Nuclear Quadrupole 12

Resonance

Nuclear Quadrupole Resonance (NQR) is a branch f

frequency region of the electromagnetic Spectrum lik(; !S
ny other branch of spectroscopy, this also deals with t]
diation and a set of energy level

pectroscopy occurring in the radio-
uclear magnetic resonance. Just like

N ‘ he coupling between electromagnetic
S, 1n this case nuclear encrgy levels,

12.1 THE QUADRUPOLE NUCLEUS

A nucleus with 7 > Y2 lack the spherical Symmetry along the spin axis. Such nuclei are
shaped either elongated or compressed along the spin axis. The former one has a prolate
spheroid shape (symmetrical egg) and the latter an oblate spheroid shape (flattened disc).
; Eventhough the charge density inside a nucleus is un'i?(;m, the distorted shape gives rise
' to a charge distribution which is nonspherical. The electric quadrupole moment eQ is
defined by .

eQ = J’p(x, y, )r*(3 cos® 6 — 1)dt - (12.1)

where +e is the charge on the proton, p(x, y, z) is the charge density at (x, y, 2), r is the
distance of the volume element d7 from the nucleus and 6 is the angle which the radius
vector r makes with the nuclear spin axis. The nuclear quadrupole moment eQ, a measure
of the departure from spherical symmetry of the nuclear charge, is greater than zero for
prolate ones and less than zero for oblate ones (Figure 12.1).
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for quadrupole configurations: () ! > 1;eQ > 0,

Figure 12.1 Representation of nuclei
‘ ) I=1,e0<0.
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so that
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n is introduced which is defined by

p=dn_I» (12.5)
Dz

m 0 to 1, n = 0 corresponds to axial symmetry whereas 171 = 1 to

In general 7 varies fro
= 0, 9WVIdy? = —9*VIdz®.

the condition 92vidx? .

12.2 PRINCIPLE OF NUCLEAR QUADRUPOLE RESONANCE

A quadrupolar nucleus will have different nuclear orientations causéd' by the intefaction
b-etween the nuclear quadrupole moment of a nucleus and the electric field gradient, giving
rise to a set of quantized energy levels. Nuclear quadrupole resonance speZtro'sco ; gde'ﬂ;
with tran ition between these quantized energy levels when electromagnetic rad'Pz)l)t,ion ‘of
proper freguency is allowed to interact with the system. Though the orioicn of th ]l |s are
'e]ectncz.il in nature, the transitions are of magnetic type since Dtransition SD ; de Zvi s 3:
interaction between the magnetic component of the r-f field and i o
the nucleus. d and the magnetic moment of
NQR is observed for solid s ' : .
cradient to zero in fiquids and g;l;l;slecs) ;)t:ﬁ:uszmrr;:lrecilar mqtlon z?veraigses the electric field
riost common ones. >°Cl resonances generally fall in (t)h n;lclel studied, *>Cl and N are the
are not easily saturated by high r-f levels. 4N s of ist-o—40 MHz range and the signals
of bonding in’ different molecules. For better results thereSt BSeusSUon it difet S b
reasonably large value for the nuclear quadrupole mo;nen: nugleus under study must have
chemical bonds associated with it must have an appreciabl and natural abundance. Also the
large field gradient. ppreciable p character to give a sufficienty
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Though botl! [}IQR and l\’JMR involve the cou
Anerey 1cvols..(l‘u~(crcnccs c‘x\:u between the two,
nagnetic in origin thl“:\tf 1t is of electrical or
enerey lc\'CIS‘ are l"l_‘“l’m‘l‘lmml to the applied magnetic field and transitions are usually
qrudied by u\?“mg a hx‘cd lr‘oqucn}.cy oscillator while varying the magnetic field. In NQR as
(he electric ficld gradient is a fixed propetty of (he solid, a variable frequency detection
gystem must be usmjﬂ ‘

ling of r-1 field with a set of nuclear
In NMR, the set of nuclear levels are
ginin NQR. In NMR, the splitting between

12.3 TRANSITIONS FOR AXIALLY SYMMETRIC SYSTEMS

12.3.1 Frequencies of Transitions

For systems having axial symmetry, the Hamiltonian representing the interaction between the
auclear quadrupole moment of the nucleus and the electric ficld gradicent leads to the energy
gigtn\'alucs

_ e?qQ[3m,2 - 1(1 +_l)]
m‘_ 4[(21__1) IR : (126)

where / is the nuclear spin quantum number, eq = (9%V/dz?) is the magnitude of the electric
field gradient in the direction of the axis of symmetry, eQ is the nuclear quadrupole moment
and m; is the magnetic quantum number which takes the (27 + 1) values

m=11-1, .. -1

The states +m; and —m,; are degenerate as m, appears as m% in the expression. The selection
rule for magnetic dipole transition is ;

e B Amy = £1 | CE22T
The frequency of the (m; — 1) — m, transition is given by ‘
: 3e2qQ- o e
= 2 -1 2
v 2121 - .( | my| ) . (12.8)
There will be I - % transition frequencies for half integral spins and I for integral spins.

The NQR frequencies of nuclei usually lie in the range 100 kHz - 1,000 MHz. The
expression e’qQ/h is called the nuclear quadrupole coupling constant and has the unit of
frequency. : ' V ' ' 3 \

12.3.2 Half Integral Spins =R
For nuclei having spin 1 = % (**Cl, Br) Eq. (12.8) allows only a single transition of

frequency,
”; '/-".’\\
e"qQ

= (1D
T 322

For nuclej with spin [ = % ('271, me), there will be three levels and two transitions.
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Figure 12.2 Energy levels and transitions for (a) / = ¥%, ) I = %.

12.3.3 Integral Spins

r integral spins, the energy expression Eq. (12.6) leads to (/ + 1) doubly degenerate and

 one non-degenerate levels. A single resonance line results for nuclei having I = 1 ("N, 61.?};

_ the frequency of which is given by

3¢%qQ '
= 2= 12.11
ah o
The energy levels and transition for / = 1 case is illustrated in Figure 12.3.
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Figure 12.3 Energy levels and transition for 7 = 1.

From simple considerations, it can be shown that intensity of NQR line becomes i
maximum when the r-f field is perpendicular to the symmetry axis and vanishes when It
is parallel. Therefore, a study of the dependence of the intensity of the quadrupole lincs.oﬂ
the direction of the r-f field with respect to axes fixed in the crystal helps one to detern}__'ﬁe.
the axis of symmetry of the field gradient tensor. The experimental observation of transitio™ . §
in a system also helps one to determine the quadrupole coupling constant e*qQ/h.
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12.4.1 Half Integral Spins

Formulation of exact solutions beyond 1 =

AP BN S Y will be difficult and will involve complicated
expressions. Such systems are h

an TS : . .
. . andled by using series approximations when 71 is small
or by using numerical methods. For [ = b4

\ ‘ some of the off diagonal matrix elements of
the Hamiltonian are not zero and ev

aluation of the energy cigenvalues gives the secular

squation.
2 2 2
2 € qQ 2 ,2
E? -3 L] o 9|E22) o (12.12)
2 12
The two roots of this equation are:
a 2 2 }4 .
E = ¢ qQ ﬂ_ 2
ey 2 | 3 (218
E, g = —2>= a0 _
=% 12 (1 3 (12.14)
Thé selection rule Am; = *1 leads to a single transition having frequency v given by
2 2\ )
- €492(,, 1
V= (1+ 3} (12.15)

The transition is represented in Figure 12.4. As there is only one frequency, it is not possible
10 determine both the nuclear quadrupole coupling constant e%qQO/h and the asymmetry
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Figure 12.4 Energy levels and transition for I = 3/2, n # 0. The one for n = 0. is given
for comparison.
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where A2 4 (12.17)
The energy levels are then given by
E, = -2A, (12.18)
E, = A(1 £-7) (12.19)

The energy levels and allowed transitions are shown in Figure 12.5. For comparison [ = 1,
n = 0 case is also included. The frequencies of - the three transitions are given by

2
w= 2 <y (12.20)
_3¢90(1 0 : -
Vp = T (1_3 (12.211)
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Figure 12.5 Energy levels and transitions for an / = | system.

When 11 = 0 thesg frequencies reduce to a single frequency given by E 12.11). Th

familiar cxarx?plc .for / =1 system is that of "“N. Since the quadru oh)zl c i l(' g ok

for nitrogen is of the order of 4 MHz, the v, transition can only b}c): ob Srod Consm{"
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12.5 NQR INSTRUMENTATION
12.5.1 General Considerations

Nuclear quadrupole resonance deals witly transition be

intcmction of the quadrupole moment of i nlnlclc:p)m{vcc” the cllCl"gyk':vc]S cuu§cd by the
nucleus due to- the nearby charges, The lrnnsilinﬁqin?ql ;h? e I"I'c]d gra‘d:cnt G, 11
the magnetic moment of the nucleus and (he mnl;'ncl(i‘cnll’( lllzul i mlcractmn bcftvzcen
ficld. Crossed coil detection is not possible g in:NMR l(J ,,(‘(]’V”'P""C”l of an applied r-f
4 net cancellation of the nuclear induction in g (“rccu(,l:ﬂmf', '_ ’cjffz ]’f’/ dcgcncm.c'y' causes
ransitting ‘coil. When a small magnetic field iy applicd ll;lzllz,r;: 1t‘u 'nr m, ttu,(ulxz (:]f ’th(cl
the cross coil mct!m.d can be used as a component of mvnclcur inc’lucfi%:’nn?mc{' e ]dntr
the axis of the driving coil. However, the method has the disadvantage t(;iﬁ(’?l:z rf):)errrll‘:: c.)
cannot be varied easily over a wide range since both coils have to bé é;uncd simultan?:our;ly
The quadrupole frequencies to be detected range from as low as a few to as high as 16036
MHz. Hence, during the search for the detection of resonance absorption t%)e ﬁppﬁed
frequency must be changed continuously maintaining reasonable stability ar;d sensitivity.
Moreover, becau§e of the smaller spin-lattice relaxation times. of quadrupole nuclei,
experiments require much larger r-f power than magnetic resonance experiments.

Three different methods are generally used for the detection of NQR frequencies:

(i) Super-regenerative oscillators
(i) Regenerative continuous wave oscillators, and
(iii) Pulsed r-f or spin echo method.

In the first two, an r-f oscillator is used to act both as exciter of the nuclei and detector.
In the third method, separate transmitter and receiver carry out these functions.

12.5.2 Regenerative Continuous Wave Oscillator Method

Regenerative continuous wave oscillator is somewhat simpler than super-regenerative
oscillator method. A method of this type was first developed by Pound and Knight. A block

diagram of this arrangement is illustrated in Figure 12.6.
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| Syneit? =

f;:gltlllilrzg WRO and reference signal to lock in amplifier

Figure 12,6 Block diagram of a regener
to observe NQR.

tive continuous wave oscillor-detector arrangement
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The sample is placed in the inductance L which is tuned to the transition f \
nsing ‘lhc Jarge capacitor C. Changes in frequency over a limited range is frequenmj
changing the capacitance C. Using the LC circuit as the oscillating element ‘ﬁfeCted by
feedback, the voltage level of oscillation becomes a function of nuclear :/ . e-lectronic
zu»plic\d frequency is modulated about the resonant frequency by varying th absorption. Ty,
¢, sinusoidally. The signal may be presented in an oscilloscope or the dfriv i' o} capacity
can be recorded by the help of a narrow band lock in the system followicliv;y()fathe Signg)
| recordey.
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