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Section II: BAS!C\PRINClPLES OF PULSED NMR

1.1 THE PULSED NMR EXPERIMENT
Ou} goal is to determine how many spins precess at a frequency o, or,
equivalently, how many precess at an offset Ao = 0, -
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After the pulse
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) The oscillating magnetization will induce changes in magnetic flux, which ill
' in turn induce emf's (voltages) in coils. The resulting signal S ’”?457_
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It is convenient to express the rotating magnetization as a single quanttty %4,

rotating in the complex M
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Note that Sy (£)=Z-W. - M+(t) = Constent - M;,.(;E)
It is therefore usually said that NMR detects the magnetization in the x-y plane.
Strictly speaking however, there is a i-wg factor involved.
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} 1.2 QUADRATURE DETECTION IN THE ROTATING FRAME
irradiation
In pulsed NMR a single coil is used for
etection
The possible cb.if geometries:
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One can still observe S, Sy without using 2 orthogonal coils by using a double
. 3 balanced mixer (DBM); the use of this approach leads to an experimental
| scheme called phase-sensitive detection or phase-sensitive

demodulation.

A DBM is a device that takes in 2 signals S,, 52 and gives an output @/
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We can therefore observe the two signals expected from orthogonal coils but in

jf'jfi ) the rotating frame: quadrature detection

Note that whereas (M, W, x 100's MH 2 ("\é) |
AU ~ o-loo 1<H?: (eu A\'o)

¥a) oF /7K DeVeci?w g les. //%e /i The.
CoTaTin'ts  Flam<,

v sawbe ik fatlen w EoFa TV 7




s o R '///”’,»'« S
...
.

1.3 FOURIER ANALYSIS

Suppose that in the past example =0
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This Fourier transformation relates the time-domain signal S(t) experimentally
),&} available with the desired spectrum F(w).
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1.4 DISCRETE SAMPLING AND FAST FOURIER TRANSFORM

We had demodulated our NMR signal into 2 audio components. These voltages are
now sampled at equal time intervals At by an analog-to-digital converter (ADC),

whose output is a string of numbers
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This time-domain signal:
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numbers (real part)

numbers (imaginary part)

At: dwell time
N: number of complex data
points acquired
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The discrete sampling implies
that the integral of the Fourier
transformation has to be
replaced by a dlscrete sum
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The acquisition time determines the spectral resolution Av of the spectrum:
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Similarly, the dwell time At determines the spectral width (SW) of the
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) 1.5 EFFECTS OF RELAXATION: THE BLOCH EQUATIO(*?;//

So far we have that:

o ~
i) Before excitation _I\i & Mo z

ii) After excitation ﬁ(ij E'JO (cos(ot)x + sln(cot)?)

However, if one waits long enough, the magnetization is again parallel to/%.
There is a mechanism that takes the system back from ii) to i): Relaxation.

Two relaxation times determine how this process takes place:

" A "transverse” relaxation time T,: Takes My, M, ->0
A“ongitudinal” relaxation time T,: Takes M, -> M,
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ot The longitudinal growth and the transversal decay are usually exponential.
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These processes can be included into the equation of motion of M to give the
) Bloch Equations:
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D 1.6 NMR LlNESHAPES AND THE PHASE OF SPECTRAL P AKS

Due to T, effects the actual tlme-domam signal looks like: o
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Moreover, if one takes into account that:

Ji) the magnetization starts to precess as soon as it departs from the z-axis
i) after we turn off the rf-pulse, we have to wait some time ("dead time") -until
we can start tDdigitize the signal Le, (opm vV
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Note: The fact that we have dispersive components is a consequence of the
impossibility of knowing the signal f%} t¢< 0 (causality of NMR).
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£ Informal_Proof: We know that given a signal S
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M 1.7 SIGNAL-TO-NOISE (S/N) RATIO IN PULSED NMR

NMR relies on M, = excess of a spins (1) over B spins ( ¥). This is a very small

fraction, and therefore a normal FID looks like _
L% /sec

il o,
WM + MWW, = M%W” o

Noise is the main drawback of NMR spectroscopy. NMR spectroscopy bypasses
this problem by signal averaging
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The acquisition computer adds the data digitized in each scan point by point
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The intensity of the signal adds up coherently => § =< # of scans

The intensity of the noise adds up randomly => N o¢ \l # of scans

=> S/INe<d \l # of scans '

-t/
Since the detected signal decays as & 2 s there is no point in using

AT 2 3T, - 4T,

The spin system starts to relax right after the rf pulse. If the excitation pulse
is /2 no M(J is left parallel to z; if the excitation pulse is n/4 we get only 70%

——of the maximum possible signal, but 70% of Mo is still parallel to z => n/2 pulses

do not necessarily afford the best S/N
In general, if T, = T, (most liquids) => the optimum excitation angle ﬂopt is given
by ‘

AT/T
cos (borr) =@, with delayTine =0

Whereas the noise is constant throughout the FID the signal decays exponentially
with time. Thus, it is possible to increase S/N by giving more "weight" to the

beginning of the FID thap to the end. This is achieved by multiplying the FID by a
window function.
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matches the shape of the FID envelope

Figare 2.18 Application of the matched
filter improves sensitivity.

lower traces show the nstural FID and
its transform, while in the upper trace
the early part of the decay has been can-
nﬂmm;wsh s ).Su:‘m
S

i as this can caly be applied
to data with a very i
ratio.




1.8 RESOLUTION CONSIDERATIONS

| Although the head of the FID carries most of the signal, the tail carries the

resolution: the longer the FID, the sharper the peaks.

Resolution can be improved at the expense of S/N by using an exponential
weighting with LB < 0. Lorentz-Gauss transformation may improve both
resolution and sensitivity.

Digital resolution can be improved by zero filling.
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Figure 2.14 Zero-filling the time
domain data interpolates extra points
into the frequency spectrum. improving
its appearance.




In liquid NMR, the main factor conspiring against resolution is field
inhomogeneity. For instance:

\.
L

Due to the field inhomogeneity the decay of the FID is usually given by a

T2 < Tz

The homogeneity required from an NMFt magnet is extremely hfgh Over the
sample volume (= 1 cm diameter x 1 cm hetght cy!mder) the tmewsdth at = 500
MHz should be = 0.05 Hz => Inhomogeneity = 5. 10~ _1partin Yol
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To achieve such resolution a "perfect' magnet and completely non-magnetic
materials are not enough, one has to resort to shimming: the application of
small magnetic field gradients that compensate the inhomogeneities of the main

coil.

: Supercon shims: usually 4 gradients tuned only upon

/ installation.
There are two ‘

sets of shim coils

YRoom temperature shims: usually 18-24 gradients,
most of them adjusted upon
installing the observation
probehead containing the sample;
some of them need to be

adjusted everyday.
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Even shims are not enough, the highest homogeneity is achieved by spinning the
sample at = 20-40 Hz.

A Bo/, 2
s N . -
- Spinning averages out inhomogeneities
: in the x-y plane => attention is
e focussed on the z-axis shims.

Although shimming and spinning can eliminate instantaneous inhomogeneities,
sharp lines also require the elimination of Iong term drift:

A iizﬂ

Wo (U° UJo

This is achieved using a deuterium lock: a system which keeps the magnetic
field locked (on-resonance) on a 2H NMR signal.
At the 2H NMR frequency

2HNMR FID

The deuterium lock system keeps Bp constant by monitoring J SU U’—) oU:
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1.9 NON-QUADRATURE DETECTION AND QUADRATURE
GHOSTS

We saw that given a signal

5(71:) s e awk e.t/-,-z i}
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Using some basic trigonometric relationships
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One can get further insight into how the A(Aco) +i D(Am) line shape is obtained.
Consider these cases:

Time domain
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Old systems used non-quadrature detection (R = cos; IT= 0). In these cases one
always has to work off-resonance and throw away half the points, but even
though peak folding can be avoided noise folding cannot.

Figure 422 This altémnative placing of
Mbkmof : g
prol negative frequencies. but
with single-phase detection extra noise
(to the right of the reference here) will be
combined into the spectrym.
Vo
— [ ]

Even in quadrature detection it is impossible to make the gain of both channels
identical; this artifact appears as a quadrature ghost. t fa
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An additional potential artifact that affects pulsed NMR . nments is a small

DC offset added to the signal:

5xvtt)=bocos(Awt)+AX] =T » /!\
\/\_

Sd‘(t) = Sosin (ALU*.) +A(jJ
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if known, subtraction of the average baseline noise from the FID (“baseline
correction”) can eliminate the peak at zero. A more general procedure which can
eliminate both baseline and quadrature problems is phase cycling

,,} Recall that our signal was actualfy
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Consider four signals arising from 4 independent experiments:
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. The signals that can be expected from these experiments: = ’ '
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X ‘
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If these signals are added with Cp&x = constant, the result is 0, but if the
receiver phase is incremented by =/2 in each experiment, the signals add up

coherently:

@-@, = & = consTant

However, quadrature ghosts and baseline offsets disappear upon phase cycling.
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- - Changing \-p’rx requires 90° phase shifts of the Ty rf; changing QR however can
J be done by software:
¥ R ADC | Euf@ew {
£iie) | ADc 2
c2 BuPfer2
5\3Mf adder
Py wv"
{h s
Experiment # ADC1 ADC2 Buffer1(’) Buffer2(’)
i cos sin - +ADC1  +ADC2
2 -sin cos +ADC2 -ADC1
3 -cos -sin -ADC1 -ADC2
4 sin -cos 7 -ADC2 __+ADC1. =t '
i ) + : add; - : subtract
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11.11 REVIEW OF ELECTRONICS

When dealing with DC currents or voltages, circuits are described by their
resistance R:

-Y‘-n-—'ch'—cu‘t‘f‘ —  Va— °F:R T
B S

vgee L
J

In  AC (Audio¢—>kHz, rf <>MHz or microwave «» GHz) circuits, voltages and
currents are time-dependent functions A . cos (w£ + Cp) _ usually

described by complex functions: | ronLy Keel
YRy Llwt+q) T-T e,‘-_(wtﬂﬂ) Leat 1orf
~Voe P - =° VT Like @uaphSery
Ohm's law is still valid in this context, but instead of resistances we now talk
about impedances (Z): ' L 2ea Comflex
: G aw' 7i° 7] )4

|  ynigy
_fﬁ(i)-——\cu-cw'\' Vait (£) \/. (t)-\/w‘(*)zz ‘1‘.(/?&)
T(+)— BVAVA

The three basic linear components of a circuit are: W

Resistor: “WMA—  Zp=R ( Rear) R: resistance (Q) To ° a.:,r

Capacitor: —|\——  [Z¢ =-loC (ce#1//€x) C: capacitance (uF, pF)

Inductor: _rnprf— Z =ink ( comfler) L mductance (uH) /49; c
(e eoclad e L-—?/A/Dwarc /47;: s’

The impedance of a complex circuit can pe expressed in terms of the impedance

of its components according to: A fred €5 pons 7 MorE ef!w;%
__.,__J. v /- SEI"I.CS C?l"CUT‘— Z-eg = %( +Zz_
Z, z, |
'—'L_ . ‘Odhe“el C""CUﬁ ‘ = ‘L 2 \
-——{ Zy — / Ze Z' 22.
e 1
] _ @éw a2 JGVe e ke suso Glreuat jiihycsive e 5\;
zZ, At (smonef)idle & Lew g 57,49_)

& in 'S wr b 2 /4)//( F.or 47'14;;
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An important non-linear element is the diode -bl—- . A diode behaves like a
resistor when a large enough voltage is applied —— , but does not let current
flow when voltage is applied E——

- . (/m/)

/
— resstor__

/
/

Many applications require a "crossed-diodes" configuration

s S R

\y
<

\\M-'»';




.12 NMR PROBES prt Tx 7Ry

comveckep 1o codl
A basic NMR experiment requires:

ke Rx

)
magnet
g (mkekeacl (proke)

Irradiatin mple efficie ntly with a B
oscillating atmso

In an NMR experiment
we need a
probehead capable of

_Qg’tgc_tmg,thﬁ_ﬂgﬂ&‘fromte pins precesding De
at g '

Z

5w Fer vt ry_gm///é’

AMoSr Ef £ /¢
i 1 Pecdptes Mu;f de sawe ol laymor L2
g IVcea/ Z’/lﬁﬁ'é" 27’7(— { Forge oTher Fresy 4’
the same coil is used for irradiation and detectlon these 2 conditions are

equivalent: a system capable of delivering rf efficiently, will also detect small
signals efficiently.

The electronic properties of the probe are described by the probe's impedance
Zprobe. To achieve maximum efficiency in the

rf transmission: Z = Zprobe at @ = wo rf detection: zv; Zprobe at © = 0o
Tx

‘ Yo fo ; Shew 1Y
E (3' /l') w e  Fragqifes”

/E/ Mgy rmn -
(;:/a«/ Tmﬂ/ )éf' % “ - Ié% >
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Similar problems arise in other situations involving rf, where it was realized
that things could become simpler if everyone uses devices with the same

impedance. This was chosen as: FE  Lukipwces pre

: DFF Jhen ber S'éap
zaverythlng = 50 Q Ae Flecre D,

@ ou? Lty mer” /W
- For /) eompritidl @%« orsnp

To tune a probe means taking the impedance of the irradiation/detection coil at
Wy to 50 Q. This can be achieved using 2 additional capacitors in the following
configuration:

Z ;5 Freq
De /ex/M

— - === -
] ) [}

'--a---,--—k-«——' L/t—-:ihdud‘ance and

v /\‘/r, ' {1 ?Z:// Gﬁ sé'mrale coil

/} \——\,—-J ’
} //./ m;‘*‘okl :% ;lgf weed 2 W_ J&au 5‘)
capacilor - —_— ‘
¢ Futin Pweed R= 502
/ ' ' cg‘,ac?a'ov- A = O~

| If for such a circuit
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£ 11.13 DUPLEXING w/Se .

We have the system connected in such a way tha al o I )

AeFle 7S (én
Ry

T m R

P
Del\vav—s h:ak : ' 33e+ec+s very
f‘-‘-’ ‘*'oowez»-s Somple & Shmal| Pﬁ S\%nals

If the Rx is not isolated from the Tx, the rf burst will burn it.

Tx

There are 2 ways of isolating (duplexing) the rf on such a system:
a) Use 2 orthogonal coils, each with its own set of capacitors:
¥ T4/s pe cogdle S

Dig
=)

Advantage: By construction, the Tx and Rx don't see each other.

Disadvantages: i) The Tx coil is larger => less efficient (corr For Fl ””'%}
ii) Only works for Helmholtz coils (= 1/3-1/2 as efficient
as solenoid coils)

0/ Mf g_ b) Use an active or passive duplexing system oo san'y
_— | Dlopes 4 Ttong 5 v

'T;( [ :Du)c R } ano  wyise .,
L
§ Pr-oLu:




that looks like

T | Brol l
kobe when the Ty pulse is sent

frobe > Rx when the spin signal is detected

This can be achieved using crossed diodes and a quarter-wave (A/4) coaxial
, i
ble. / _
cable 5 groun 3 L cablly Lfwgk -
~ dielectric @‘i,'gc;?)

A coax:
gen“'hal Conductor
- «—%— Ff
grounded V/4: — 4
: 5! T wJ’Vmamg
, P N ;5+ahdm8 wav e
‘U2 > Iemafk
My S, swq) comes 10 The
6-5 ot Flow be cause
open A/4: AF Vig, )
4

. round
Vﬂ\:)\_ virtual ﬂ ov

0-\_/(:'&'\%”\ : s'bhdma wave

A simple scheme of an rf duplexer: A K
1‘;7 fu/!c !H/lp_g

SBr2r00C iy,
v, boes o fg
Tle —{~ .
q 4 _
Pr-obe \,
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.14 BROADBAND IRRADIATION /iy cli5ticg) #ofper

3 Pe Se ]
In general, an NMR experiment is done off-resonance. Under these conditions i
is difficult to apply accurate n/2 or &= pulses:
Aun =0 AW+ 0 M
5 .
ﬁ//g 7 /ﬂé¢
fe/t"/
7y J
2’: ef/f/!f'
\ X - léhﬁ
olipse — crosses The x—yp
circle onthe 24 plane but not the yXams
Z }o —does not touch the
v -2 DX\S
o Even if Aw = 0, spatial inhomogeneities of the rf field produce problems
q
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It is possible to minimize these imperfections by replacing =/2 or = pulses by
ﬁ\} compoSite pulses: sequences of rf irradiation whose net effect are those of an

ideal n/2 or = pulse.
E.g. : if we have inhomogeneity in By, we can replace a nx pulse by

{T/z) (), (%)

/& ,.—j/ Ae¥ feall V¥ e xXger /é'ﬁfdrd’(/

NBns. Theg ate for mee
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£ Malcony
For inhomogeneous By: Le Vf/ Ject,,
7’6?1,
o/ 1 caty,/ ¢
9 _ e |/
g (%)= 1(%)., (%). (%), (V)
(A ) (/ﬂ)_a (é)x( z)}(ﬁl x [
For offset Aw:
Ny /Bo”S

T T {(8.0%) (%)
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11.15 SELECTIVE IRRADIATION

4.«;‘/5 Fhe 1172l Bu~
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The excitation spectrum of an rf pulse is approxumateI;@w its
spectrum: tnll THese Le ekc, =5
‘ /
y\?o : —= Sinc unc'\'loh (Slnx)
gt S:T é Ve ceV\\Lehed at v
eP¥ > %GQ:;L
" fgﬁﬁ(/ )) V 77@ F 7
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A e N ,

2* + eonvolution (\?’ {?}»}-w)a(u)du

Sih X
X

Sometimes, one wants to restrict excitation to a narrow region of the frequency

domain. There are several ways of achieving this :

) i) Using long rectangular pulses:

These wibbles cow /5o

be WEE: cae| b/Ve

)'lhconvcnlaen{'

> 7
wie- DB+
)T » Srveesynothe r dv-e/ Leck e ‘f’h"‘c’e
ii) Using shaped pulses: e j 2c @ wntedanel E_rkOt'S

Gaussian
(relatively easy)

Sinc
(more difficult)
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iii) Using a DANTE (Delays Alternating with Nutations for Tailored
3 Excitation) sequence: train of short rectangular pulses of angle o

el Guf;gm-.\ _ AR
< = o< o<

I S i
Nfulses . NZaT NAPL

chosen so that N-e =4 for ) (.ulse : 1-2° tatbe
. Gef rée oL L) S very 4,
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iv) Using composite pulses; e. g. : S/De
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™ 11.16 BLOCK DIAGRAM OF A BASIC NMR SPECTROMETER
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11.17 PROBLEMS

1) The sensitivity problem in NMR: Using the expressions for 'Ma: NW(X |%'T)
and for the field produced by a magnetic moment, make an estimate of the
voltage that will be induced during an NMR experiment on a 1-turn coil for the
following arrangement. _ ‘
: | assume 3 T4 Gulse
- ¢BQ=7T Goil' | ¢m disameter
Sample with to""im-o{‘ons ot T= 30}
How will this voltage change by adding a second turn to the coil?
©, 2) At what magnetic field wil the 13C NMR signal arising from 1mL CHCl3 be as

intense as the 'H NMR signal arising from the same sample at 2.35 T (X,H ﬁ(‘?cs 4).

3) (a) Given 2 imput signals: ©;, = COs (W‘t +C(s) ) Sa= cos (Udli'- +CP2,)
Calculate the phase and frequencies of the output signal{coming from a
DBM.
(b) How can a DBM be used as a:
i) phase-sensitive detector
ii) frequency doubler
iii) 180° phase shifter
iv) rf attenuator
v) rf gate

4) Adiabatic Inversion: Show that an alternative to = pulses for inverting a
magnetization vector is to sweep slowly enough a B field from well-above to
well-below exact resonance.




f*\g 5) The time- vs the frequency-domain:
the following functions:

Time-domain

‘ i
!/f'«ﬁ 'pu‘se) ‘s ’_Jr_’—\___

:a/}‘//c/

i
céUS':!én I ! D
spulse ! “
\
|
Slhx #‘VSC 1/ 1 »
\ A._m._>
= & £

§- Ioolse
js (£)dk =1

0 +

e x"PO‘n entia|

d ecay

Goussian

decay

- —_— @ @ sms—————————

Calculate the Fourier transforms of

Frequency-domain

g e



=

6) What are the mathematical expressions of the inverse Fourier transform in
continuous and in discrete sampling cases.

7) Peak folding: Nyquist theorem states that given a dwell time At, we can
only characterize peaks within the following range:

< Jaha
—— : +—>)
S © 2
Peceucle,
i) How many poiﬁﬁfé'ﬁnfd be sampling a resonance precessing at v = SW/2?

ii) Use the following picture to estimate where a resonance precessing at a rate
v = SW would appear J 1

s

S E ‘ﬁ_ﬁ\: X :Sam)olei Pcin’f

/’\(J S)= S}/
Y .

Psw

"h (
\UUUU £
iii) Where would a v = -SW resonance appear? On which region of the spectrum

would a resonance precessing between v = sw/2 and v = sw appear?
Cases ii) and iii) are examples of peak folding: if At is not chosen correctly,

peaks appear where they shouldn't.

AS | '

8) What dwell time should be used and how many points should be acquired to
obtain a spectrum characterized by a spectral window of 10 kHz and a digital
resolution of 0.5 Hz? (recall that usually the # of points = 2m)

9) Calculate the first 8 points of an NMR signal arising from a site whose




Typical eventc
durations © \9(,{_5

resonance offset is 1000 Hz and line width = 1 Hz; assume a dwell time of 0.5
ms

10) How does the total length of a magnetization vector change with time
after a n/2 pulse in the case of Ty = T2?

11) Give the expression for the Bloch equations in the presence of a By field
placed at an arbitrary orientation along the x-y plane.

| ,;Awk LA
12) NMR line shapes: Calculate the #T of S(t) = e 2

13) The justification of phasing: Find the expression for the full-width at
half-height of:

i) a lorentzian line shape A(w)
i) a magnitud representation of the signal *\] A (w)z I)( (,u)2
On the basis of Thisanalysis, justify the use of phasing.

14) The séquenca of events involved in a 1-pulse NMR experiment:

Turn oh Rx { acc?uh-e FID
I
|

IOO/“.S

{
|
|
l
v
|
! |
l
|
\
{
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X
o
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If an experiment carried on-resonance affords a peak that requires a phase-
correction of ,@ = 4Y5° o become purely absorptive, what phase correction
will be needed if the transmitter is moved

i) +5 kHz off-resonance

iiy -5 kHz off-resonance
Use the typical time delays listed above.

15) Echo experiments: An NMR echo affords a time-domain FID of the type

AN
—+ 77 717 v/ \/ %
AT Y M AT
2 2

Schematize the real and imaginary parts of the spectrum obtained by #T-ing this
signal. What phase correction has to be applied after this =T to get a purely
absorptive line shape if the constant phase correction is zero, and a total of
1024 points were acquired using a dwell time of 500 ps (us = 10-6 s). Could a

purely absorptive line shape be obtained without phasing? If so, how?

16) If 1mL of CHCI3 gives a 13C NMR spectrum with a S/N = 10 in 1 scan (total
AT = 1 sec), how long will it take to reach a S/N = 100 with a 0.2 mL of sample
under identical experimental conditions? ﬂw be crap.

17) Ernst's angle: Demonstrate the validity of the equation defining the
optimum excitation conditions (Bopt = Emst angle) . Sce page £ 5

18) Truncation: The number of acquisitioh points used in an NMR experiment
has to be chosen large enough to let the signal decay to ca. the level of the noise.
Calculate the line shape obtained if only one quarter of this number of points is




acquired. Hint: The result is the convolution of the normal line shape with the
FT of a step function:

from normal signal

'How can the wiggles originating by truncating the signal be eliminated without

from truncated signal

increasing the number of acquired points? At what cost?

19) Why isn't it convenient to spin the sample faster than ca. 50 Hz when
recording a high-resolution NMR spectrum?

20) Calculate the signals arising from an FID whose real and imaginary

components are ;
i) R—s sin
inR— O

(wk) ; T—>0

/

T— cos(wt)

21) Coherence selection: from a quantum mechanical point of view, an NMR

experiment detecting a signal S(t)= T (€T )= const. e 484
detecting the -1 coherence (the I_ component of
rearrange the NMR data so as to detect the +1 coherence (i.e., to obtain a peak at

is said to be
). How is it necessary to

-An from the same spin system).

22) Dynamic Range:
set up:

Final digitization of an NMR signal involves the following

_.\)Umax

Audio enaloa si%nal

Vo L~
o+ LW é]g:%

Ve -

N 2
V > ®
2 ....‘ .o. . o nel @ ®
o v ) adder ®
—N,"a_’_‘,- -‘., °e ® . o .
2 1L _Wmax
Digitized signal T Z

o -
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An ADC is characterized by the largest voltage (Vmax) that it can represent and
by the largest digit (Nmax/2) assigned to this voltage. A typical value for Vmax =
5V: Nmax is given by the # of bits in the digitizer (usually 12 or 16), according to
Nmax = 2#of bits,  This number determines the dynamic range of an NMR
spectrometer; i.e., what is the ratio betwen the strongest signal to the smallest
significant feature that can be detected in an experiment. Digitized signals from
succesive NMR experiments are then added into a computer word whose maximum
value Wnax/2 is given by the # of bits in the word (usually 20 or 24: Wmnax = 220
or 224),

i) What is the dynamic range of a 12 bit digitizer? And of a 16 bit

digitizer?

ii) What should the voltage of the acquired signal be set to in order to

observe a weak NMR resonance under optimal conditions?

iiiy Given the acquisition conditions of itemii), calculate how many scans

can be acquired using a 16-bit digitizer before overflowing (i.e., reaching
the maximum value) of a 24-bit word for a system where (a) the S/N =Q0;
(b) the S/N = 0. (Remember that noise adds up randomly)

23) Demonstrate that an imbalance AG in the gain of the real and imaginary audio

channels gives origin to a quadrature ghost. Calculate the intensity of the ghost
as a function of Aw, AG. :

24) Fill out the following table:

Ex bee rFiment P, R si%na\ T siq n® |

™ .
0 cos Awk sin Awk
Y] k|
X
<
" . \ .
B
*x
< .
%' fﬂ FAR - ¢ .
x d )
2
M
By B
X ) -l /.j
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25) Given n phase-shifted experiments characterized by transmitter rf phases

Cp‘_x:Cp%‘i--ZTT(L—I)/N y Az 1,2/..-,N ; (91;: any .

_ . <
i) Calculate the coefficients Cl’" PR CL/ of the linear combinations

C;L ’ ADC' “+ Cé‘ *ADC 2 s memory Eu{?fep | ,

C;" +Adc | + C:i: » ADC 2 —>memory buffer <,

that are needed to add the signals of the different experiments coherently.

i) Find the minimum N that will eliminate DC offsets. Will this phase cycle also
cancel quadrature ghosts?

iii) Find the minimum N that will eliminate quadrature ghosts. Will this phase
cycle also cancel DC offsets?

26) Calculate the equivalence impedance of:
i) 2 resistors in parallel/series
ii) 2 capacitors in parallel/series
iii) 2 coils in parallel/series

27) Calculate the impedance Z(w) of
i) A series R-L-C circuit

S cmpp TS0 asp

-
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Graph the behavior of Zgq as a function of o (i.e., the frequency response of the
system). Note what happens at the resonance condition @ = (LC)-1/2?

< } 28) In DC systems, the power delivered to a load R is given by
P= V2/R = I12R;

)
|
V —;“ 1 load
|
]
\.... -1
In AC systems, these equations become 2
2
:P=V"'"'IS/R = 1l“h\s - R /
Where v 1
ol A /Vcn-I Fms 3 Fool-meah-square

- -ﬂ‘ - ‘/\- [:eak to }ggak
\,f. A\ J;‘“*t\’»m"flek i

Vp=2-v  Veme = VAT Tps2T Tame=1/1T
CpT=Wstts ; Cv= volts ’ EI]=am}os ; [R]=okm5
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A measure of relative power is the decibel or db:

(;‘C\}lﬁe?e‘]ve [aower =10~ {0% __:’.D_'.D.. = 20 - 'o:a .V_'_".‘....
| oot Vout

i) What Vpp corresponds to 100 mw sent to a 50 Q load?
i) What's the relationship between the measured Vpp and the incoming
power P in the following setup

% . -
| EE. |

Scope
30 db attenuator — Vep (p)=7
40db attenvator—» Viop (P) =72

29) Maximum power transfer theorem: Consider the following setup,
analogous to the one characterizing the transmiSion of rf to the probe or the
reception of rf from it:

VH, R=500

e . | {5oorce.="x
(l \ | Zg | -.'i -ﬂ “ T Transmission llosiﬂo"ol“
: ?Vs T : lz" ; | fsous—ce = Slo'l ne
" - : | Ihnce‘bhoh lloa& = R
— = ———— ___:_ —_— e - =

Source load

Demonstrate that the condition of maximum power transfer from the source to

the load is given by — “ —
[zs-2.| *47 Zop = 25, 2,

Hint: Power PL= I VL; = VS/@;} F | ;ﬂ: J:. l/ k .
. y N ‘ N 2
o I
‘ \/71% ﬂ:% = N *X%m f‘z}jﬁiﬁk?}&.;
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30) i) A A/4 cable can be measured using the following setup:

V(w) “«Wﬁ -V

What should V ideally be when the coax is a A/4 cable for the proper

frequency ?

ii) An NMR probe can be tuned using a reflexion bridge called "magic-T". It is

a device with 4 ports whose equivalent circuit is

. @415—-@ =@

mo\t&c-‘\

At B and C, rf is reflected with identical efficiency. The setup involved in

the tunning: =
§ B0l
T
synthesizer
&
& zZ

p, What will V be when Zprope = 50 Q2

QL.

Sco Pe

R
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31) Calculate the C1, C2 values that take the impedance of the following
arrangement to 50 Q, as a function of L, r:

TN AN I
L +

& —F—lin
C-Z

32) Explain the operation of the quader-wave-based duplexer shown in page 66.

33) Composite puilses: Calculate the direction of the magnetization in the x,
y, z, Sphece alteC

i) A (r)x pulse

i) A 8%)‘ pulse (i.e., an imperfect x-pulse)

iii) A composite (r)x pulse that takes the imperfection into account:

( %)x (%)3' <%%r'>x

Use the rotations that were worked out in the problems of Section I.
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