CHAPTER II
THEORY

{l!éfTIE}

sagnetic Properties of Nuclei,

2,1 a, HNuglear agnetic momentsgl’E'T;a)

With regard to their magnetic properties, nuclei are
best classified in terma of their angular momenta and spins.
according to genersl prineiples of guantum mechanics, the
maximum measurable component of the angular momentum of any
system (in particular, 2 nucléus) must be an integral or
half-integral multiple of the modified Plangk constant
* (- h/2® }. 1f we write the maximum component as I, I is
then the spin quantum number, It is found that the nucleus will
have 2I+1 distinet states in whioh the componant of angular
nomentum aleong any sclected direction will have walucs i,
{1-1}, {(1-2),.... (=I+1), -I., In the abscnecc of externzl
fields, these states will =11 have the same anerey,

We may define a moximum observable componsnt of the

maznetic mmmentqi{ in terms of which the conplete aet of

observable values are m,JI/I , There m, the magnetie

gquantum number, may have the valuew

m = I’ I"‘l—, I"'E,-q--iuio, -I‘i'E, -I+1, -I - (2.1)

It is frequently convenient to specify magnetic propertiea

in terma of the ratio J’ defined by

J—
/q - B"’ﬁ T, (z.2)

whera I is the toté.i nuclear angular momentuwm in units -.::f‘h,



T

ins the nmagnetegyric ratio, it has dimensicons ol razdians per
Zauss second.

Another way in which nuclear moments are scmetimes
meagured iz in units of the nuclear magnetob /AVD s Whieh is

(7)

given hy

A, =i = 5.0493 X 107°%  srg /zauss  (2.3)
2w o
F
where MP is the rroton masa,
g 18 the proton charge, &nd ¢ is the velocity of light.
The musnitude of the nuclear magneton ia 5.0493 X 10_24 erg./gauSE*
The cbserved magnetic moment for a nucleuws of aspin I can be

expressed in terms of nuclezr magneton by

—

/‘{ = g &k -; (2.4}

2 M C
Py

where &, called wariously the nuclear g factor, thne gyromagnetic
ratio, the nuclesr apectrascopie aplitting factor, is a
dimensionless number of the order of wnity which, can be
determined by experiment of by calculation using guantum
clectrodynamics. However,?f.is the nore useful guantity for
Aigeusgsing maznetie resonance in gany respects,. The magn itude

of the angular-momentur vyector for a systes with spin I ia

AJ_ I (I+1) {2.5)

and similar modification® %ill have to be made for sther yectors.
From the tazble of known muelezr spins there are dertain

regular femtures which may bhe expressed in terms of the ztomie
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nusber 2 2nd the mass number 4. They nay be sucrmarized as
followsgl)

(1] if the mase number A is o0dd, the nuclear spin I is
half integral,

(2) if the mpass number A& and the charse number 7 are
hoth even, the spin is zcro,

(Ej if the mass number A i3 even but the charge number
Z is odd, the spin is integral. HNuglel with spin I = O
have no magnetic ressnance., It i3 impartant to note that

12 16

agne very commonly occurring nuclel such us ¢ and O [are

in thi= class,

2.1 b, Huclear Electriec Quadrupole Ihh::muen’c.s..'[}"E:J

Anciher nuelear property which is of some importancs
in connection with NMR experimenta is the electric quadrupele
moment, which is also related to the apin. Xuslei of spin
I - 4 1 wusually possess electric guadrupole monents,
Interactionz betwsen the electric quadrupele moment and the
glectrie [iesld gradient a2t the rnucleus in selids, however can
be observed in the same manner as nuclear nagnetiec resonance,
but can not be observed in ligquids because of the random

moticon of the molecules,

Huclear BEnergy Levels in = [Haonetic Field:tl’i’E’T)
—_—
If =2 nucleus with =z magnetic momentﬂ,&{ ig introduced

i
inte 2 uniform nagnetic field HD after thermzl eguilibrium

has obtained, the potential energy of orientation of 2 nmucloar

mament ia
- o N

E = -/q . By (2.6}



—
or, from Eq. (2.2} znd the properties of 1 ,

B =i-3/t' Hon ' {z.7)

where m= -1, “I+lyeerearaad-1y T

The 2I+1 distinct walues of the energy lewvels are sgually
spaced, the scprration beiween them Yeling 3’ t Ho. This=
splitting eof energy levels in o megnetic field may be refarred

to s a nuelear Zeeman splitting, because it is analogous to

the magnetic splitting of electronic levels (Zeeman offect),
It is illustrated for a system with I = 1 (and conseguently

with three stztes) in Fig. 2-1.

Zeeman Levels Bnergy

Fig. 2.1 Zeeman Salitting of HNuclear Energy Levels in a egnetic

Fiegld,

The hasis of NMA experiments is to introduce transitions
between these Zeeman levels by the absorption or emlission of
energy guanta. For 2 tronsition between neighboring levels,
the frequency )/;of the electromagnetic rediation roguire can be

found from the basiz of the HBobhr frogquency condition
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h 3/ = AE . (2,8
The energy difference between any two such levels in a constant

—
external magnetie field Ho 1=

AE = E (m') - E (m*') = {'ﬁ Hc {m*' - m"ﬁ. {2.9)

Only transitions in which m changes by +1 or -1 are permitted

by a sc-galled Selection rule, and therefore transitions are

permitted between adjacent states of an energy level echemg sush
as that of Fig. 2-1, which applies te a nucleus with I = 1, Eqs;
(2.8) and (2.9) with appropriate seleotion rules detepmlnes the
frequeney of the pradiation emitted or absorbed by the nuclear

magnetie dipoler

h y‘“ ‘B"l& H
o
EH .
-.o )/ = =) ’ {E'ﬂO)
27
We see, therefore, that for a Eiven magnetie field HD trensiticns
will be obsmerved only for a characteristic frequency for eaeh
species of the goucleus, this being proportional to both Hc and
the magnetogyric ratio }f' provided that all the environmental

effects are ignored,.

Distribution of Nuclear Spins in a Magnetic Field. (1.6,7,9)

If N nueclei per unit volume with energy E(m) are plaesed
in a uniform magnetic field Hc’ they will eventually occupy
the (2T + 1) energy levels, According to the Boltgzmann Froba—
bility distribution, the nugber of nuelear moment populations

K{m} 1& given by,



11

. N cxp (_n_"‘ar-h i) . (2.11)
i) = ——— - J .
2 I + 1 KT

At ordinary fields and tempoerateres, the exponent czn be

approximated tg

m‘rg H, = o A(Hc- = Ty & <1 {2.12)

kT IKT

therelfore, %g.(2.11) may be written as

H{m) = g (t +md) . {2.13)
2I+1
m = =3/2 Nm = __I‘:_ {1-3/2 6)
m = ~1/2 Nl‘il = N (1-1/22}
4
n o= 1/2 e = 0 1s1/28)
4
m = 3/2 Hm = _Ei_ﬁ (1 +3/28)
A

Fiz. 2.2 Fogulation Distribution omong the Levelaz B, for Iz}fE

A schematic diagram for the case T = }fE ia shown in Fig. 2.2

As will be stated in thée next section, the electireomagnstic
rodiation field EEl gin KETTvt) can induce transitions of
Am = b} only, auné does so witn cqual probabilities for

absorption and stimulated emissicn. Ancther way to indicate
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1z
thia fact s tnat, the populations at vguilibPium are given by

im) _ exp ( },t A, R ) ,
Hia) kT

J/‘t y {quﬁ)

o )

+4

= j - -
T

sincs, at room tomperature, I'krﬁc 4( KT.

It shows that at equilibrium H{m + A n) o d(a) .

Fron this, the Curie susceptibility or the static ducleanr

susceptibility or voluse megnetic susceptibility x can be
(=)

determined by

X -

At room tempurature, )Co is approximately 107

H

‘f 42 1 (1419, (2.15)

3 KT

10 11

or 10777,
It is intcreating to note that XG has becn @meesured directly
for the protoms in 20lid hydrozen.

. , . 1,5
lagnetic Rescnance AbSDrﬁtan.{ »6,7,8)

(1,7}

.4 2. Clessicel Treztment

The nature of remonance absorphiion can be obtained,
howsver, ty the consideration of the classiecal motion of a
magnetic dipole in 2 magnetic field,

—

—
Since the magnetic momont Jﬁt and angulzy meomentum F

cf a nucleus sre ralated by

;{F - B"’F‘? {2.16)

where'ﬁ'ia the magnetogyTic ratio, the classical ocguation of
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motien can e writter vectorially as

.

S M § }{}Z‘x H ) (2.17)

dtF

-
where E iz the applied nognetic fleld.

- gy
vectoyjﬂrwith an oanguelar valoeity HF whose xzesnitude and

llow 1f wo rotzate the

—l
direction are given by the vector WF, tae expression for the

rate of change of/A& is
—
1AM AN uo. (2.18)
it

Comparing these two sguations, we sce that the sffect orf the
] a e = ] A -
imaznetic field H iz sxactly =squivalzsnt to & rotatlon with

angular velocity

.

-

uF S L (z.19)
-l e .

Thus if H is a constaant fizid Hc’ the mognetic dipole will

-l
precess about the direction of Ho with angular velocity

il
—-HHD (Fig. 2.3},

Fig, 2.5 Presesszion of

Hagnetie dement A in

a Magnctie Ficld H3_ .
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The zrnzular velccity cof this nuclear vprecession is usuaally
referred fto ss the Lermor anguisr frogquoency.
If we et up ancther cooardinates system, rotating with
iy
the Larmor angulzr Frequency -J’HO, then if there were noc cther
S
magnetic fisld acting, the maznetic moment )Z would reraln

stationary in tre new freame., Tn thne retating frame, the static

magnetic field is effectively reduced to zerc. FNow suppose

Al
enother smaller magnetic fiszld Hl igs introduced, = [icld that
ig eof constant raznitude 2nd pergendiculasr to the original
-

field HG tut is rotazting about that direction (Fig. 2.,3). if
the fleld ‘ﬁl is rotating at the Larmor freguency itself, then,
in the rotuting system, it will behawve like a constant ficld

ard the torgue, being «lways in the same dirsetion, will causc
large oscillations in the sagle hatweenljzaﬂd the steady field
:E;. IT the rate of ratation of El passes through the Larmer
freguency, the ocscillations will be grectest at the Larmor

freguency itaelf and =ill show up 28 a resonance shenomonon.

-
244 b. Quantup-mechunical Treatment,tl’U’T’B)

We suppose that a nuclews of totzl spin 1 iz placed in
1 ¥ . 4 - . ] - v
a uniforon magnetic field Ho in the Z-direction, sc that tie
dtationzry State wave functions may bé , lateled by =, the
gompenent of I ir tié Z-Jiriction.” If, in zdidizion, we have
- -'-h ] = - ] - -
an oscilizting rizn-netic field Hl in.the x-ldircction with
amplitude 24, ond frequendy;), Hote theat the cosciiliating -
magznetie .field consizts of two superimposed £fe21ds which rotale

in oppesite directions. Consider the field{T}
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12.20)

This iz evidently sxproessible o5 the sum of the two f:’ualrjisiilir:I

B, right - Hy cos 21/ ¢ g left - ¥, cos 21Ty ¢
T —q = I 9 n - 1 = - i
L, Tight rIl sin E‘ﬂ‘}’ t znd 5, loft Hl sin 2 ﬂ"ﬂ't
I right = 0 | B oleft - O

= )

v (2021

which retate zbout the Z-axis with Froguency J , out in opnoaitco

directions in the x-y plane cach of omplitude H, .

¥ow, lat UU be the wawve [uanecticn of 2 nuclear sping

Then, the Homiltonigp opcrator becoiner

sty -V,
7 - o '
SR AR e Al
a ]
and 9-6 - -)’1:11*.012.
0
e choosc the gero-order Tunction to be y; =

d?[:a(’{m = Emi{m » B = _J‘t Ec .

Thern, Tollewing customary procodurce, w2 place

;L/ B 22; 6&. L, o B t/M
| h m {4

and find for the first order coefricients 62&.

y"% 1 . 24, cos 2fYe

U

(6)

(2.22)

{2.23)

(2.24)

. where
H

(2.25)

{2.26)
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s
FEI,) = l't Z <m1l JG T E-I:G) LA (t (=.27)

where Wm

I'f we suppose thnat el = 1 and
™
{0}
5 = 0, alt f mt
-ml1

the result of tha integration of Bg. (2.27) is, for values of

t in the proper ranze,

atl? {t} : = ta,gz{i ot ’IJ sn>’ 25(;}}“%-})}.

(2.28)

Jere é{: )) - }JJ) haz the usuwal inteagratle singularity =t

mto

Jo A s
ﬂm'm , otherwise 5()21-.@1 . )]) le

The transition prebability F bhetwesn two states o
' AN
and = rcorrespondiing to absorption or emission of radiationm is

1, if )} Tanges over

I
-

T

2 2 2
S A NS ‘Ix! r>‘ S(,)mr_z' ) (@)
where 613 the Zdrae é - funection,

el

2:) is the quantum-mechanical matrix element of
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4
I_between statea m and =

x
and;}rql 18 the freguencey correszeonding to the ensrgy gap

between these states, i.e.,

B /mr“' =‘_1_:m_m'i Jtl Ho o (2.30)
whern }m~m1 = d m. The transition cazn cccur by the aelecticn
rule A a = T2,
From 8q. {2.2%) , it predicts absorption only if the
fraquencyjjexactly colincidea with the anatursl frequeoney )ém"
Ia practice, the linecs are broadoned by wvariosus fectors. By

introducing o line-shape function gf J] which is proporticnzl

to the abeorpticon at freguency }}, such that(lj

&l
jgm.d,} 21, (2.31)
o

then a semi-emnpirical transition probobility will be

2

P\ - a‘ le ,l<h* ’Ix' JE>/ 25 {,ﬂ}. {2.32)

2"'4 L% 3™ Line Brﬂﬁﬂeﬂin%‘(lflﬂj

a8 previcusly mention, absorption occurs not at cne
single aharp frequency, but over a rapge of fregquencies ziving
a broadened line, This breosdoning is due to 2 variety of causes
scme of which we shall consider in this section.

Natural Widih Due to Sypontansous Emissiun.[lila)The

natural width of any transition is determnined by the finite
lifetime of the upper state, &nd 15 found to be auite negligible

compared with widths dues to othoer cawbes,

(1,10)

Width Due %o Spin-Lattice Relaxation, The ardcer of
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magnitude of tho brosdening can be estinated {roz the uncertaint

principle

=

AE At o - B (2.33)

Since A B = hgj)) y then itne uncertairnty in the fregquency of
absorption is 1/(2 ma t).. Thus the line width measursd on a
frequency scale, owing to spin-lattice relazation, will be of

the crder of lle 3 whore T1 18 the =spin lattice relaxation ting .

Additional jlachnetic Dipo}e Broadening.il) Under certain
cireumsztances, tﬁ; interaction of magnestic dipoles can lead to
a8 greater broadesning thuam that siven by the spin-lattice
relaxation. This happens [or nuclei staying in the same relative
vositions for a long time, as in solids or highly viscous liguids.
It is convenient to dzfine another characteristie tine T2 :

smaller than T,. To do this, the maxicum value of the line-shape

funetion g{;}) ig initreduced as,

T, = 1/2*/-.5 (a»*)j s (2.34)

.

Because the interaction between nuelear nagnetic momants is

the largest cause of broodening in nany solids, T2 is sometines

referred to 2s the spin-spin relaxation time,

Electric fQuadrupole E.‘f'fe-::tE_l"':"m:I & Turther cause of

broadening can exist for nuclei with spin I >-1f2 y in which,
glectric quadrupcle moments will interact with slectric [ield

gradienta.

liagnetic Field In-homogeneity Eruadeniggglo) & further

cange of droadening is the variation of the static magnetic
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fielid HD nver the dimension of the sample,

Spin - Lattice Relaxation Time, (le (1,7)

In addition %o the eguilibrium of nuclear spine in a
magnetic field, we have %o consider the rate at which this
distribution is approached. As we shall sce, this is = very
inportant factor in determining the nature of ¥ M R absorption,
Suprode, for exaurple, we have an zasembly of nuclesr spina
{with I = 1/2) which is initiglly not in & nagaetic field,
3¢ that the populaticna of the two nuclear spin states are
eguel, Il a steady magnetic field Hc igs then appliesd to the
syster, we may inguire how lonz it takes for the aopulations to
reach thelr new equilibrium values. If n_ and n_are the
nugber of nuglel per unit volume in the upper and lower Zeeman
states, respzelively, we attenpt to determime the volue. of

difference {or excess number per unit volume)
n = n = n (2.35)

a5 a function aof time,

Let ® and W be the tctal probabilities
(- S—

—n-+)

rer unit time of a2 single transition of a given nucleus %o
make upward or dewnwoard iransitions by interaction with other
nclecular dogroes of freedo., These two brcbﬁbilities w1ll be

5lizhtly 2iff. runt, for in equilibtriwa the total number of

Lt ftransitions ST unit time wuat be =gual to the correspondiag

nuiher of Jdowrnvwari transitionss :

T % Ve o) T R Ty (2.36)
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At eguilibrium, we found thot

ey 1, J L
— . . =1+ . (2.37)
Mo o) n_ kT

ropulaticn n

k| W

+ o - +

lﬁi
l population n_

Fig, 2.4 Trhe Populations zt the Uecper and Lower States.

We muat suppose that the total probabilitles W are related
to the guantum-mechanical probabilities P through the Bolizmann

factor of the final =tmte, even when eguilibriuc has not yet

obtaineﬂ{7}3

. axn (-8 /7Y . 2,38

(g —>q) Plo_5q) °XF [t‘q’f ) (2.38)
Since P{+__qr_) = P y = P, for the case I = 1/2,
we obtain

% =

i y = Foaxp ( _Y . oy,

(+ —-) 1T

J(-—b‘i-) = F exp [ + — ) .

The excess nusber n changes by 2 for esach transition. This
fact and the definition of the probabilities lead to the

differentiasl cquation
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dn . -
” - I”{...[. +} —2n+ ‘H{+ __%_:] . {2140]

Since = <3f Fy, the differtizl equation for the total number

(1) S ‘ ,

of apins, by substituting

v N
W = P | 1 3-'-1-{ H . T
':'F —-b-—:] - L y e L]
ke
o ﬁ'ﬁ Hy -
O R . (2.41)
~ kT
sbizined from Eq.{(2.3%), into Eq, (2.40) can be found as
dn \
- ~ 2 P(n, - nj, {2.42)
e
where it = - N &

a 1% the egquilibrium wvalue
2 kT
of n, Integration of BEq. (2.42) yields

. ' -,
n = n L 1 - exp (-2Ft) . _ {2.43)
Trme: characteristic time,
P o S (2.44)
2T

is ecalled the spin-lattice relaxation fime or the fthermal

relaxation time. Thia time a5 a seansure of rate at which the
3pln system cones into thermal egquilibriur.,, The wvalue of P cdn

be  conputed from Eq. (2.32),
(6,7)

Gpin-a7in interacticn time,{T L

2

In fact, the total magnetic field at any sinzle nucleus
congists not only of the applied finld HJ, but includes also
the rozultant of the lecal [fis=lds produced by the statice

components of neighbering magnetic dipeles. Depending upon
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tne arrancenent of its neishbors smong the 21 + 1 walues of

_XIH , & ziven muelsns sess & #lightly larger or slightily sreller
figld than that extornally aypliad.. One ¢an obtain an votimate
af the expucted wilth for the snape function g('bﬁm,] by
congidering the local magnetic field zroduced at a particular
nuclazr moment by its neighbors. The field of a awgnetic

moment /é{at a distanee JJ  is of the order of /L{/,25 .

1f we consider =2 peint one Angstrom unit ~way from a

naclear magneten, we fiad (6,7)
b ‘?——jﬂcf -8 3 = % znuss
loc (107 T em) \ = -
Phus in solids ane expeets 7 1) to hove a width

corresponding to the effect of distributing the rnagnetiec fields
at the nueclei over several gauss, GSince g (l%ﬁm') is a
normalized function, its peak value is an inverse measure of

tie width, In faet, 2 spin-spin intcraction time, or relaxation

tine, T2 ig defined byiﬁ}

-2 e GO 1 . (2.45}
Jf:lax

The vibration of leoeal fields over H = 8§ gouss determinea

“loc _
a spread in the nuclear Larmor frequencies of E?Iﬁykﬁ J{ H100 .

(6)

P o~ 1 A~ 10_5 SECa

2 —
thloc
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EP'QE
—
=
_E"\.
s

e

£ -

. o N HHE"— = }/f
X =24 e

zr
Fig, 2.5% The Shape Fupction g i_ytf ) Anticipated for dMagnetie

g N\

Bescnance in Bulk Hatter.

(&)

Figure 2,5 represenis the shape function el j/ﬂ'n]'
il il

The expeciations are generally borne out fer solids, but line

widtha pre usually narrower, and T2 cerrespondingly larger,

2.7 Saturation{%?a'll}

Wie now define two new 3pin operators, the nromotion

aperator I+ and the demotien opsrator I, which =zre characterize

by
I-i- - IX + 1I}r
(2.46)
I = 1 - il
- X )
. (1 + 1
or Iy, = — * - ). (2.47)
g
Consider the rnon-diagonal wnaitrix eslemnsnts <w ‘le m—l)
wi ot
1
' 1 - - el | !h+1> .
Coltgoay - — <o fide e Gl fn

From thne properties of promotion and denotion oparators,
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we Know thatill)

<::r,"_L+' :.1-1) = \'{{I + ) T - m + 1) s
<mJE_|m—1> - o, (2.48)

Then

-’

) 4
1
o o (I + @Y (I -m+ 1)a.(2.40)
Ghley] -2

Substitute Eq. (2.48} into Eg, (2,32}, we get

=

1 2 2
Pyl = ~4—~ J/ o, & ()}} (T + m){I - m + 1). (2.49}

For the case I = 1/2, this reduces to

p _ f 5 2 Oh. (2.50)
il

The owver-z1l1l absorption of ensrgy from the oscillating mognetle
field is proportionzl to the nroduct of P and 4he diffcrence of

(1)

populations

P{n_~ n_) = Pn. {2.51}
The tendeney of this not absorption of cnergy will be to
reduce the excess population n and 50 reduse the probability of
further absarption. The smeznitude of such an affect will
ineérease with the anplitude of the oscillating field and 1is
referred to &8 saturation, It is liwmited, of course, by the
tendency of the apin-luttice relaxation process to restore
the excess population to its equilibrium vzlue,

In the absence of the escilloting field, the rate of change

of n is deterpined by the spin-lattice relaxation equation

(2.42), Now, this must be modified by the addition of a term
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- 2Pn to the rizht-hand side, since each transition induced by

the oscilluting field reducecs n by 2, Thus

oL DT ey, P, (2.52)
dt 1,
This may be rewritten
. " "
e = DEEPR (ne )y (2esE)
it Tl. 1 + EPTl

hecording to Eq. (2.53), by substituting P with Eq. {2.50),

n approaches a new sicacy velue

I

O
_ (2.54)
2 2
1+ 1_3/ Herertit (V)
2 .
at a rate for which the chararceiceristic tice is
]
. (2.55)
1 g2 2 /

If the value of 4, is large, the value of n given by Eq.{2.54)
nay be much less than it3 equilibrium value, and the
correapending net a2bsoerption of energy will be reduced, The
greatest degree of saturation occurs at the maximur value of

g {}J), where absorption is reduced by a fzctor
n

2 N 1
{1 +H Hy T, T, 17 {2.56)

Thiz2 is freguently called the saiuration factor,
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'
Facnowoena Denendent on Sween Hate.kl}

If the rate of zshange of Eo is fast cvngusn, the signzl

chonges 1t9 shape z2n? shows o sories of characteriztic

ascillations, or " wigszles, " in the $ail after passing resonanc:.

This phencmencn was first obscrved by 3loembergen, Turcsll,

and Pound, Tne effect of the r.f. Ficld H1 near the rescnance
gondition is to turn the magnetic coment away from its
ecullibrium value pornllel to the strong ficld HG. Indzr the
slow-nzssage conditions, the mognetic moment will return to the
equilibrium value according to the adigbatie sclution after Ho
has pasaed tie rescnence value,., I the variation HG is rapid,
the moment will neot bo able to feollow it, and that the mugnetic
moment will s5ti1l te left in &2 noneguilibriuwe direction after Ho
has passed ao fur beyond the resonance value that the rf, ficld
ia no lonzer able to exaert ony effective torgue., During this
pericd, the marnetic moment znd the rf, field Hl will be rotating
about the directioan of HO 2t different rates, 3o that they will
slternately go in and out of gphase, The abscorption signal,
which measures the out of phase component, will thercfore

show a series of damped oscillations after passage through
TH3OIIANGE &

The Apnlication of MNuclesr Wacnetic Boeseongnee in hicasuring

Field.(lg’li}

the Hasnefic

Thne nuclear magnetic resonances pnenomenon is proving of
zreat value in the accurcte measurewent of masnetic fiazlds,
The accuracy is limited only by the measurement of freguency

and of course the homogeneity of the magnetie field, Apsolute



%)
=l

accuracy of better than Yo,o rercent is obtainable, depuniliing
only on precise mensurescnt of [reguency. Hizher zccuracy is
roasible in comparinz {ields and in measuring field changos,

Ir making a peasurcnent the tuning capucitor of the R.F.
o3¢illator unit is varied until the resornant peak appears on the
C.BE.0. sereen, The field strength is then determined from the
well-known eguation for the precessionsl friquency which in thia

czge reduces to

T, = (254.587 £ 0,29 ) X 1@'5)/, {2.57)

where ﬁ?is the magnetic field strangth in faussi and y}is the
Larcor [roguency or resonsnt freyuency in cfs.

From the magnetice ficld strengths ot tioe warious pesiticons
hetween the gap of the glsctromagnet, we can determine tho

homogeneity of the magsnetiec ficld,
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