  svs mgiz-
io s  ucio o im  gi sg. I o wiss, s  xmpl, 

Figure 1.17    () applicio o  gi puls icly f  rF puls pss 
 mgizio. (b) t im-voluio o  svs mgi-
zio s  ucio o gi sg.
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o complly ps  mgizio o  smpl o lg 1 cm,  
 2 ms log gi puls wi sg 0.37 t m−1 ucs  svs 
mgizio by  co o 1000.

1.8.2   Gradients or Coherence Selection in High-Resolution 
NMR

My nMr xpims ivolv  cio  slcio o mulipl 
quum cocs o simpliy  sulig spc. exmpls iclu 
omoucl oubl quum  ipl quum coc slcio 
i col spcoscopy (COSY) xpims, s wll s oucl 
mulipl quum cocs c i ipl-soc squcs. 
t opic o mulipl-quum squcs is cov i my xbooks 
o ig soluio nMr spcoscopy. Gis c b us o slc 
bw i coc pwys. t coc o, p, is i 
s  ic i  mgic quum umb, m, o  lv 
igss, i.e.:
  
 p = m − ms (1.27)
  

Logiuil mgizio cospos o p = 0, sigl quum 
coc svs mgizio o p = ±1, oubl-quum co-
c o p = ±2,  so o. I y squc,  coc s pwy 
bgis wi p = 0, cospoig o ml quilibium mgizio 
log B0.

I o o slc oly  si coc pwy, ps cyclig 
c b us, i.e. pig  squc  umb o ims wi i 
pss o  rF pulss. tis is  ici wy o coc slcio, 
bu limis  miimum ol xpim im, spcilly o squcs 
quiig xsiv ps cycls (16, 32 o 64 sps). a liv 
mo o slcig spciic coc os is o us gis, usig 
 picipl   ps ccumulio o  spis uig  ppli-
cio o  gi puls is popoiol o  coc o. So o 
 cgul-sp gi puls wi sg Gz, ppli o im τ, 
 ps ϕ is giv by:
  
 ϕ(z,τ) = pγGzzτ (1.28)
  

eq (1.28) sows, o xmpl,  oubl-quum cocs ccu-
mul ps wic s s s sigl-quum coc,  ipl-qu-
um cocs  ims s s. tus, by pplyig gi pulss o 
i sgs o uios i is possibl o ocus slciv co-
c os, wil uw cocs  ps. Simpl xmpls 
 sow i Figu 1.18 o oubl-quum  ipl-quum-l 
COSY squcs.
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1.8.3   Measurements o Apparent Diffusion Coefficients Using 
Gradients

t ps voluio o svs mgizio w  gi is ppli 
c lso b us o msu  molcul iusio coci o  smpl. 
t mos commo squc us o is pupos is  Sjskl–t 
spi-co, o viios o, sow i Figu 1.19.

t ps ccumulio uig  s gi is giv by:
  
 dz z zG z t G z  γ γ  (1.29)
  

t 180° puls ocuss B0 iomogiis  cmicl sif cs. 
I  iusio coci o  smpl is zo,   is  qul  
opposi ps ccumulio pouc by  gi ppli f  180° 
puls,   cs o ps ccumulio  complly ps,  
sigl simply big u by T2 lxio. howv, i  is i  
pysicl isplcm o  molculs, i.e. iusio, uig  im i-
vl bw  wo gi pulss,   wo ps ccumulios  
o qul   sigl mpliu is u. t s  iusio 
coci (D)  g  sigl uio. I  “so-puls limi”, 
i.e. w δ / Δ,  sigl isiy is giv by:
  
 S(Gz) = S(Gz = 0)−γ2G2δ2(Δ−δ/3)D = S(Gz = 0)−bD (1.30)

Figure 1.18    uls squcs o oubl quum l (dQF)  ipl qu-
um l (tQF) mgiu COSY spc. t squc o rF pulss 
is iicl o bo xpims. I  dQF xpim,  oubl 
quum coc c by  sco 90° puls is ps by 
gi G   c sigl quum coc is ps 
by gi G. I G = 2G,  dQ coc oly is ocus, i  
G = 3G  tQ coc oly is ocus.
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w  b-co is  s:

 b = γ2G2δ2(Δ − δ/3) (1.31)
  
y pig  squc wi  s o i b-vlus, usully via i-

 vlus o  iusio-coig gi,  sulig sigl mpli-
us c b  o q (1.30) o mi  vlu o D. I iio o 
msuig iusio i omogous liqui smpls, iusio wigig 
c b us i ig-soluio nMr21,22 o l ou sigls wi  vy s 
iusio coci, o xmpl  w sigl i  poi soluio. di-
usio coig squcs  vy wily us i MrI i  s o iu-
sio wig imgig (dI),18,23 iusio so imgig (dtI),24 iusio 
kuosis imgig (dKI),25,26  b cogpy.27

1.8.4   Gradient-Based Shimming
as ouli i Scio 1.7, mximizig  mgic l omogiy o 
c smpl ivolvs B0 simmig, i.e. opimizig  cus oug c 
o  iiviul sim coils. tis is  im-cosumig pocss  is o 
il o pom mully, o xmpl, o in vivo xpims. r  
mul opimizio,  pocss c b uom  sp up by  
us o gis usig  puls squc, suc s  o sow i Figu 
1.20(), wic msus  mgic l iomogiy, ΔB0(z) s:
  

    
 0

1 2

zB z
TE TE


 
γ

 (1.32)

w Δϕ is  spilly p ps ic bw  msu 
pojcios sow i Figu 1.20(). I ms o  sim sigs,  si-
ul mgic l ΔBs(z) c b  s:

 Δ ΔB z B z c S zj j
j

res ( ) = ( ) − ( )∑0  (1.33)

Figure 1.19    t Sjskl–t spi-co xpim us o msu  pp-
 iusio coci (D) o  smpl. t vlu o D c b clcu-
l om  plo o  msu sigl isiis s  ucio o 
 ppli gi sg o  sis o i gi vlus.
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w Sj(z) is  mgic l isibuio o sim j,  cj pss  
cospoig wigig ucio. tis siul is miimiz by clcul-
ig  vlus o  cocis cj (i.e.  cus oug c sim coil), 
wic is omlly pom i  ls-squs ss ov  i o- 
imsiol z-pojcio:

  2res
1

Min
zN

k
k

B z


 
 

 
  (1.34)

  
w Nz is  umb o  pois cqui i  z-pojcio.

1.8.5   Gradients in MRI
I MrI  oogol ss o gis  us o spilly co  x, y 
 z imsios o  smpl. ec o s gis is sig o povi 
 li viio o mgic l s  ucio o spil imsio, i.e.:
  

 z z z
z x y

B B BG G G
z x y

  
  

  
 (1.35)

  

Figure 1.20    Scmic o  pocsss ivolv i gi-bs simmig. () 
O imsiol gi pojcios o  smpl  obi o 
wo i co ims, te1  te2. (b) t ic i  pss 
(Δϕ) bw  wo pojcios is clcul  scl o giv  B0 
iomogiy (ΔB0) s  ucio o z-posiio. (c) Kowig  mg-
ic l pols o c o  sim coils,  ls-squ ig ou-
i is implm o clcul  cus oug c o  sim 
coils wic bs compss o  msu B0 iomogiy.
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t pocss o img omio is cov i mo il i Scio 1.11 
l i is cp. Fo um MrI pplicios, ypicl gi sgs 
o 60–70 mt m−1  us, wi som spciliz gis goig up o  
300 mt m−1.28,29 hig gi vlus c lso b pouc by uc 
im “-oly is” gi coils. MrI is lso xsivly us i 
p-cliicl iml imgig sysms,  lso o micoimgig xpims 
o smpls s smll s sigl clls.

1.9   The Deuterium Lock Channel and Field 
Monitoring

aloug  sic mgic l is xmly sbl ov im, vy mg-
 isplys smll qucy “ifs”   ypiclly o  o o 1–10 
hz p ou. Sic my nMr xpims qui  cquisiio ims o 
 o o ous o v ys, i is ssil o comps i l-im o 
is l if. I o coc,  spcl liwis  bo,  
ics c pp i  spcum.

I ig-soluio liqui-s nMr, is cocio is pom usig  
uium “lock cl”. O cl o o o  rF coils i  nMr 
pob is u o  uium (2h) soc qucy. t smpl is 
issolv i  ully o pilly u solv (e.g. d2O, CdCl3, o C6d6). 
duium is  quupol uclus wi  vy so T1 vlu,  so  
sigl c b puls  smpl civly coiuously. t imgiy 
“ispsiv” compo o  uium spcum is moio, s sow 
i Figu 1.21(). Cgs i  sic mgic l pouc  sif i  
ispsiv spcum, wic is lyz o   o sigl, s sow 
i Figu 1.21(). tis o sigl oms  ipu o  giv bck 
loop, wic cools  cu ppli o  Z0 sim coil. tis coil is  
log soloi, wic poucs  uiom mgic l wic c  o 
subc om  mi B0 l. Sic  uium sigl c b qui oisy 
(owig o  low pow us o puls smissio,  low gmm o  
uium uclus,   low ssiiviy o  uium cl o  
rF coil),  uium sigl is vg ov my us o ouss 
o smpls so   cu i  Z0 sim is oly up slowly. t g-
iv bck loop is sig suc  i igs  uium sigls 
ov  log pio o im,  us s  vy slow im-cos. t lock 
cl civly oms  sp simpl “spcom”, lik by  c-
l clock/ms oscillo o  s o   cquisiio sysm.

t lock-cl c lso b us o moio  sic l omogiy 
uig simmig. t b  omogiy  sp  uium 
li sp   ig is mpliu. tis sysm is sill ps o my 
ig-soluio nMr sysms bu gi-bs simmig, s scib i 
Scio 1.8.4, is icsigly big us.

Fo mos in vivo MrI  MrS xpims   o s sig qui-
ms o  sbiliy o  mgic l s   i ig-soluio 
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nMr. expims ypiclly o o k s log, spcl liwis in vivo 
 muc wi owig o  iisic iomogiy o biologicl issu, 
 imgig per se is muc mo obus wi spc o smll qucy 
ifs  spcoscopy. to, i MrI sysms  is o  o  
sp lock cl. howv, i MrI   o mcisms  c 
l o ifs i  mgic l. I squcs quiig pi swicig 
o  gis, sigic mpu cgs c occu i  gi 
coil, wic i u c  compos suc s  pssiv io sims  
l boos igs. ts ml isubcs cg  mgic suscp-
ibiliy o  compo io,  c cus  cg i  mgic 
l. Cgs owig o gi ig  livly slow owig o  lg 
 cpciy o  pysicl om o wic  gi coils  wou, 
  lg mss o  sucu,  so moioig os o v o b 
coiuous bu c b isps bw scs usig vy low ip gl 
spcoscopic msums o  w soc qucy, sic i is  
omi spcis o in vivo msums. s o s msums, 

Figure 1.21    Scmic o  opio o  uium-bs qucy lock o 
 ig-soluio nMr sysm. () a if i  mgic l sifs 
 uium soc o  ig o low qucy. t isp-
siv li sp is moio   cospoig posiiv o giv 
“o” sigl co s  sigl isiy  zo qucy i  
oig c m. (b) tis o sigl is ig ov im 
, via  giv bck loop, ls  cu (ΔI)  io  Z0 
sim coil o coc o  mgic l if.
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  cgig  mgic l isl s scib o  uium 
lock,  sysm simply ls  qucis o  smi  civ.

aloug is yp o moioig c b us o comps o globl 
cgs i  mgic l, i co coc o spilly p 
cgs, wic, i iio o gi ig, c b cus by my o 
cos, suc s pi moio. Cocig o spilly p cgs 
i  mgic l clly quis spilly p msums. 
ts c b implm, o xmpl, usig mulipl smll micocoil 
pobs  coi  uoi liqui , similly o  uium lock 
cl o  ig-soluio nMr sysm, om  sp bu lik Mr 
spcom.30 t us o mulipl uoi pobs, sow i Figu 1.22, 
llows  xcio o spil viios i  mi mgic l,   
biliy o pply l-im cocios o comps o s ucuios.

1.10   Magic Angle Spinning Solid-State NMR: 
Principles and Instrumental Requirements

nMr spc o liqui smpls cosis o  sis o vy sp socs, 
owig o  vgig o isoopic nMr icios by pi om 
umblig, sulig i vy log T2 vlus, ypiclly us o millisc-
os. I cos, nMr spc o soli o igi smpls  vy bo, sic 
isoopic  oiio-p icios  o vg:  
xmpl is sow i Figu 1.23(). t wo mos impo icios 

Figure 1.22    a poogp o  commcil l-moioig sysm usig  sis 
o micocoils (cs i blck plsic), u o  uoi so-
c, wi  uoi smpl isi. y coiuous msum 
o  ps o  uoi Mr sigl, spil  mpol viios 
i  mgic l c b msu  coc i i l-
im o i sigl pos-pocssig.
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 pouc bo liwis i solis  ipol couplig  cmicl 
silig, wi  ipol m big omi spcilly  low mgic 
ls.

dipol couplig suls om  icio o o ucl spi wi  
mgic l g by  sco ucl spi,  vice versa. dipol 
couplig pss  ic oug-spc icio,  mgiu o 
wic is giv by:
  

 DD 0
34π

j k
jk

jk

μR
r


 γ γ  (1.36)

  
w Rjk

dd is  ipol couplig bw wo spis j  k,  rjk is  
isc bw  spis.

Cmicl silig is l o  cmicl sif ouli li o liq-
ui smpls,  is  isoopic icio cciz by  silig 
so. aisoopy i  cmicl sif ls o boig o  spcl 
lis. Fo molculs wic  spilly symmic i -imsios  
cmicl sif isoopy (CSa) is vy smll. Fo o-symmic molculs, 
 CSa is lg,  liwis cospoigly wi.
o ipol couplig  cmicl silig v  gul p-

c wi spc o B0, coiig mulipliciv ms (3 cos2 θ − 1), 
w θ is  gl bw  li cocig  wo ucli  B0 o  
ipol couplig,  bw  icio wi  lgs silig 

Figure 1.23    () Scmics o  spciv spc o 13C i  liqui  soli 
ss. (b) Spiig  smpl   mgic gl (54.7°) wi spc 
o B0 is us o uc  c o ipol couplig  cmicl sif 
isoopy. (c) a puls squc us o oucl soli-s 
spcoscopy ivolvig coss-polizio  ig-pow poo 
couplig.
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 B0 o  cmicl sif m. O c o civly vg ou 
s compos by oig  smpl vy pily   gl o 54.74° 
wi spc o B0 suc  3 cos2 θ − 1 = 0,  ciqu m mgic-gl 
spiig (MaS),31 illus i Figu 1.23(b). Fo ull vgig   
o spiig mus b g   isoopic icio. S-o--
 micopobs  bl o spi    o 111 khz.32 Fo gul-siz 
smpls, ypicl im/spiig sps  1.3 mm im/65 khz, 
2.5 mm/35 khz, 3.2 mm/23 khz, 4 mm/8 khz,  7 mm/4 khz. Sic po-
o ipol–ipol couplig coss c b muc g  100 khz, 
ull vgig is ly civ  MaS is of combi wi muli-
pl-puls squcs, wic lso uc  cs o ipol couplig, 
bs o cocps oigilly vlop s ahUha33 o MreV-8.34,35  
t combiio o MaS wi mulipl-puls squcs is cll CraMS 
(Combi roio  Mulipl-uls Squc)  quis ig-
pow mplis, so rF ims,  s swicig bw  smi 
 civ mo.

Fo ilu spi-1/2 ucli, suc s 13C,  omoucl (13C–13C) ipo-
l couplig is isigic owig o is low occuc. t 1h–13C -
oucl ipol couplig c b miimiz wi ig-pow poo 
couplig,33,36 s sow i Figu 1.23(c). t ssiiviy o is yp o 
xpim c b ics usig coss-polizio (C)37 ciqus, 
wic ivolv polizio s om 1h o 13C. eci C quis 
  pcssiol qucis i  oig m   sm o 
poos  cbo, i.e.:
  
 γCB+

1,C = γhB+
1,h (1.37)

  
tis quim implis   B1

+ ls mus b spilly omogous 
 bo qucis,  s iscuss i Cp 3 is quis   coils 
b vy wll blc, wic is cllgig, picully  vy ig qu-
cis. Coss-polizio is glly combi wi livly low-sp MaS 
(5 o 15 khz) i  combi ppoc kow s C–MaS.

I  simil sio o  scib pviously o liqui-s nMr, g-
i coils c b icopo io  pob i o o pom coc 
pwy slcio i mulipl quum soli-s xpims. I is cs, 
 gis mus b oi log  mgic gl.38,39

t isuml quims cospoig o  yps o xpims 
ouli bov iclu:
  
 (i)  t biliy o spi  smpl xmly pily wi  ig g o 

mcicl pcisio.
 (ii)  Vy so (∼1 µs), ig-pow rF pulss mus b ppli, wic plc 

ig gs o m o  rF mplis  compos i  
rF pob.

 (iii)  t rF ls o i ucli mus b spilly vy wll mc 
 omogous o ci coss-polizio.
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 (iv)  Isolio bw  civ cis o  i ucli, s wll s 
bw smi  civ cis, mus b vy ig sic ig-
pow couplig my b ppli uig  cquisiio.

 (v)  Mgic gl gis  ssoci gi mplis mus b 
cpbl o poucig gi pulss wi uios blow 100 µs  
sgs o 500 mt m−1.

1.11   Magnetic Resonance Imaging: Principles and 
Instrumental Requirements

I MrI    lg umb o i imgig squcs, wic c 
b us o sucul imgig, uciol imgig, mgic soc 
giogpy,  iusio-wig imgig, o m oly  w.12 two 
gic squcs, o “builig-blocks”,  sow i Figu 1.24, mly  
gi-co  spi-co squc.

I  squcs sow i Figu 1.24    “pocsss” us 
o pouc  wo-imsiol img. Fis, slic-slcio uss  qu-
cy-slciv rF puls ppli simulously wi  mgic l gi, 
o by Gslic. I  slciv rF puls, wi  xciio bwi o 
±Δωs, is ppli   qucy ωs,  poos pcssig  qucis 
bw ωs + Δωs  ωs − Δωs  o om  z-xis io  svs 
pl, ws poos wi pcssio qucis ousi is g o 
o xpic  rF puls, s sow i Figu 1.25(). y cgig  c-
 qucy (ωs) o  rF puls,  slic c b c  i ps 
o  smpl. as iic i Figu 1.25(b),  ickss o  slic c b 
cs by usig  lg gi sg o  log uio rF puls 
 s  smll qucy bwi.

Figure 1.24    () Gic wo-imsiol gi-co imgig squc. t 
squc is p Np ims, wi  ps coig gi 
big icm om is mximum giv vlu o is mxi-
mum posiiv vlu. (b) Cospoig gic spi-co imgig 
squc. tr pss  piio im  te  co im.
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hvig slc  slic,  ps coig gi is ppli o co 
 oogol icio via  ps o  sigl. af  ps co-
ig gi s b swic o,  qucy-coig gi (Gq) 
is u o   cquisiio bgis. N  pois  smpl wil 
 qucy coig gi is o, f wic  lxio ly (tr) 
occus bo  squc is p usig  x icm vlu o 
 ps-coig gi. a ol o Np ps coig gis  
us, sulig i  ol imgig im o tr × Np.

assigig  Gy gi o ps coig,  Gx o qucy co-
ig,  combi c o  ps-coig  qucy-coig g-
is givs  sigl:
  

     pe
pe slice slice

, , , , e e d dyx j G yj G xt
y xs G G t x y x y     γγ  (1.38)

w τpe is  im o wic  ps coig gi is ppli. two 
vibls kx  ky c b  s:40,41

 pe2π 2πx x y yk G t k G  
γ γ  (1.39)

 q (1.38) c b -xpss s:

     2π2π

slice slice
, , e e d dyx jk yjk x

x yS k k x y x y     (1.40)

  
t N × Np  mix c b visuliz s  wo-imsiol s s  

ucio o kx  ky, commoly  o s  k-spc omi. Cosi 

Figure 1.25    t picipl o slic slcio i MrI. () y pplyig  qucy-s-
lciv rF puls i combiio wi  gi, oly  ucli wii 
 i “slic” xpic  rF puls   o om  logi-
uil xis (blu) io  svs pl (). (b) t ickss 
o  slic c b cooll by  sg o  gi   
bwi o  rF puls.
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 N  pois collc w  mximum giv vlu o  ps- 
coig gi, Gy, is ppli. Fom q (1.39)  vlu o ky o ll N 
 pois cospos o is mximum giv vlu.   qucy- 
coig gi is swic o,  s  poi collc cospos o 
 mximum giv vlu o kx u o  giv psig lob sow i 
Figu 1.24(),  sco  poi o  sligly mo posiiv vlu o kx  
so o,  so  N  pois cospo o o “li” i k-spc, sow 
s li 1 i Figu 1.26(). t sco li i k-spc cospos o  x 
vlu o  ps-coig gi,  so o. t spcig bw  
k-spc pois is ivsly popoiol o  spciv spil imsios, 
o ls-o-viw (FOV), i  img: Δkx = 1/FOVx, Δky = 1/FOVy.

a wo-imsiol ivs Foui som o  k-spc  S(kx, ky) 
givs ρ(x,y), wic is  Mr img, s sow i Figu 1.26(b). Mr imgs 
 coviolly ps s  mgiu o ρ(x,y).
  
    j2π( , ) , e d dx yk x k y

x y x yx y S k k k k
   

 
    (1.41)

  
t sigl isiy i c voxl o  img ps o  issu lx-

io ims s wll s  poo siy. I ms o  Mr lxio ims, 
o  xil img cqui usig slic-slcio i  z-icio,  img 
isiy o c voxl, I(x,y), is giv by:
  

     *

1

2

1

TR

TE

TR

1 e sin
, , e

1 e cos

T

T

T

I x y x y











 
  

 



 (1.42)

  
w ρ(x,y) is  “poo siy”   ip gl o  rF puls i 
 gi co squc is α°. t g o T1-wigig o  img 

Figure 1.26    () d o MrI  cqui i “k-spc”, wi  Csi gi sow 
i is cs. (b) t img is cosuc by  wo-imsiol 
ivs Foui som o  k-spc .
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is mi by  spciv vlus o  issu T1   cos tr 
ivl bw p ps-coig sps: i tr / T1   is o 
wigig, ws i tr ≈ T1   img isiy is wig by i-
 issu T1 lxio ims. Similly,  siuio o te ≈ T2

* ioucs 
T2
*-wigig io  img.
aloug q (1.42) iics   Snr is mximiz usig  vlu o  

α = 90°, is cs woul qui  log vlu o tr o llow ull T1 lxio 
o occu,  s  sul  impciclly log  cquisiio im o clii-
cl pplicios. I o o img mo pily,  vlu o α is uc o 
 vlu cosibly smll  90°. Fo  giv vlu o tr,  vlu o  
α  mximizs  sigl isiy is giv by:
  

 1

TR
1

Ernst cos e T


  (1.43)
  

Fo xmpl, i tr is uc o 0.05 T1,   opimum vlu o α is 
8°. Usig s pms, imgs c b cqui i  w s o scos.

Gi-co squcs llow vy pi img cquisiio. t mjo 
isvg is  y  wig by issu T2

* vlus, wic  ypiclly 
muc so  T2 in vivo. I o o iouc pu T2-cos io  
img  spi-co squc c b us, s sow i Figu 1.24(b). t sp-
il coig picipls  xcly  sm s o  gi co img, 
bu ow  isiy is wig by  T2   T2

* vlu:
  

     1 2

TR TE

, , 1 e eT TI x y x y
  

   
 

 (1.44)

  
as mio pviously   vy my yps o MrI squcs. 

Commo isuml quims iclu:
  
 1.  rF coils  rF mplis mus b bl o l/povi up o 30–60 k  

o pow, wi uy cycls up o ∼20%. t pulss  bo mpliu  
ps moul, wi sic quims o  poucibiliy. t 
mplis mus b li ov  lg g o sigl ipus/oupus.

 2.  Fo pi imgig squcs suc s co pl imgig, gi 
swicig s i  us o z o kiloz my b cssy. 
I is cs, o lso s o cosi pipl v simulio 
(nS), wic c occu w  B/t is o  o o 50–100 t s−1.

 3.  d cquisiio ivolvs muc ig bwis  o spco-
scopic xpims: s imgig squcs my v bwis up 
o 1 Mhz o vy ig gi sgs.

 4.  t mou o smig  is vy ig:  commcil 32-cl 
civ y my cqui  ssilly coiuously ov 20 mi-
us, psig svl gigbys o   s o b pocss i 
l-im o cliicl vluio.
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Appendices
as s i is s cp,  w compos o  Mr sysm s 
my gomic popis  sig gols. a cyliicl gomy is i 
i supcoucig mg sig, rF volum coils, sim coils  gi 
coils. Mximizig  omogiy o  mgic l is ciicl o supco-
ucig mg  rF coil sig; poucig  li spil viio i mg-
ic l is ky o gi coil sig;  wll- ig-o spil 
isibuios o  mgic l  qui o sim coil sig. t bsis 
o c o s compo is  s o cu-cyig lcicl coucos. 
dspi  c   opig qucis o s i compos 
 qui i (dC o mgs  sim coils, s o us o khz o 
gis,  s o us o Mhz o rF coils),   commo m-
micl ools  c b us o pouc  si mgic l isibu-
ios. two o  mos commo omlisms, mly  io–Sv lw  
spicl moic composiio, og wi spcic xmpls o i us, 
 scib i s wo ppics. ts mols  u ,  
mo sopisic xmpls giv, i svl o  cps l i  book.

Appendix A. Maxwell’s Equations and the Biot–Savart 
Law
t uml bss o clculig bo mgic  lcic ls  
m Mxwll’s quios, lis i q (1.45–1.48).
  

 v• (Gauss  law)E


  
ε

 (1.45)

 • 0(Gauss  law for magnetism)H    (1.46)

 (Faraday s law)HE μ
t


   


 (1.47)

 (Ampere s law)EH J
t


   


ε  (1.48)

  
w ρv is  lcic cg siy, ε  pmiiviy, µ  pmbiliy, 
H  mgic l, E  lcic l,  J  lcic cu siy. 
t opos o  lf o q (1.45)  (1.46) ps ivgc,  
os i q (1.47)  (1.48) ps cul opos. I pysicl ms,  
ivgc o  vco l scibs  g o wic i bvs s i 
 souc o  sik   giv poi. I  ivgc is o-zo  som poi 
  mus b  souc o sik   posiio: i cos, i  iv-
gc is zo  i iics   is i. t cul opos o  
lf o q (1.47)  (1.48) ps  spil-viio o  lcic  
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Chapter 136

mgic ls, wic  coupl o  im-viio o  mgic  
lcic ls o  ig  si. I o wos, s  lcic l pop-
gs ougou  smpl i givs is o  im-vyig mgic l. 
tis mgic l, wic vis s  ucio o spc, i u givs is o 
 im-vyig lcic l. eq (1.47)  (1.48) sow  mgic  
lcic ls  iisiclly coupl.

dsigs o mgs, gi coils, sim coils o rF coils c b omu-
l by simpliyig Mxwll’s quios u coiios kow s “qusi- 
sic”, wic cospos o big bl o glc y cs o  i 
wvlg o  eM wv wii  smpl. I is cs,  mgic 
l c b sim qui cculy by  io–Sv lw, wic c b 
iv icly om Mxwll’s quios. t io–Sv lw scibs  
mgic l (B)   poi P isc r om  wi, pouc by  cu-
 I owig oug  smll scio (s) o wi. t vlu o B is giv by:
  

 0
3

dd
4π
μ s rB I

r



 

 (1.49)

  
w µ0 is  pmbiliy o  spc, qul o 1.257 × 10−6 t m a−1. 

two vy simpl xmpls  giv blow,  sig wi   cicul loop, 
bo sow i Figu 1.27.

Example A1. Magnetic Field Produced by a Straight Wire
I Figu 1.27(),  vlu o B o  sig wi c b clcul by sim-
pl igoomy:
  

 
2

0 sin
d sin d

4π
μB I x

a


   
 

  (1.50)
  

Figure 1.27    exmpls o ()  cu-cyig sig wi  (b)  cu-c-
yig cicul wi-loop, o clculio o mgic ls usig  
io–Sv lw.
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t ol mgic l pouc by  cu i  iily log wi 
is  simply giv by  igl o is xpssio:
  

 0 0
0
sin d

4π 2π
μ I μ IB
a a

 


    (1.51)

  
t sul sows   mgic l css s  ivs o is-

c om  wi.

Example A2. Magnetic Field Produced by a Circular Wire Loop
Cosi  loop o wi wi ius a, sow i Figu 1.27(b). I o co-
sis  l pouc log  cl xis o  loop,  is oly o 
o-zo compo o  mgic l, wic is oi log  z-i-
cio  is giv by:
  

 
 

2
0

3/22 22
z

μ a IB
z a




 (1.52)

  
So   c o  loop,  mgic l is giv by µ0I/2a, i.e.  

smll  wi loop  ig  mgic l pouc p ui cu-
. alog  cl xis o  coil, i.e. log  z-xis,  mgic l 
css ppoximly xpoilly wi isc.

t o-xis mgic ls c lso b clcul lyiclly, bu  
mo complic. ty  giv (i pol coois) by:
  

 
   

   

   
   
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μ I z a r zB E k K k
a r zr a r z
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μ I z a r zB E k K k
a r zr a r z



  
       


  
       

 (1.53)

w E  K  compl llipicl igls o  sco  s kis, 
spcivly,  k is  s:

 k ar
a r z

=
+( ) +
4

2 2  (1.54)

  
Usig s lyicl suls, sigs usig cicul loops i picul 

c b opimiz i ms o poucig  si spil isibuio o  
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mgic l. t ollowig wo xmpls sow  pplicio i sig-
ig  li mgic l gi   omogous mgic l, bo 
wi  simpl wo-loop gm.

Example A3. Design o a Two-Loop Coil Geometry to Produce a 
Linear z-Gradient
t simpls coguio o  coil poucig  gi i  z-icio 
is  “Mxwll pi”, sow i Figu 1.28(), wic cosiss o wo sp 
loops o mulipl us o wi, c loop coiig qul cus, I, ow-
ig i opposi icios. I o o sim  isc bw  wo 
loops  mximizs  liiy o  gi,  vlu o Bz is s cl-
cul usig q (1.52):
  

 
   

2 2
0 0

1.5 1.52 22 22 2 2 2
z

μ Ia μ IaB
d z a d z a

 
         

 (1.55)

w µ0 is  pmbiliy o  spc  a is  ius o  gi 
s. y pplyig  tylo sis xpsio,  oig  by symmy  
s wo iibl ms  zo,  s m  c giv  o-li 
coibuio is  i iviv, giv by:

   
 
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 
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z
d z d z a d z d z aB μ Ia

z d z a d z a

 
        

           

 (1.56)

  

Figure 1.28    ysicl gms o wi loops o ()  li gi   
(b)  cos omogous l. t vlus o dgi  dcos  
iv i ms o  coil ius a i xmpls a3  a4.
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tis m bcoms zo   vlu o d = a√3. t mgic l pouc 
by is gi coil is zo   c o  coil,  is lily p 
upo posiio i  z-icio ov bou o-i o  spio o 
 wo loops. t gio ov wic  gi is li c b x 
by ig o ss o coils i  xil imsio, s cov l i mo 
il i Cps 2  4.

Example A4. Design o a Two-Loop Coil Geometry to Produce a 
Homogeneous Magnetic Field
Usig  sm gm s bo, xcp wi  cus ow owig 
i  sm icio sow i Figu 1.28(b),  s-o m i  
tylo xpsio is zo,  so  s pubio iss om  sco 
o m, wic soul o b s o zo, i.e.:
  

 
2

2 0zB
z





 (1.57)

  
Combiig q (1.55)  (1.57) givs  opimum vlu o  isc 

bw  coils qul o  ius o c coil. I is cs  mgic 
l   c o  coil is giv by:
  

 
3 / 2

0
0
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5

μ

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 

z
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B

a
 (1.58)

  

Appendix B. Spherical Harmonic Representation o 
Magnetic Fields
as s i appix a,  io–Sv lw is  civ mo o opimizig 
 sig o simpl gomis i ms o i bviou o-xis. howv, i 
bcoms muc mo cumbsom o us w o s o cosi o-xis 
ms. I is cs,  vy wily us omlism is o ps mgic ls 
i ms o spicl moics, s scib i  simpli om blow.

Visual Description
t sig poi is o cosi  mgic l wii  sp o  c-
i im posiio   c o  mg. I  im is o po-
uc  omogous mgic l  o c clly   si 
l by  sigl vco m Bz wi x mpliu  icio wii 
 sp. as will b s i Cp 2, is is o possibl o civ i 
pcic (oiclly o c civ is oly by pssig cu oug 
 iily log soloi)   will b spil pubios i  
mgic l. as i my o s o giig o c  s 
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pubios i ms o icsig os, i.e. s-o, sco-o etc. 
I  cs o spicl moics,    s o pubios, 
v sco o, sv i o,  so o. ii c o,   
 umb o gs, e.g. v gs wii  sco o, sv gs 
wii  i o etc. t o is giv  symbol n,   g 
 symbol m. t zo o m (m = 0, n = 0) pss  omogous 
mgic l. t  s o (n = 1) pubios cospo o li-
 viios i mgic l, wi   oogol icios obvi-
ously big x, y  z. t g (m) o  pubio cospos o  
picul icio, wi m = +1 big x, m = 0 big z,  m = −1 big y. 
t v sco o ms (n = 2) cospo o m = +2, +1, 0, −1  −2. 
Figu 1.29 sows  spil isibuios o  zo, s  sco o 
spicl moics.

I o cosis oly  ms wi m = 0, o c s  s  o-
iolly ivi wi spc o  z-xis: s  cll zol moics. 
Cosiig  sps o v logiuil  liuil xs, logous 
o  glob,   2|m| zos i  logiuil xis  n − |m| zos 
i  liuil o.

Mathematical Description o Spherical Harmonics
Sig om Guss’ lw o mgism  amp’s lw, q (1.47)  
(1.48), o c iv  vy usul quio, wic is  o s Lplc’s 
quio.
  
 ∇ = ∇ = ∇ =2 2 2 0B B Bx y z  (1.59)

Figure 1.29    Visul psio o low o spicl moics.
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w  iil Lplci opo is  s:

 
2 2 2

2
2 2 2

  
  

  x y z
 (1.60)

  
I  cs o  Mr mg,  mgic l is lig log o xis 

( z-xis),  so o c simpliy  quio o giv:
  
 ∇ =2 0Bz  (1.61)
  

tis quio is of solv i cyliicl coois ( ivio 
is log  complic  cov i my xbooks so is o p 
), sow i Figu 1.30, w θ  ϕ   pol  zimul 
gls, spcivly,  r is  ius.

t soluio o Lplc’s quio suls i  mgic l B(r, θ, ϕ) 
wic c b scib by  xpsio o oogol spicl moic 
ucios Ynm  cocis Cn,m.
  

 B r C r Yn m
n

nm
m n

n

n
( , , ) ( , ),   =

=−

+

=

∞

∑∑
0

 (1.62)

w n is  o  m  g, s ouli i  pvious scio. 
Spicl moic ucios   o  suc o  sp,   
giv by:
 , , , ,( , ) (cos )cos( )n

n m n m n m n mY C r P m       (1.63)

w Cn,m  ϕn,m  coss (ϕn,m = 0 o m ≥ 0  π/2 o m < 0),   
Pnm(cos θ)  polyomil ucios kow s Lg polyomil ucios 

Figure 1.30    Cyliicl xis us o  scipio o spicl moic 
ucios.
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o m = 0,  ssoci Lg polyomil ucios o m ≠ 0. Lg 
polyomil ucios c b clcul om:

    21 d 1
2 ! d

n
n

n n nP x x
n x

    (1.64)

 ssoci Lg polyomils via:

         /22 d1 1
d

m
mmm

n nmP x x P x
x

    (1.65)

  
Combiig q (1.62)  (1.63),  mgic l c b xpss s:

  

 B r C r P mn m
n

n m m n
m n

n

n
( , , ) (cos )cos( ), , ,    = −

=−

+

=

∞

∑∑
0

 (1.66)

  
tbl 1.2 givs  mmicl vlus o  low o spicl -

moics  cospo o os sow i Figu 1.29.
to l is mmicl scipio o  visul o ps li, 

o c cosi  umb o simpl css:
  
 (i)  all css wi m = 0. Fom q (1.66)  mgic l is ip 

o ϕ, i.e. i is oiolly ivi ou  z-xis. Fo  picul 
cs  n = 0, m = 0,  mgic l is cos.  m = 0,  
miig Lg polyomils   o s zonal moics, 
 giv is o w is m  zonal mgic l.

  
 B C r Pz n

n
n, (cos )zonal =   (1.67)

  
I θ = 0, i.e. log  z-xis:

  
 B C z P C zz n

n
n n

n= ( ) =1  (1.68)
  

Sic Pn(1) = 1, is c b xp o giv:
  
 B C C z C z C zz = + + + …0 1 2

2
3

3  (1.69)
  

Table 1.2    Lg  ssoci Lg ucios Pn,m(cos θ).

P0,0(cos θ)
1

P1,1(cos θ) P1,0(cos θ) P1,−1(cos θ)
sin θ cos θ sin θ

P2,2(cos θ) P2,1(cos θ) P2,0(cos θ) P2,−1(cos θ) P2,−2(cos θ)
3 sin2 θ 3 sin θ cos θ 1/2(3 cos2 θ − 1) 3 sin θ cos θ 3 sin2 θ
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tis xpssio is vy usul i miig pms i, o xmpl, 
gi coil sig s cov i  xmpls    o is appix.
  
 (ii)   m ≠ 0,  mgic l ou  z xis “oscills” wi  

qucy mϕ  iiil ps ϕn,m. Fo  cs  m = +1,  l 
ou  cicumc soul xibi o cycl,  o m = −1 
lso o o cycl bu wi  π/2 ps sif i  oigi o  cycl. 
Similly o m = +2  −2,   wo cycls cicumilly, s 
s i Figu 1.29. Spicl moics wi m ≠ 0   o s 
tesseral moics.

 (iii)  Fo n = ±1  m = 0  ucio is oiolly ivi,   is 
o cycl s  ucio o θ.

 (iv)  Fo n = 1, m = ±1  umb o zos s  ucio o θ is zo. ts 
cospo o w  m s sectoral moics, cospoig 
o  cs n = |m|. Sic |m| = 1   is o cycl ou  
cicumc.

  
hvig giv  mmicl scipio o spicl moics,  l 

sp is o sow ow s c b us i vy simpl xmpls o gig 
spcic spil isibuios o  mgic l. t s wo css  
iicl o os solv i appix a o sow  cospoc bw 
 wo ciqus.

Example B1. Generation o a Homogeneous Magnetic Field
t bsic builig block o g zol moics is  cu loop wi 
is cl xis lyig log  z-icio. a cliio gl α is  
wi spc o  cl poi z = 0 s sow i Figu 1.31.

Figure 1.31    two wi loops poucig ()  cos omogous il   
(b)  li gi. I is cs,  cliio gl α is solv o 
usig  spicl moic ppoc.
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Chapter 144

t mgic l i ms o zol moics is giv by:
  

 
0

1,1
0

sin (cos )
2

n

z n
n

μ I zB P
a a

 





   
   (1.70)

  
I  sco loop is plc symmiclly bou z = 0,  o c us  

c :
  
     1,1 1,1cos π 1 cosn

n nP P        (1.71)

  
 i qul cus  ppli i  sm icio i c loop,  
q (1.71) ms  ll  o zol ms i z, z3, z5 etc.  ccll ou, 
lvig  si m (i.e.  omogous mgic l) i z0   
s ms  mus b ccll  i z2. Fom q (1.70)  coibuio 
is mi by  vlu o P3,1(cos α). Usig tbl 1.2, is vlu is zo 
w 5 cos2 α − 1 = 0, om wic α = 63°  dcos = a, i.e.  spio 
is qul o  ius,  sm vlu (ouly!) s iv i xmpl a1.

Example B2. Generating a Linear Magnetic Field Gradient in z
Cosi  sm wo loops o wi; i  cus i  wo loops  ow 
qul  opposite,  v os ccl, i.e. z2 = z4 = z6 = 0. to,  
s m  s o b s o zo is  i o o. Fom tbl 1.2, 
P41 cois  m i (7 cos3 θ − 3 cos θ), wic is qul o zo o θ = 49.1°. 
tis cospos o  spio giv by 1.73 ims  ius.

Example B3. Generating a Linear Magnetic Field Gradient in x or y
as c b ppci om Figu 1.29, gig  mgic l gi 
i i  x- o y-icio ivolvs spicl moics wi n = 1, m = ±1, 
 sic m ≠ 0 s ivolv ssl moics   zol mo-
ics. Ulik zol moics, ssl moics co b g by  
cu loop, bu c b g is usig cs o cu, s sow i 
Figu 1.32(). as sow by romo  houl,42  mgic l pouc 
by suc  c is giv by:
  

 B I C r
f

P m mn m

n

n n m
m

n

n
= ( ) −+

==

∞

∑∑ , , cos cos( )d1
00

     (1.72)

w ψ pss  zimul wi o  c. I is cs  cos 
ms Cn,m coi wo ssoci Lg polyomils. as ws sow p-
viously o igs, i wo cs  plc 180° p wi cu owig i 
opposi icios,   v gs ccl ou, s sow i Figu 
1.32(). So, wi spc o  g n   ms i B11, B13, B15 etc.  
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wi spc o  o m   ms i B21, B31, B41 etc. t m i B13 
c b ccll by ppopi coic o  wi Δψ o  c:

  
2

2

2cos d cos sin
2

mB m m m
m





   




     
   (1.73)

  
tis m is zo w  gl sub by  c is 120°. t x 

sp is o ccl ou  ig o ms. as sow i  pvious xm-
pl, by usig  symmicl gm bou  z = 0 xis, v o 
ms  ccll ou by xig  umb o cs om wo o ou, s 
sow i Figu 1.32(b). t x m is  coibuio om B31, wic s 

Figure 1.32    () a c o cu poucs ssl spicl moics. two cs 
plc 180° p ccl ou v gs o s moics (o  
 cs  sow s o big pysiclly coc). t gl 120° 
is cos o ccl  B13 m. (b) y ig iiol cs symm-
iclly bou  z = 0 pl, v os  ccll. (c) ysicl l-
izio o  gi coil ivolvs cocig  iiviul cs by 
sig li scios,  opimizig  vlus o α  β o liiy.
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lso sow i romo  houl,42 c b m qul o zo by clculig 
 lv vlu o Cn,m,  suls i  gm sow i Figu 
1.32(c), wi  vlus o α  β giv by 21.3°  68.7°, spcivly.
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