FIZIKA Volume 21, Supplement 1, 1989,
Proceedings of the XI Yugoslav SYMPOSIUM OF THE PHYSICS OF CONDENSED MATTER.
M. Davidovi¢ and M. Lj. Napijalo Editors, Donji Milanovac, October 3—7, 1988.

APPLICATIONS OF NEW NMR IEQ

Janez Stepisnik,
Physics Departent, University EKardelj and
Institute . Stefan, Ljubliana, Yugoslavia.

SUMMARY

The density maftrix formalisi is employad to derive the spin response
to the radiofrequency field and the magnsetic field gradients at MR
imaging experiment. In this approach the eflects of spin paramstars
and their application in medicine and physics of condansed matier
are visualized cleaily.

INTRODUCTION
Nowadays, the nuclear magnetic xesonanoou'a) is the tool used for

investigations in diffetrent fields of physics, chemistry, biclogy and
medicine. With new techniques which allow us to detenmine the

image of spatial distribution of spins and their properties insi )the
macTascopic lo which were first introduced in and
developed later \“"4°/ _ it is used for the visualizing the spatial spin

distribution, the distribution of relaxation times; the chemical shifts and
bxthomappmgoltheﬂowva!% tg,huibuﬂmh\aﬁnidltaﬂowsus
to maasure the spin parameters % and provides us with the

fmportant information about the structural and dynamical propertias of

matter and in medicine with functional asseasment and physlological
status of body organs.

The aim of this review is to considar systamatically the paramsters
which reflect the eflects of spin interactions and its migration on NMR
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signal and provide a classification of the different imaging methods.
In spite of the fact that spin dynamics is usually described by
modified phenomeanological Bloch equations, the density matrix
formalism is employed in this review. The advantage of this approach
is“that the expressions for response of the spins to external magnetic
and radiofrequency (rf) fields are more compact and allow the effect
of spin intaractians in matter and spin spatial motion to be visualized
more clearly.

SPIN RESPONSE

The free energy of a coil containing a sample of magnetic momsnt M
aiconstantbmperanueproducpdbyachangeinmagnoﬁcﬁeld sBl

is
SF - - M 3B )

where B, is the magnetic field at the location of the magnetic

l(’he free energy can be also expressed in terms of an
elacuic current ic which produces a field Bl' and a magnetic flux @
induced by magnetic moment of the sample

SF « -® si )
Thus the voltage induced in the coil 80 is
voo gt GE .- gu) @

Todlsﬁnguhhbetwaenmomagl\eﬁéﬁeldsint}wreceiverand
tlansmimtcoils.!l\atofthoreceiverooﬂwﬂlbedenotedasBk.whib
the magnetic field of the transmitter coil is given a By,. In a sample
with many microscopic magnetic moments (the spins), the induced
e is given by

u-- %‘;‘caii‘?@n(ﬁ) 14D (4)

wherte v is the magnetgyric ratio and r; is the radius vector of the
location of jth spin, I . is the campo of the spin operator along
the coil axis, Exp! (4) shows that if a coil canying a unit
cunmprod:wesaﬁeldﬂhatthepokuofaspinﬁmnﬂwmmﬂng
nagnetic dipole of the same spin induces in the coil an emf
propartional to the sum of the products between the spins and their
related magnstic fields. The average can be evaluated using the
dendity matrix operator ¢ (1) to give

U P T e )
where o) - J

Byushgthegueevoluﬁonoporm U (V) the density matrix can be
formally written as
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olt) = U (1) o(0)U k1) ()

where ¢ (0) is the initial density matrix at the moment when spin
excitation starts. In the high temperature appraxdmation the equilibrium
density matrix is
0(0) = o (1 - hag > 8;1 ;) ]
]

where the matrix operator of the lattice is ¢ and where B. describes
the degree of spin longitudinal magnetization. The longitudinal
magnetization of spins may be non-uniform ejther due to an
inhomogeneaus static magnetic field or due to some perturbation
priortomsexperimem.andﬂmsajdependsuponthobcaﬁono!
spins. An example is flow measurement made by the time-of-flight
melhod.wherea]dependsuponﬂlmwhichﬂ\ospinsspendmme
magnet.

The time evolution operator in the expression (6) is dafined with the
haniltonian by the formal relation

U@ - Texp( - } H () dr) (8)

The time ordering operatot% prevents direct evaluation of eqn. (8) by
simple integration of the comulant and it is necessary to employ some
approximate techniques. The general objective of the spatialy
resolved measuring techniques is fo label the spins in some mannaz.
In magnstic resanance this is achieved by applying a non-unifarra
magneﬂcﬁeld.]!thsstaﬁcmagneﬂcﬁeldB is inhomogenecus along
the sample, then the precession angular frequancy of the spins

wy = ¥ Bg )

depends upon he spin location as well as the spin magnstzation.
Thus the spatial displacement is shown as a frequency displacemant
A similar effect can be achieved by non-uniform field of the
trangmitter or receiver coil. If the 1f field of the transmitter coil B, is
non-uniform, the degree of spin excitation depends upon the s
location and if the field B is non-uniform the receiver coil detects
signals which also depands upon the spin location.

The transmitier coil genematas a magnetic field

which excites the spins. In a selective excitation expariment where
only the ruagneatization in a thin slice of the sample precesses in a
transverse plane the magnstic field gradient is applied during the ff
irradiation period. Thus only spins in a certain plane ate at exact
rescnance and interact strongly with the ff puise. The shape is
wvalldofinad if the ff pulse amplitude is modulated with the degired
spectial distributian. Thus the magnitude of the 1 excitation pulse is a
function of time and position in genezal
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" Here it is assumed that the hamiltonian dencribing the system, and
the spin dynamics in paricular conslats of five parts

H() - Hy + Hg(t) + Hd(t) + Hyny + H (I
The Zeuman part

H, - -h%% L (12)
the gradient part

Hg"hv 6(1) 3 (1) - 1) Ly (13)
the mdicftequancy

H (V) - -h'; w8y, O sin (oot + 8) Ly (14)

The hamiltcnian H, includes all remaining spin interactions such as
the spin-spin interaction, the inta=ctiars with alectrons, the
quadrupcle interactiors and the interactions between spins and the
lattice. H is the lattice hamilirmian itsell.

" In the czdinamy N\MR free pracession exparment only the excitation if
pulse is appied. Here we shall conaldes a more ganaral approach
whate spin excitation is achiseved using a type of spinecho if pulse
saquence cansisting of a soft x/2 pulse and a sequence of x pulses
of various phase. In cantrast to the initial excitation pulse whose
wmdadspmdsupmﬂwﬂmeandu\espinlocaﬂm&wﬂeldqt
of the = of pulses is assumed 1o be complesly unifomrand time
independent In ardar to simplify further canaidaration the x pulses
are assurued 10 be short enough to neglect their spatial selectivity
whin applied dmibareomly with the magnetic gradient Hete we
Mdoptanmdﬂw&imwhbhmaﬁmem&m
operaky written as a praduct 25)

U -4 Uy Uy, ug Urte (8)

wheme {j inchides only the hamilvmian Hjand K, . Uz is the pan
due to the Zeuman intlactam, Uy is from the interactions with the =
pulses, U is related to the gradient intexeaction and U, represents
the spin &ne evohitian dus fo the excitatian by the irfial if pulse.
Each sepamtion of the time evohition ocparatar means the
tranaformadon in &4 new inraction represantarion.
Subsristion of the exprasaian (15) into eqn(8) gives the emf
voliage
h d “l pp=lyp-l ;pby-1
V- %KT‘ U U, U UraloiUrto Vg Uinels ULty o) DL,

06)
Here the bracket {_)1 reprasun® the avemage over the all cther
degreas of fieedam except that of the spin. The purpose of the initial
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excitation ff pulse is to transform the spins into coharent state either
in the whole volume of the sample or in a cenain selected part In
order to to achieve a selective excitation, the 1f pulse is applied
simultanecusly with the magnetic field gradient. The effect of such
oombinadenﬂiaﬁonoxsthespﬁ\sysbmhasbeenueabdmﬂng

dxﬂaxentappr In the fallowing it will be exprassad in
genaral form as

'I'heflmhmeva!uanonwnhﬂ\egrediemumgives
% Uto &j Uit Ug.l - M(r)[ L cosle; (1) + o) + (8)

N + L,isin(pj O % )] + (i lzj
M) -/ RF@ + B} ®)
and 1 AW
o - tan” 3 10 (20)
and where
9% W« v [ GoI[x(t) - 1 T ar . @

Transformation into the tilted frame by U, changes the sign of the
opezator ltakod\mwmeslmdﬁ%dgq l“dopadng
upon the phase of the x if pulses and on the nurmber of pulses
be!o:etl'uatiﬂ«;olmsasn.\renm\ts.!ngarnemlvavvoclem.c:tethna.'.ignoflxi
asP(Oandof asPY(t)attheﬂmot.hismumedthanhesys
xsinastrong field and that all other spin interactions but
Zeaman one are small perarbation. In taking the time derivative in
the expression (16) all other modulations, except the free precession
wﬂhtheavemgadﬁaquancyuohmbomnnglecbd.Thusby
substitution of eqn. (18) into eqn. (16) emf inciced in the receiver coil
becamss

22
U- Eif" px;:ai CTeLy L) M1(0)] wy,[1,(0)] cos[e®) +
‘o P, l’y w,t ]>L . (@)

The paramster Mir) in eqn. (22) becames indspandent of the spin
bcaﬂonuﬂ\mkmm\eﬂcﬁdd-gmﬂiemandwhmanhmm

along the sample t

M - sin[y g B, (1) dr] . (23)
Undar the same canditian the phase « is zero. In the ardinary fiee
hdmﬂmdoc&ywmmoabmdmyxnpuhes.Px



a\dPyuoequdbmdty.btnhthespin-ochoW\!whlchme
a saquance of x if pulses their value may be 4 or -, leading to the
change in sign of the signal and the sign of the phase. They change
abo the sign of the magnstic fleld gradient. Afer each x if pulse the
sign of the gradiant is revemsed so that eflactive gradient can be
wiittan :

Gotf(t) = Py(t) P (1) G(1) (24)

Equation (22) represents the basic axpressian for the spin raspanse in
the case of the selective excitafion and application of magnstic field
gradients. The mesmning or imaging of the spin dendity, the
disuibution of spin relaxation times, the flow. and the eflects of the
spin miguation are dsteruined by the paramsters in the expression
Thus the parameter g is proparicnal to the longitudinal megnetization,
and depunds upon spin-atico relsation time. it also depends
upon the velocity at which the inflowing spins have insufficient time
bwhﬂwqﬂbmmao.ﬂwpmmhl,déiﬂdmw
spinspin intemaciana. it rodhilates the free precession with
creatad by spins naighbours. In somse cases it can be described
onlybythemlmmm'l'zas

j21-: Il = T 1,2, oxp (- "tfi ) (26)

SELF-DIFFUSION AND FLOW

The idea of using spins for meamuming malacular migration dates back
bwmmdmmwmm.mmﬂm
dmgm(ﬁ)mmm ic flow

(self dif\mion)* ™ or macroscopic 4'lowa:v.t:mk:klyreallizsd.‘l'l\e
major advardage of using NMR for thase measurananss is that the
sample is unaflsctsd by the meamuing prooess since there is no
direct contact with the fluid. Thus, from the very early days of

flow rasnirawas have been made on very difimment systaus

Which even included some physiclogical applications %253, Several
methods for meamuing the spatial migration of spins have

proposed and most of them have been applied ),

The radius vector of the migmting spins 1j changes with time. An
averaged spin location can be expressaed simply as
(xl(t)) - 5o ¢ Y (20)

whate V, is the averagad velodity vector of jth spin during acqusition
ﬁmodt]wm)h\ﬂwmmlm&wspm:ospomegimby
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“eqn. (22) the migration eflects the recuiving ability of the coil thucugh
tlwpamnutmuh(l)(())andalsocbangasﬂwphm

1
o(0) -« v [ o)1) - ] at (21)
.0

The detafled tregiment of the efiact cmmed by varation in e, is
given elsewhare?> 35) byt hare anly-the- eflects of the phalh
changes caused by motion of the spins tucugh the magnetic field
gradient will be considered. Neglecting the # nonumitornity then the
average only of the phase in eqn(22) needs to be This
can be done using the comulant expansicn thearem>2). If only the
first two terms of the expansion are taken into account it is
trangfarmed into

<cos[eft) + @ - exp[-g(]Joos <oy + 5]  ©B)

where t t

§O - F [ o J 6,040 DBty &9
with

% Pre 9P 9 P <0)
and

oD - 5 - 1) O + % 10 0
with t

RO - v [ @yt @
and

01 (G0 ar %9

The exprausion (28) represents an atanuatad cacillation, with the
_atenuation deterined by the parameter &), which dspends upon
the spin ¢oordinates at different ties and is related to the
randomization of spins caused by migmtion sjnce it arises from
turbulent flow or micrascopic eaifdiffusion. Applying a gredient along
the x-axis, ) becxanas = |

21 t
GO F [ [ G ) D oI 50
where locatian ' ) carrelation can be expiessed by the velacity
autormmeladan function

o e (g G2 o o
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wweDnd(u)isﬁwspocmdﬂwxmmmdﬁwva\odty
elat

Dog @+ [ <rf vy f0 ) explod ot 36)

D,_ (). the value at » - 0, is idenfical o the salf-<ifuslon coefficient,
D1 the spectum of the magnetic field gradient is defined as

t
Gl 0+ [ Gypgf) el o @D

then by substitution of eqns(38N37) into eqn(34) the attenuation
pararnstsr becomes

:,m-gé_fﬂgﬁ“ﬂecu,ofdu (38)

This is the convolution between the spectrum of the velocity
atooomeldiars and the spectium of the eflective gradiant. Whenevear
the camelmtion time of the malecular translation motion is short
compared to the time scale of the eflective gradient changes only
ﬂwbwm:ypmdbn(u)physambmeqn.(wlmthlsm

&1 can be appraximated to
gj(o-ff-nm(mj ——;z—d». (39)

which Is equivalant to the welkknown result derived by Temey™ for
spin echodargpaning if the Parceval identity is taken into account

tu
40+ o @ [1] Gyt f au (40)

This means that eqn. (40) is just an approxination of the more general
expremaion (38) which valid for any camelation times. With a certain
reindarpretations it can be applied when the dynamics of turbulent
flow i congiderad Thus this cansideration gives that the
reoasurements of eelf-difmion by NMR might yield informatian not
only about the diffusion constant but also about the velocity
autncarmelatiars, 1.9. its gpectum

CONCLUSION

mf@gmsm)mm)mm(wm«udmm
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2
o R Ty My Digenl- 140
* gt + v coolFOG, 1) - 10 v+ o + PP ogt] . (4D

which can be wiitten in the continuum Hmit as
u. ““ hup p v 12 [ a® o) B(x)m)etxp[—z(;) -2 ]

. q,[x + vit] coFOG-15) - 100 v +-a )+ B B wt] . (42)

Here the spins density is dsfined as

p(:)-%S(x-rb). 43)

and T 2manstlwtrecoomomsph.

In eqns (4D and (42) By, of the x 1f pulses is esumed to be unifor
in the excited part of the sample. This means that the active region
of the transmitter coll exdend the width of the salected slice, and spin
nmigratian should be slow enough to avoid an appreciable cutflow of
spins from the coail in the time acqusitian of the FID. These resuictions
ate relatad only to the x If refocusing pulses, the magnitide of the
inital if pulse may be non-unifarm-along the saniple. A dsiafled
analysis of the case of spin refocusing by non-uniform x 1f pulsas
gives a spin response which is much more complicated than eqn
(42). Such a case has been alleady treated“” by cmnaidaring a
spin-echo expetiment on a flow in liquid. Howevas, with the restiction
discussed above, eqn. (4]) is a general dasaription of the spin
raspanse of the flowing fiuid There are various parameters
depandent upon the flow velocity which can play the daminant role
in any particular chasen experirantal procedhwre. In the NMR
cahsrent FID exparimant the emf signal given by eqr42) is
converted by quadratwe detection info two signals Uy, and Uy,
which can be wilttsn in camplex form as

U- Uy + Ugp - K J dlr 3 q0v) exp {1 [FOG 1 ) - 200 v0D+ «x )]}
with ) 44)
K- ""’zp T 12 - 48

T2
c

and

roftv-0 1 + V] 000 000 M) e~ 7y -t ]. @8
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This expre=zian is applicable fo varicus fmaging schewes and gives
us, after Faurisr tansfcamarian, infomuation gbout the disuibation of
spin density, the distibution of relaxatien tmes T) and T, and also
mmndmamnmdmnﬂowm)mvdocnydisﬁbuﬂmdﬂwﬂow
The velocity distibution can be obtained either from incarplete
ruegrsidantion recovery and transfer magnstization from g, the effects
due to the 1f fleld ranmiforrulty seen in o) and M), or from the

phase changes exp(itv). caseahavobom
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