NMR hardware
Radiofrequency pulses

Signhal processing



NMR spectrometer

Bruker 1967
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Components

* Magnet
electromagnet x superconducting

consoles

» Console with electronics
Analog x fully digitized

* NMR probe
Classic x chilled

« Control computer

Bruker ~2015



NMR spectrometer— magnet

Superconducting coil in double Dewar vessel

« Electric current is high, it can exceed 150 A

(depending on the magnetic field)
* Does not need a power source after charging| f
- Need to refill cryoliquids to maintain
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NMR spectrometer — probe

Probe head with coils Sample in rotor

Different coils for different frequencies

W R = forprecise
= ' frequency
adjustment




NMR spectrometer — schema

Signal generating unit
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Radiofrequency pulses

Pulse characteristics

nutation frequency @ frequency
amplitude Wrf

w1 A @ phase

@Flip angle ¢ = w17y pulse length X, ¥y X, -y

We already know:

» The RF field is perpendicular to the static magnetic field

 frequency wgr should be the same as the Larmor frequency rotating frame
» We decompose the linearly oscillating RF field into two circularly X
polarized components with constant magnitude Bl
* Only the component in resonance with Larmor's precession is effective-y y
* In rotating coordinate system, this component is constant, magnitude B, ‘Q\\‘\
» Magnetization rotates around the direction of B; with angular frequency e\\e\d N
w; = VB, X QXQ\@%@

« During the pulse of length 7,,, magnetization rotates by angle ¢ = w7,

New: L : : : : L
Direction of B, in rotating frame is determined by the initial

phase of the RF pulse, it can therefore be changed at our will



Radiofrequency pulses

Efect of a pulse

pulse with 90° tilt
angle and X-phase

90y A
magnetization >

Rotation around the axis
given by the phase of the pulse
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Off-resonance effects

Frequency of pulse wyy is fixed
 nuclei have different chemical shifts, different frequencies

« Strictly speaking, they're out of resonance

21 * In a rotating frame, they are affected by an effective field Bff 4
. Bfff determines the axis and frequency of magnetization rotation
Yy eff
W —w Bl
B, = — K W — W Assuming fictional force
14 Beff —(B. 0 RF '\ due to non-inertial frame
B, X 1 — 1Y % (Coriolis force)

* RF pulse has different effects depending on the signal offset
 for homogeneous excitation, off-resonance effects must be suppressed

good RF pulse for broadband excitation
has a high amplitude (large B;)

W—WRF

negligible to B4



Pulse length and excitation profile

Y = wWiTp

The higher the
amplitude, the shorter

the pulse for the excitation profile
amplitude length same tilt angle o _
intensity of signals at
different frequencies
2 kHz affected by pulse
A 125 s imperfections
10 kHz Almost homegeneous
| i excitation
- . 40 000 Hz ! in a given frequency range
25 ps B
. . the pulse acts only in a
v i ; narrow range of
1 kHz ] - frequenues it becomes
< > ~— , <
250 us \j4OOO|3I\z/ selective
<o >

Frequency range in the spectrum
8000 Hz



Selective and shaped pulses

Rectangular pulse excitation profile Shapgd pulse excitation profile
Gaussian curve

T 1= N

time o _ h frequency-
shaped pulses allow us to change the excitation profile

amplitude

Y

effectiveness
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Fourier transform

 analyses periodicities in time signal
 converts the time domain to frequency
* is a linear transformation, i.e. it preserves intensity of individual signal components

FID Spectrum
i Fourier
transform |

Problem of determining the sign of the precession frequency
The Fourier transform

/ ‘\ R — / \ reflectfh?i;‘,pl;r;ct:reur:r?inty in
NV Ty 1

cos(wt) in both cases, the same signal cos(—wt)




Quadrature detection
Allows

: _ _ y
» determine the sign of precession cos wt
« correct an unknown phase of the signal _ S

How it works = ‘Real’ spectrum

=

‘Imaginary’ spectrum

* Precession of magnetization is —sin wt

detected by two detectors, in X

and Y directions orthogonal detectors
(in rotating frame)

‘Imaginary’ FID

e or
» Using different mixing with the reference signal

cos(w — wWgp)
cos wt mixer \N [ Real part ]

" 1
VWM }  coswcoswgp = = [cos(w — wgp) + M]
) . o Z odfiltrovano
NMR signal Mixer multiplies signals
: sin(w — wgp) - :
mixer [lmaglnary ]
LJ 1
_ COS w Sin Wpp = 5 [sin(w — wgp) + sin(w=+wgg) |
COS wRFt Sin wRFt
RATAATRYATAY (P hase shift FID is composed
Reference signal | Ap = 90° of complex numbers

Turns cos into sin



FID, Spectrum, and Phase Correction

An NMR signal, FID, is a series of complex numbers

s(t) = expli(Qt + ¢)] exp <— L

Tz)
o NP,

Initial phase Transverse relaxation oceiver dead time
1

e =cosx +isinx
exponential form of a complex number

Precession frequency
in a rotating frame

L= w— wgp Unknown angle, depends on Recelver de_ad time
deviation from offset hardware parameters (dead time, « Measurement cannot start right after the
(RF pulse frequency) amplifiers,...) pulse as it rings down in the electronics

* During this time, magnetization deviates

. from the x-axis due to precession
Spectrum is also complex

= i(w - 0)
2 exp(ip) Lorentz curve

1 2
— _ 2
(TZ) + ((1) -Q) Real part Imaginary part

* We show the real part only

» phase correction — to remove the
influence of the phase so that the real
part has a purely absorption character

S(w) =

absorption shape Dispersion shape



Spectrum and phase correction

Lorentz curve

Real part of the spectrum

(¢ = 0) |
1 absorption shape || Full width at half height
Ty FWHH
Re(S(w)} = — (FWRR)
o + w — Q 2 g = = —
(Tz) ( ) Aw T rad/s
Av = . H
V= T Z
phase correction — to remove the influence
of the phase so that the real part has a
purely absorption character ﬂ
-2IO = I 0 1I0 2I0 -éO -10 0 10 2IO



Signal Digitization

1 The time signal needs to be
At = correctly sampled
At = 3

4y
Nyquist's theorem

At = i To faithfully capture the v signal, we need

2V | to sample at 2v

1 .

At = — Spectrometer settings

10v At —

|

SW
Spectral Width

JML /Wk /UNNUM PN
4.5 4 35 30

5.0

spectra-l width

+sw/2

Toffset ~SW/2
WRF



Spectral window

It is determined by the choice of o
offset and spectral width
It should include all signals in the

spectrum J(

A poorly chosen window can lead  Folded ﬂ;r HJ\JJJ_J__# ULMJLJ{

to false signals
The form of the artefact depends
on the design of the spectrometer

Modern spectrometers with digital J\ JJJ ‘ (JUL
filters eliminate this problem Wrapped | j i} | L\,__#MLJN'L ke

a)

correctly captured

=7l bl

T \ T T T T | T T T

—

ppm



Spectral resolution

M' Acquisition time (length of FID) »__

—) l—
At

Number of points in FID

After the Fourier transform, the resulting spectrum has the same number of points(/Vy)

SW 1 1
Resolution in spectrum depends on length Af = = —

of acquisition time Np At Np  tacg

Short acquisition time
Af Lacq Af tacq Af tacq  bad resolution
8.0 0.12 4.0 0.25 2.0 0.5

Long acquisition time
o o 08 - . ‘o Excellent resolution




Choice of acquisition time

' (b) | (c)

T - T/2— T/ 4~

sirenitudsn <o e

Too long acquisition time === measuring noise Compromise with resolution

IS needed
| ' hﬂnn
: v

Too short acquisition time, up to cutting FID == truncation artefacts




Adding zeros to FID

« Artificially extending the acquisition time
* Instead of picking up noisy data, the part of the FID without a signal is digitally

replaced by zeros D «g|”
| e
<€ >
zero filling
Y a
. . : vl [
tacq tacq . - tacq
. e i

* More points in the spectrum
 Fourier transform performs data interpolation

Af ﬂ Af M
LJ JUlL WJU Ukm

improved resolution



Signal apodization

« Data at the beginning of FID, where the NMR signal is highest, are of greater
Importance
» The data at the end of FID contains a lower signal and can be suppressed

(®) weight function ()  weight function
decays more slowly decays faster

weighting function weighting function

original time domain

(d) (e)

—

weighted time domain weighted time domain

(f) (9) (h) -

Noise suppression at the cost of widening peak lines in the spectrum



Signal apodization

* The weight function is combined with the natural decay of FID (T2 relaxation)
and thus affects the signal width

» Decreasing exponential weight function leads to expansion of signals

* Increasing exponential can narrow the signals, but "truncation" needs to be
treated

Exponential
Klb1

Lorentz-Gauss

Ngb 2

Lorentz-Gauss

Narrowing of signals in the spectrum at the cost of increased noise level

HT
e




Signal apodization

» Apodization can be used to suppress clipped FID artifacts
« We atrtificially suppress FID so that it smoothly transitions into a zero signal (at
the cost of expanding peaks)

Perfect setup
I | U

FID truncation + zero filling ‘

FID truncated + apodization ﬁ

|
_

p
>



Signal amplification

 For optimal use of the dynamic range of the ADC converter

» For detecting both intense and weak signals at the same time, it is advantageous

that the strongest signal reaches the maximum level of the converter

* The range of the converter is given in bits (hence the number of converter levels)

« Higher transmitter range leads to lower noise after digitization

ADC receiver

analog-to-digital
converter

IRRRRRRRRRRRRRERRE
dynamicky rozsah

Receiver overflow

Too high gain leads to
receiver overflow and FID

clipping

Receiver gain — Signal amplification before detection

J
— J k__—/r I‘L\M__)’I\-__M

W

f\

el W

16 bits 8 bits

FT

{W%WM'J»W#M&*MM%W : jL

L

Artifact in spectrum



Coherent summation

« To improve the signal-to-noise ratio, the measurement is repeated and summed up

 NMR signal is always the same and thus proportional to the number of repetitions Np

 The noise is random and partially cancels out, proportional to ./ Np

Number of
repetition
Retitiang

CH;

CH,

CH,

S

N

Nk

CH,

CH,




Stability and homogeneity of magnetic field

Stability over time

Field-frequency lock

« the position of the signal must be maintained for repeated

measurements,

« Lock system — independent spectrum (deuterium) is monitored

and changes in the magnetic field are compensated for

Homogeneity over sample volume

Shim

« for narrow peaks, the Larmor frequency needs to be the same

throughout the sample volume

* magnet equipped with a system of coils for homogeneity

adjustment
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