Fyzikalne-chemicke zaklady
nuklearni magneticke rezonance




NMR a elektromagnetické spektrum
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Spectral regions of the electromagnetic spectrum of interest in biological investigations




NMR a energiove hladiny
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NMR a energiove hladiny

Chemicky posun
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NMR a energiove hladiny

Rotacni frekvence a energie
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NMR a energiove hladiny

Nuklearni spin a spinove stavy

I=k*12, kjeceléCislo0, 1, 2 .... spinovée kvantove Cislo

m=-I, -I+1, -I+2 ...... I-2,I-1, I magnetické kvantove cislo

prol =12 m = V2 o stav
m = -2 [ stav

Pro 2 spiny s I= 12 existuji 4 mozné kombinace stavl aa, ap, fa a Bp
Pro 3 spiny s I= 1> existuje 8 moznosti kombinace stavl

aoa, adaf, afa, Baa, aBp, BaB, BRa, a BER

Animated course — Basic concepts

..\..\QSU NMR course animated\webcourse\basic.htm




NMR a energiove hladiny

En=m*vg;« v, - Larmorova frekvence

poradové Cislo spinu

1)0, | =

1
5 y1(1+81) By wp = —y (1 +0) Bo
JU

y - magnetogyricka konstanta (pomeér) [rad. s1.T1]

pro H y= +2,67 x 108 rad. s1.T! = 42 494 369 s'.T"

PriB,=47T
Vo = -200 x 100 Hz a w, = -1,225 x 10° rad.s™!




Zemske magnetické pole B, = 40 T, v, =-1.7 kHz
The strength of the field at the Earth's surface at this time ranges from less than 30 microteslas (0.3 gauss)
in an area including most of South America and South Africa to over 60 microteslas (0.6 gauss)
around the magnetic poles in northern Canada and south of Australia, and in part of Siberia.
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Spektrum
Vybérové pravidlo
Eﬁ A =1/ 2 Am = m(initial state) — m(final state)
= +1.
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Animated course — Basic concepts

..\..\QSU NMR course animated\webcourse\couplings.htm

NMR a energiove hladiny

Dva spiny
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yl = y2 homonuklearni systém
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NMR a energiove hladiny
Dva spiny

M =my + m».
Bp
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Dva spiny
v = Er — E4
= +3v0.1 — 5v0.2 — 312 — (3vo,1 + 3vo,2 + 1J12)
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Dva spiny — jedno-kvantovée prechody

Pro J<0
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Dva spiny — vice-kvantove prechody
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NMR a energiove hladiny
Tri spiny

Eymamsy = M1V, 1 + Mavg 2 + m3ve3 + mymaJiy +mymsJyz + momsJas
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NMR a energiove hladiny
Tri spiny

Spin 3
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NMR a energiove hladiny
Tri spiny
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NMR a energiove hladiny
Tri spiny - subspektra
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Tri spiny — vice-kvantové prechody
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Dva spiny — silna interakce
A5 = (Vo1 — Vo) < 7745

transition frequency intensity
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Dva spiny — silna interakce
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Dva spiny — silna interakce
AP AN

V3g — Vg = (5D — 52X 4+ 5J12) — (—5D — 32 + 3J12)
= D.
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D
e
’k D* = (vp — vo2)" + J’ﬁg

A J J k I-']2—|—I324:(1],-D—1]5-Z—%J[j)+(—%D—%E‘|‘%‘J]E)
34 12 24 13 = —-2.

vo.1 = $(X + (vo1 — vp2)) voo2 = 5(X — (vg 1 — vp2)).

22




NMR a energiove hladiny

Tri spiny — ABX systém - subspektra

full spectrum
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Vektorovy model NMR

Larmorova precesni frekvence

Smér rotace je negativni — +x 2> -y!!
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Vektorovy model NMR

Makroskopicka magnetizace

Smeér rotace je negativni — +x > -y!!

o y4
A magnetlzatlcm
< vector ; y a
e |
@ /
©
2
B
B~ M=%
M(M,, M, M,) = Z () e Boltzman®ya rovnice
] , spectrun;n
Curieho zakon e, —ffm=+1, Ny = Ng .exp(-(Eq kT)

M, = N.y.H2 I(I+1)/3KT.H, o
N=N, - N, :




T lowest
energy

J7 highest
energy

Vektorovy model NMR

Makroskopicka magnetizace

By
bulk

f \\ magnetization \b\/ Henr et J/I
o \ T

with fleld with field
fio fleid not at equilibrium at equilibrium
i el z

individual magnetic summed over
moments sample
x Y

Malcolm H. Levitt: Spin Dynamics, Basics of Nuclear Magnetic Resonance
Wiley 2008, ISBN-10: 0470511176, ISBN-13: 978-0470511176, Edition: 2
Chapter 2.4 Spin Precession, p. 27-38.
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The polarisation process

® Field causes precession and alignment,..
O...but nuclear interactions randomise orientations
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magnetic field

M(MXI Myl Mz) =2 (U.)

Curieho zakon

magnetization

/ vector

Vektorovy model NMR

kroskopicka magnetizace

Boltzmanova rovnice

Ny = Ng .exp(-(E, - Eg/KT)

M, = N.y.h2 I(I+1)/3KT.H,

N=N, - N,
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Vektorovy model NMR

Makroskopicka magnetizace

 Net polarization

Net
polarization

No coherence Coherence

Net polarization
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Vektorovy model NMR

Makroskopicka magnetizace

Vypocet obsazeni spinovych hladin
Boltzmanova rovnice Energie termalniho pohybu
E= k.T = 4,18.102!

Ny = Ng .exp(-(E, - Ey/KT)
Vg —Vg =-500 MHz  E, - E; = -500 000 000 . 6,626. 1034 = -3,313.10° ]

k=1,381023].deg! T=303K

Ng = Ng . exp( 3.13/(1.38 x 303)x10?) = Ng. exp( 0.0000749)

= N, . 1.0000749

30




Vektorovy model NMR

A
z Detekce
o ——
Byl wy :
Pohyb vektoru magnetizace
\ = =
—)
N y du/dt = - y.Byx U
\ 4
(klasicka pohybova rovnice)
= = — e = =)
M(M,, M,, M,) = = (1)) dM/dt = - y.B,Xx M = w x M
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Vektorovy model NMR

Detekce

M, = Mg sin B cos(wqf)

Mx} {\ {\ {\ {\ {\ {\ M, = —Mj sin B sin(wqt).

A

time

RELAXACE => Blochova rovnice

— e < — — —
dM/dt - - y'BO X M - MX/TZ d— My/T2 .J - (MZ-MO)/T]. . k
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Vektorovy model NMR
Rotujici souradna soustava
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Vektorovy model NMR

Larmorova frekvence v rotujici souradné soustave — efektivni pole

z
Oﬁset Q — (UO - ll-rf-)'[‘(_)l;, fram. - 5‘5 """"""""""
E' eff i
w=—yB. W] :"'VBI mi X
B,
=—-yAB
Q2 - -
AB=——. Beir = '\/BT + AB~.
v
{2 = wo — (—wRF) Weff = ¥ Befr
= W + WRE- B B
$inf = — cosf = tan O =
Bty Bofr

34




Vektorovy model NMR

Larmorova frekvence v rotujici souradné soustave — efektivni pole

Q=—yAB.

w) =y B

Weff = Y Befr.

W] Q2 W]

sinfé =
Weff Weff
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Vektorovy model NMR

RF pulzy — plsobeni v rezonanci — offset O = AB= 0

(a) B = 9Q° (b) B — 1890

|
!
i |
/ |
.' i
! !
L S ————— e —— - I__
e T
e !
. : B,
| h X
] f
i i
7 |
Y !
;
"x11 ]
3 /
N H
n, !
3 !
!
f
!
. !
- :
E
s L

3= wyt;
3 =v,.t,.360°

M: = ;'W{} Cos f_‘} JWT = —;'W” sin ﬁ'l

36




Vektorovy model NMR

RF pulzy — “tvrdé pulzy’

Z

=n B

n

3

= -y
I I I
10 5 0

![\. ppm

transmitter
frequency

B

p = wt, hence w) = —.

Ip

Je-lip=90°prot,= 12 us potom

/2
12 < 10—°
— 1.3 < 10° rad s~ .

] =

v,= 20 833,333 Hz
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RF I

AR

acq \l

| S

1 2

;"w.‘.'* = —J'W{} CD.‘-’.(QT}
M, = Mgysin(§21).
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[ TSI

3

Vektorovy model NMR

Detekce v rotujici souradné soustave

X

&

b = Ot

i
N

time
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T = w1180
T

()] = m—
[180

Vektorovy model NMR

Kalibrace rf pulzl

Ao

I

A

e

signal intensity

(w1 /2m) =

I T
90 1802 270°
w2 i a2

flip angle

] T T
Hz ] = =

21180

Lol

—=2.03 x 10° rad s~ .

= 32.3 kHz.

2}‘]8(} 2x 155 %< 10-°
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Vektorovy model NMR

Spinové echo
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Vektorovy model NMR

Faze rf pulzl
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Vektorovy model NMR

Relaxace

180° 90°

A
— UM
VUV

increasing © -

P
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Vektorovy model NMR

Off-rezonancni vlivy a slabé pulzy

M = 1 M2+ M2

43




Vektorovy model NMR

Selektivni excitace a slabé pulzy

strong pulse JL JL JL
excitation /\/\/\/\/\/\/\/\/\

selective pulse —* J:L A

offset ——— =

transmitter

NMRSim demo
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Vektorovy model NMR

Selektivni inverze a slabé pulzy

45




Vektorovy model NMR - shrnuti

Vysokofrekvencni vykon vytvari ve snimaci civce okolo méfeného vzorku
oscilujici magnetické pole B, v definované smeéru kolmém na smér
statického magnetického pole.

Toto linearné oscilujici pole muze byt rozlozeno na dvé protismérné rotujici
magneticka pole. Pouze jedno z nich, majici shodnou frekvenci a smér s
frekvenci Larmorovou, se bere v uvahu.

Rotujici pole se zavedenim rotujici souradné soustavy (rss) s vhodnou
frekvenci stane statickym.

V rss jsou rezonancni frekvence modifikovany. Rozdilova frekvence mezi
frekvenci rss a rezonancnim Larmorovym kmitoCtem nazyvana offset Q
potom odpovida redukovanému magnetickemu poli

AB =-Qly.
Vektor magnetizace rotuje kolem efektivhiho magnetického pole, které je
vektorovym souctem AB + B,.

Efektivni pole je orientovano blizko ose pole B, pokud je rezonancni ofset
maly.

46




Fourierova transformace a zpracovani dat

Fourier
transformation

<>
|

frequency

FID — free induction decay

/}/ R \{\ an

NPZANVANVAN VANV W,

o

My/ \
\
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Fourierova transformace a zpracovani dat

FID — free induction decay

M, = Mycos Q1
My, = Mpsin Qr.

=
L]
o
I
[ 4F]
[ =
e
o
L =y
'\-\_,-FH
Lo
=
o
o
o
[y
£
e
o
L S
Ub'\.
o

Se(f) = Spcos 21 and  Sy(f) = Sp sin §21

S(ry=58,(r)+ fo.T(f}
= Sgcos §2F + 1.5y sin 21
= Spexp(if2r).

—I
S(1) = Spexp(i€2r) exp (—) ‘
1>

time
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Jean Baptiste Joseph Fourier
born Auxerre, March 21, 1768
died, Paris, May 16, 1830

He took a prominent part in his own district in promoting the revolution, and
was rewarded by an appointment in 1795 in the Normal school, and
subsequently by a chair in the Polytechnic school.

Fourier went with Napoleon on his Eastern expedition in 1798 as a scientific
advisor, and was made governor of Lower Egypt.

After the British victories and the capitulation of the French under General
Menou in 1801, Fourier returned to France, and was made prefect of Grenoble,
and it was while there that he made his experiments on the propagation of heat.
He moved to Paris in 1816. In 1822 he published his 7héeorie analytique de la
chaleur, in which he shows that any functions of a variable, whether continuous
or discontinuous, can be expanded in a series of sines of multiples of the
variable - a result which is constantly used in modern analysis.

J.W.Cooley and J.W.Tukey, Math. Comp. 1965, 19, 297
Fast Fourier Transform




Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

FT S(v) = ofoS(t).exp (- .2TLV.1) dt

+ oo
T S(t) = f S(v).exp (+/.21v.1) dv
Diskrétni Fourierova transformace — algoritmus Cooley a Tukey, 1966

Cooley-Tukey algoritmus je nejpouzivanéjsi variantou FFT algoritmu.

Tato metoda (a obecné myslenka FFT) byla popularizovana v praci J. W. Cooleye a J. W. Tukeye z roku 1965, nicméné pozdéji se
priSlo na to, Ze tito autofi pouze znovuobijevili algoritmus znamy jiz Gaussovi kolem roku 1805 (ktery byl poté v omezené podobé

nékolikrat znovu objeven). 51




Fourierova transformace a zpracovani dat

(@) 15 Hz (b) 17 Hz () 30 Hz
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Fourierova transformace a zpracovani dat

15 Hz (b) 17 Hz 30 Hz

wsvwv% VAARAAAA WY
product XAMAAAAAAAAAAA‘:
function / E \XAAA%VW"W WVA'W”“‘

integral

area under
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frequency / Hz

o
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Fourierova transformace a zpracovani dat

(a) 10 Hz (b) 20 Hz (©) 30 Hz
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Fourierova transformace a zpracovani dat

Fourierova fada s(x) = X C, elnux

Koeficienty Fourierovy fady  C, = 1/T _f f(x) e nexdx

Nalezeni koeficientll Fourierovy rady = harmonicka analyza

55




vT

Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

Time domain

Frequency domain

| 1 -
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- K B g . .
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti
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BT 37 T W N : : ' '  gesm dEc < TR
ar a7 2T 4T T T T Y 4
My SR : !H{i} S
W) = Acos Qufor) HU) =480~ 10 l .
: : t) = A cos (2n fot Sitg) St
/\ ﬂn n RN e, | e [9 "
U U U‘U - | ; N "
hin ﬁi'%ﬂ—? %
A ' ; H(f)= —J%J(I“!’d ! {
ﬂ ﬂ n ﬂ (\ h(t) = Asin2zfot) O S, ' gauu.r(
& : _ +i58S + o) A RIS Vo
§ o . "0 & -5 Jrr '_4':'-,'
4 ; rP_?'—‘ﬂ"'!_ﬁj

—_—

Figure 2-11. Fou~ar transform pairs.
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti
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H<2ro ”m"“zLﬁ(rTT’L_—
=0 |t]| > 2T,
—
i
= ' I, T, ;ru
Hif)
Konvoluce! | . | ar,}
H(Sf) = A2T3[Q(f + So)
() = 2 e .
. et gt x{giL To  © + o =)l :
| -0 >Ts - o =tohe) iy
*. -To To 1 -
. : 4y : fo i
: A ho ) = 5 q0) ' '
: : ' g -3¢ g2 %t
+ga(t+7) R HUY = + 505 (%)
A 1 -4 _ If1=/f
' . + g4 (1 o ﬁT) _ -
iy . 4o i =0 11> fe
: ' e @) m FRASESE) {i:‘f:) - e
- i
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

. *h[tl £ PR
y H(f) = 5 Q)
 Mo=g e+ ges(F) - +gle(r+ o)
=T, @ +Q(f_ 1 )]
- =0 lt] > To 2T,

o 5 O ou) = 2e/) e

exponencielni funkce | )f'm o
; A : b :
- 7 :
/\ ﬁm:r%mw(_!“n 5 Imﬂmiﬁ;%m _/ (\¥
; it . e " &
‘hm . *Htlr
Gaussova funkce o .
- © HY)

1

/\ i ('“') " exp (~ar?)

S

LT

Figure 2-11 (continued).
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni theorémy

linearita x(t) + y(t) - X(v) + Y(v)

Casové Skalovani x(kt) o 1/k .X(v/k)

éasovy posun X(t - to) o X(v)exp( -i2nvt,)

modulace X(6). exp( i2mvp) «  X(v = V)

suda funkce Xg(t) o Xe(v) = Rg(V) suda a redlnd
licha funkce Xo(t) o i Xo(V) = i 15(V) lichd a imaginarni

realna funkce X (t) o X(V) = Re(v) + 7I5(v)
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

Konvolucni integral _[ S(t T dt

FT konv. integralu (r(t)*s(t)) = R(v).S(v)

priklady
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priklady

Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

+ oo

FT(f(t).a(t)) = | F(v).G(u — v).dv

- 00

F(v) = FT(i(t))
G(v) = FT(g(t))
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Fourierova transformace a zpracovani dat

Fourierova transformace

time ———

frequency ———

A A
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Fourierova transformace a zpracovani dat

Fourierova transformace

Spektrum s vice Carami
absorption

, i , _ —1
dispersion L S(r) =Spq exp(i Q1) exp (I—“)
TQ
J _.r K F _: Y

N frequency + Sp.2 expli st exp (F) + Sp.z expliQ2at) exp (ﬁ) :
[ 2 2

)
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Fourierova transformace a zpracovani dat

Faze spektra
S (1) =ycosQtexp(—t/T,) S, (f)=ysinQrexp(—t/T,)

S(1)=S(1)+1iS,(1)

Slw)= FT|5S(t
= y(cos £ +isin ) exp(—1/T,) (@) [ ( )]

= V1Al®)+iD(w@
= }fexp(fﬂr)e}qj(—r/?"z) ]f{ () ( )}
Y — amplituda signalu
] _ﬂ ;r:;
Alw) = D(w) = (0 —Q)T, =

(- Q)T +]1 (00— Q)T +]1

Lorentz{v tvar spektralnich c¢ar — K
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Fourierova transformace a zpracovani dat

Faze spektra

8.10.2014
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Fourierova transformace a zpracovani dat

Faze spektra

S(t) =5, exp(iQlt) exp (— Ti) .exp (ip)
l FT

SolA(w) +iD(w)]. exp(ip) =
S, [A(w) + iD(w)]. [cosep + i.singp] =

S,lcos@p.A — sing.D(w)] +iS,[sinp. A(w) + cosp.D (w)]

real imaginary
8.10.2014
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Fourierova transformace a zpracovani dat

Faze spektra

f4zova korekce fazové posunuty signal

' _Il- k
CXPI Peorr ) ST ) = expli degrr) X |:.5g expligh) expli€2r) exp ( T ):| .

~

i

e

. . —
EXPU Peore ) S ) = expll (Pegr + ) [.‘.‘15 expl(r2f hexp ( )} :

"

—

je-li corr = - ¢, pak exp i (¢ + (corr) =1

o "

E 1 ¥ " i _lr
CXPU Qoo ) S (F) = Sgexpli i) exp ( = ) :

q e

Analogicky, korekce plati i ve frekvencni doménée

expli oo ) Slw).
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Fourierova transformace a zpracovani dat

Faze spektra — frekvencné zavisla chyba

0 frequency

1

|
0 frequency

fazova chyba linearné zavisla na ofsetu
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Fourierova transformace a zpracovani dat

Zvyseni citlivosti

70




Fourierova transformace a zpracovani dat

Zvyseni citlivosti

ariginal FID weighting function weighting function

weighted FID

71




Fourierova transformace a zpracovani dat

Zvyseni rozliseni

d
\ &)
I

[

T LT

ST
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Lorentzian

Gaussian

Fourierova transformace a zpracovani dat

Zvyseni rozliseni

W(t) = exp(—Rppt)

Prizplsobeny filtr (matched filter) R g =

Rz A —_ O
V1/2 — 2 AV]_/Z

W (t) = exp(—at?),

Pfizplsobeny filtr (matched filter) a = R,*

— N1/2 [
Avy, =27 Avy),
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Fourierova transformace a zpracovani dat

Zvyseni rozliseni

phase 0 /'8 /4 /2

ac’ ac

7 m — I i o (T =)t
W(t) = sin ( ! ) . W(t) =sin ((T ?) + qb) * Wi(t) = sin~ ( ¢ +qb) :

[ ac( ‘rﬂ‘-?'il

acq
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Fourierova transformace a zpracovani dat

Doplnovani nulami

acd =l

_.F'."h. J‘-—. j-‘._
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Fourierova transformace a zpracovani dat

Zkraceni signalu (truncation)

76




Jak pracuje spektrometr

Jednotlivé casti
e Magnet

e Sonda

e Vysilac

e Prijimac

e Prevodnik

e Pulsni programator

e Pocitac




Jak pracuje spektrometr

Magnet

Properties Nitrogen Helium

Molecular weight 28 4

. . " =196 264
Normal botling poimnt | , .l . .

| ]x| l 4.2

Approximate expansion ration
(volume of gas at 15°C and atmospheric pressure produced | 630 740
by unit volume of lhquid at normal boiling point ).

T — T - T 3 - —
Density of liquid at normal boiling poimnt [kg m™] [ &10 |25
Color (hquid) none none
Color (gas) none none
Odour { gas) nomne none

Toxicity

very low

very low

Explosion hazard with combustible material no no
Pressure rupture if iquid or cold gas s trapped VEs Vs
Fire hazard:  combustible no no
Fire hazard:  promotes ignition directly no ne
Fire hazard:  liquelies oxyeen and promotes ignition Ves Vs
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He-level

|

%d

Lift/Spin

Magnet

Shimcoil

i

Probehead

Jak pracuje spektrometr

Magnet — korekce (shims)

Spectrum before Adjustment Adjusted shim(s) Adjusted Spectrim
z
I\ _
23,77

LI g L)
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Jak pracuje spektrometr

Sonda




Jak pracuje spektrometr
Vlysila€ — vykon vers. indukce rf pole

computer

------- === mm -

control :

synthesizer

gate| N[==--- 7

amplifier

'

to probe

attenuator {--

P
L,= 10 x log,, ——: [dB]

.

m

out

1

n

Relativni hodnota vykonu se vyjadruje v decibelech
1dB: P1/P2 = 1.2589254

w21

y 2
. EU[]'Lt.}‘.’qr’fx2.a
power ratio = — :
it

- \ 2
o U_J]]l oW ;T;T
power ratio in dB = 10 log,

{"-J'llm[fj;-f

201 w21
= U oo — .
=10 it

{r_ll ;<7

Relativni hodnota rf pole vyjadrena v decibelech
1dB: wl/w2 =1.120185
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Jak pracuje spektrometr

VlysilaC — fazove posunute pulzy

2B cos wrpt.

¥

N

WY
O\, Sxﬂvﬂvﬂv 2 B sin wREt.
¥ N
A
SPARS
O €

NN,
b
A

/L\
N
@9%

eld along x —ﬁ:g m G#‘
e




Jak pracuje spektrometr

3bitovy A/D prevodnik (8 Urovni) A/D pFeVOdnl’k
2" =8

(a) ial (]}
;1.1 !r: ;“x / i 7 n=§ bitul n=8, bit{ ,
A—F——+ ‘\ / 64 urovni 256 Urovni
—/ — /
s W \/ | i
(b)

»

Typicky A/D prevodnik 16 bitd
tj. 65 536 Urovni
32 bitd
Tj. 4 294 967 296 Urovni
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Jak pracuje spektrometr

A/D prevodnik — vzorkovaci rychlost

e
e

Nyquistova frekvence

1
2A°

f ]nux —

2 ,f['[].ii.l;

f .=1kHz=>A =500 ps

MaXx




Jak pracuje spektrometr

A/D-prevodnik — prekladani signalt

_fmax 0 +fmax
(b)
| | |
-f 0 +f
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Jak pracuje spektrometr

Prijimac

N OEp HpPR  Control Section

RE485

NMR signal,
—P

RE

RGP

SADC ar

A/D prevodniky

HADC/2

_< ADC

ol —y

':Eﬁtg'; Hz)
>

RCL

_< ADC

I.I
X D CH.B
Lokalni oscilitor I ®
|F-Section . IQH E
] [ Eﬁ%‘gg : ’ B
H. Qua
¥ D ol
4 dBm D y
AQR RX-22 -
RF-Sacti F i
ction £ AF-Section RGPHADC
+ 3 NG
SBESE1
from SCU
* 22 MHz
mezifrekvence

A

RGP ADC~
O CLK~
{frorm ohsere SGL)
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Jak pracuje spektrometr

Kvadraturni detekce

positive fraquency

M,

"1‘——-\\

\‘_\‘\\__—/

timg—— =

M

_H_H-‘_‘-""“‘-—-._

negative frequency

Cj @ @ @ @@ smesovac j

A cos gl X cos gl = FA [cos(mg + o )N coslig — g )]

A cos gl }-:(— xjmuu!): 1A [— sinlig + o )Y+ sinfig — )1 |

A AR b
@@www

-\\\‘—___—f

fimg——— =

P

M

@ cosA.cosB=1/2(cos(A+B) + cos(A-B))

cosA.sinB=1/2(sin(A+B) - sin(A-B))
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Jak pracuje spektrometr

Kvadraturni detekce

mixer
Ay M
——— — - o —— ADC real part
AV A of FID
low pass filter
from -
[roke
mixer
NS M,
——— — P X ——] ADC e imag. part
S of FID
low pass filter
ao
[thase
shift

local oscillator

mezifrekvence

filter odstrani frekvence w,+w.,

+ cos(mg — )i ]

+ sinf g — gy M |
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Jak pracuje spektrometr
Kvadraturni detekce — Cas vers. frekvence
Sitka spektra f.,, AkviziCni Cas t,,
N — pocet akvizi¢nich bod{

A = : N =l

fsw A

A — vzorkovaci interval
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Jak pracuje spektrometr

Pulzni programator
INEPT s refokusaci

P2 phl pd rph2 p2 ph2 pd phZ
Q04 1804 204 1804
FLE Fi1z
o 4F i
Fz
2E rZ ph4 rl phS pZ pht
= 1804 204 1804
F1 1z
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Jak pracuje spektrometr

Pulzni programator

ph1=0000000022222222
ph2=0 2

ph3=1133

ph4=0 2
ph5=0000111122223333
ph6=02021313
ph31=00221133

;ineptrd

;avance-version (02/05/31)

;INEPT for non-selective polarization transfer
;with decoupling during acquisition

#include <Avance.incl>

"p2=p1*2"

"p4=p3*2"
"d3=1s/(cnst2*cnst11)"
"d4=1s/(cnst2*4)"
"d12=20u"

1ze
2 30m do:f2
di
d12 pl2:f2
(p3 phl):f2
d4
(center (p4 ph2):f2 (p2 ph4) )
d4
(p3 ph3):f2 (p1 ph5)
d3
(center (p4 ph2):f2 (p2 ph6) )
d3 pl12:f2
go=2 ph31 cpd2:f2
30m do:f2 mc #0 to 2 FO(zd)
exit

15.10.2014

;pll : f1 channel - power level for pulse (default)
;P12 : f2 channel - power level for pulse (default)
;pl12: f2 channel - power level for CPD/BB decoupling

pl:
;P2
;p3
;dl
d3

7

»d4

: f1 channel - 90 degree high power pulse
: f1 channel - 180 degree high power pulse
: f2 channel - 90 degree high power pulse
P4
: relaxation delay; 1-5 * T1

f2 channel - 180 degree high power pulse

1/(6J(XH)) XH, XH2, XH3 positive

1/(4J(XH)) XH onIy
1/(3]J(XH)) XH, XH3 positive, XH2 negative

1/(43(XH))

;d12: delay for power switching [20 usec]
;enst2: = J(XH)
;enstll: 6 XH, XH2, XH3 positive

/

4

4 XH only
3 XH, XH3 positive, XH2 negative

;NS: 4 * n, total number of scans: NS * TDO

;DS: 16

;cpd2: decoupling according to sequence defined by cpdprg2
;pcpd2: f2 channel - 90 degree pulse for decoupling segyence

;$1d: ineptrd,v 1.8 2002/06/12 09:05:00 ber Exp $




Vektorovy model = Blochova rovnice

_— — ) — — —
dM/dt - - y'BO X M - MX/TZ'I - My/Tz.J - (MZ-MO)/Tl'k

—

M(t) = M,(t)+M,(H)+M,(t) = a(t) + b(t)j+ c(t) K

Numerické reseni

92

dM/dt _ R11 | R12 | R13 Mx(0) Mx(t)=R11.Mx(0)+R12.My(0)+R13.Mz(0)

R21 | R22 | R23 My(0) My(t) =R21.Mx(0)+R122.My(0)+R23.Mz(0)

R31 | R32 | R33 Mz(0) Mz(t) =R31.Mx(0)+R32.My(0)+R33.Mz(0)
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R,(8) =

Vektorovy model = rotacni matice

0 0
cos O | sinB
-sin© | cos O

R,(@) =

COS X -sin X
R,(x) = |0 0
sin x COS X
Cos @ [ sing
-sin@ | cos @
0 0

Priklady pro rlizné Uhly a sméry rotace na tabuli
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Soucinovy operatorovy formalismus

Prestru¢né opakovani zaklad kvantové mechaniky

Operator Operator x funkce = nova funkce; d/dx(sin x) = cos x

Rotacni moment hybnosti

Spinovy operator I, I, a I,— Pauliho spinové matice

Hamiltonian Operator energie

Vlastni hodnoty operatord, vlastni funkce
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Soucinovy operatorovy formalismus

Prestru¢né opakovani zaklad{ kvantové mechaniky

Matice hustoty (operator) o(t) = a(t) L + b(t) L, + c(t)]

Operator hustoty (téz matice hustoty nebo statisticky operator) je
operator pouzivany pro popis kvantového stavu systému. Na rozdil od vinové
funkce je obecnéjsi, protoze kromé Cistych kvantovych stav{ popisuje i
méfitelné vlastnosti statistickych soubor( kvantovych stavl, tedy pfipad, kdy
pracujeme se smési rliznych kvantovych stavd, které jsou zastoupeny s
jistymi pravdépodobnostmi. Takové statistické soubory se nazyvaji
smisenymi stavy.

Operator hustoty se Siroce pouziva v teorii dekoherence a obecné v teorii
otevrenych kvantovych systémd, kdy se systém nevyviji koherentné, tj. H
podle Schrodingerovy rovnice, ale je prlibézné méren svym okolim. V
takovém pripadé nelze formalismus vinové funkce vyuzit, protoze systém je
procesem méreni z Cistého kvantového stavu pomalu preménovan na stav
smiseny.

Hamiltonian pulzl a vyvojovych intervalll

=l

free

H .. =0l

pulse,x

H

I
e
—

pulse.y




Soucinovy operatorovy formalismus

Prestru¢né opakovani zakladd kvantové mechaniky
Pohybova rovnice — Liouville-von Neumanova rovnice

o(t)/dt = -/.[A (1), o(t)]

o(t) = exp(-/ Ht) o(0) exp(/ Ht)

H = a’)l [.r O-(O) = ["

U(rp) = exp(—fwlrpl_r) [ exp(fa)lrp 1_1-)
—~

B
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Soucinovy operatorovy formalismus

Prestru¢né opakovani zakladd kvantové mechaniky

exp(—ifl,) I.exp(ifl,)=cos B I.—sinf I,

O'(IP) =coswf, 1. —sinof [

22.10.2013
29.10.2013
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Soucinovy operatorovy formalismus

Standardni rotace

1. priklad exp(—i6l ) [ exp(ibl ) exp(—iOl ) I exp(iOl )=cosO I +sin6 I

2. priklad exp(—i6l ) {—L}exp(f@ﬁ )

exp(—fﬁ?f}_ ){—!__ }exl:n(ft?f_1__) = COS 9{—!__ }+ Sin 9{—[1}

3 # % K

=—cos@ [ —sinf [

Zkracena notace oft, )= '3}‘1:'( o(0)explioyty] )
G‘(U) ol1,)

2 :
[ cosayt, [ —sinyt, I




Soucinovy operatorovy formalismus
Spinoveé echo — priklad vypoctu

90" 180
F;FJ _ ” _ QIJD(.\')LdeLn r— ‘ 80°(x }-{—?deltn T acquire
2T (1l
- MM —1, s 0(D)
i —, — 5 —cos QT [ +sin Q7]

—cos Qr I, +sin Q] —2 5 5(e)

(ol .
—cos Qr [, —2% 5 —cos Q27 cos ot I —cosQrsinwt 1

—cosQr ] —Z s cos Q1]

—cosQt [ +sin Q1] —ZscosQt 1, +sin Q71
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Soucinovy operatorovy formalismus

Spinové echo — priklad vypoctu

90" 180’
HFJ _ ” _ 90‘3’(1)—del ay T ‘IEI—(I&I ay 'r—u.quire

21

= iy
cos 2t [, —2% 5 cos Qrcos Q211 —sin Qrcos Ot 1,
sinQt 1 —2% 5 cos Qrsin Qt I +5sin Qrsin Q11
(cos Q27 cos Q7 +5sin Qrsin Q1) [, + (cos QTsin Q7 —sin 2t cos Q1)1

1 0
o, [ 90%( x)—T—=180%(x)—T— . ]
Celkovy vysledek Z 7Ly
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Soucinovy operatorovy formalismus

Dvouspinove operatory

Soufazové (in-phase) operatory - 6

spin 1: 7, [, 1. spin2: L, L, I,
—- { - —- { -
‘ ‘ ‘ ‘ ‘ ‘ JI[1:«;’ !U
Q, Q, 9 L'
}[2:{ u "[2}-’ ‘ i
| |
{2y
2,
apsorption dizpersion

4,
oo gpin state

e A

of spin 2 ‘ "
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Soucinovy operatorovy formalismus

Dvouspinoveé operatory

Antifazové (anti-phase) operatory - 4

— Jp-— Uy p-— 2"{1»‘*’!23 I l 2"1}-"5:
‘ ‘ ‘ ‘ £
P P! £
o B 2!12’[2:{ 2“[13“[2}’ l I

, v , Vice-kvantové operatory - 4
Celkovy pocet operatorl

4N (N je pocet spinl) multiple quantum:21/, I, 21, 1, 21,1, 2I.1,.

! ' P |

pro N=2 tedy 16
Zbyvajici operatory - 2

£ - jednotkovy operator, 27,7,
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Soucinovy operatorovy formalismus

Popis vlivu chemického posunu a rf pulzli na vyvoj matice hustoty

Dvou spinovy systém — vliv chemického posunu na I, Hpo = 21+ £, 1.
[ i I, —20 s cos Q] +sinQr [, —20
L ) '
I g..-.]||‘1r'|_:+!.gzld1r2_: .
a [, —20ete s cos Q] +sin Q]

ol 2,1,

LY

lx

Dvou spinovy systém — vliv rf pulzu v ose y na 21,1, H=w/l, +ol,,

I fr,'l]“r-l}. . fr.ll-lurlrl}.
"}_

‘ ) il
21, 1, — 20 5 cosayr2 L1, —sinoy 2L I, ——>—

.1 l-r.\._

f215,
» 21,1, —h

.....

if2 1 21,
2 I, — 5 op I, — T 5 21 L




Soucinovy operatorovy formalismus
Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty
Hamiltonian H =2n),1_1,.

A% Vv

X y Zameéna indexd
— rotace proti sméru hr

Z 2z vz XZ 77 —XZ

angle = nJt

(1, +sinm/ 21 1.

27l 1.

> COS Tt/

e

21 Iyl s cos )t 21, 1, +sinml

X 22
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Soucinovy operatorovy formalismus

Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty

Hamiltonian H =2n),1_1,.

l(I

EJIJHI.’I_IE_% | 270t 1y L \1=17))
X ~—0_ >2[I .1‘[2:. [2_1‘ _[Eﬁr
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Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

90" 180 Homonuklearni systém
HFJ = ” -
-— - — 7— 180%(x, to spin | and spin 2) — 7—
2T
LA Chemicky posun je refokusovan (viz obrazek ¢. 36)
acq
YV
1. interval 1 [, —Zethde s cos ), 1, +sina T 21 1,

180° pulz cosmt/,T I, +sinm/,T 20 [, —Te s Ty

cosm/ Tl +sinm/ 721 1)

Spinove echo v homonuklearnim systému nema zadny vliv na vyvoj J

r—1B0"(x)-1 : T ;
I 2L s cos2ml,T 1, +sin 2wl ,T 21 1, 107

.'I.




Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

jcf : ﬁ:l‘ Homonuklearni systém
RF - ~
-— - — 7— 180%(x, to spin | and spin 2) — 7—
2T
. \Uﬂuﬂuﬁ\ Chemicky posun je refokusovan (viz obrazek ¢. 87/88)

Interkonverze soufazove a antifazové magnetizace

T=1/4] -4,y —180°(x) — 1/(4],,) -

180" (x)-7 ; T .
I, ~——cos2m/,t [ +sin2m/,T 21 1,

- 'I.

flx -> 2-l.lyJZZ
2[1x[22 -> -[1y
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Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

@) i Heteronukledrni systém
spin 1 i - d Sekvence a — viz homonuklearni systém
spin 2
Sekvence b [, —=E5ke s cos ), T 1, +sind ,T 20 1,
s@pim i H i cosm/,T I, +sinm/,T 21 1, J@% cosm/,T I, —sinml,T 21 1,
spin 2
@ cosmt/,T I, —Zhathdl
spin{—— cos 7, T cosmtl,T 1, +sin/,Teos ), 21, 1,
spin 2 | —sinz/,,t 21, I, —2Fethde

e

’flx
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spin 1

spin 2

spin 1

spin 2

spin 1

spin 2

Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

Heteronuklearni systém

L S S :
Sekvence c [, —=utheze seosm/ T [ +sinml,T 21 1,
L 12 1 12 Iv*2:z

cosm/,t I, +sinml,t 21, 1T, cc:-s;m’lzr [, —sinm/,t 21 I,.

> [, (I, cos 2Q,1 + 1, cos 2Q,T)

Ale vyvoj v disledku chemického posunu spinu 7 zlstava zachovan
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Soucinovy operatorovy formalismus

Vice-kvantoveé cleny

Rad koherence - p I,2L,L, p=t1
L, 25,5, p=0

25h, p=0ip=+2

Zdvihové operatory (raising and lowering operators)

p=+1 [=1+il, 1 =I-i, I

I.r:%(‘h-l_l—) ! _%(};_[—)

21 1, =2xL(1,, +1_)x+(I,, +1, )
= ’i‘(]|+‘rz+ + ]I—IE—)_I_Z]'(IH[E— + Il—[2+)

p=+2 D=-2 p=20 =0

p=-1
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Soucinovy operatorovy formalismus

Vice-kvantoveé cleny

Rad koherence - p

double quantum part|27, 1, |=4(1,, 1, +1,_1,)

%(IHIH T ]1—]2—)

% hQIl.i'[l.’f T 2]]_".']1_1*]

(0, +i1, )1, +it,)+ (1, =1, (1, ~ i1, )]
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Soucinovy operatorovy formalismus

Trispinoveé operatory

- J,

13-1—

MH_

o o ,j ,j spin 2
¢ f o [ spin3

X

211

1x' 2z

2l 1

1x'3z

41, 151

1x'2z'3z

=21

Celkovy pocet operatorl
4N (N je pocet spinl)
pro N=3 tedy 64
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Soucinovy operatorovy formalismus

Alternativni notace

IS spinovy systém 25yh, 21,5,

IS spinovy systém -CH;, -CH,
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Soucinovy operatorovy formalismus
Vice-kvantové cleny - vyvoj
double quantum, p = £2
DQ" =4(214,1, -21,1,)
DQ,"
E{il'f:.r quzu'utul'n. p=0

zQ\" =4(21,1, +21,1,)

(1.0, +1.1 )

Hora, +21,0, ) =411, -1.1_)

(1.1, +1.1,)

+(21,1, -21,1,)

iR ( L1 —1I.1, )

ZQ\"

Popis vlivu chemického posunu

NG Sl
DQ i ‘CD:-&(QI,- +02,

)
)

L)
DQ." Al ‘CDH(_Q +42,

ZQ\" LA LN CDS( Q- Q. )r ZQ'" +sin ( Q,— Q. )r ZQ ' |
( )

Z7QU) LMy cos(Q, - 0. ) 2Q" —sin(Q, - 2, ) 2Q""

I DQTIIT;',.- '+ Hil]( Q+0Q )r D(‘}ﬁ |
TD(‘)' ) —H||'|(f}‘ —|—_fi‘ ) DQ:{';:I
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Soucinovy operatorovy formalismus

Vice-kvantové cleny - vyvoj

Popis vlivu spin-spinové interakce

DQ" —— cos g et DQY +cos g el 2 J,EDQ;*"?'
DQT;}-"' ' o8 W g et DQF,E-"“ —sin W g ! 21, DQ
ZQ —— cos gy it ZQ" +sin Tl g it 21, ZQf;_“i-"”

ZQ\" —— cos g it ZQ\ —sin ot 21, 2Q""

Jpo eff — SOUCet J mezi spinem i a vsemi ostatnimi p/lus
soucet mezi spinem j a vSemi ostatnimi

Jz0.¢fr — SOUCet J mezi spinem i a vsemi ostatnimi minus
soucet mezi spinem j a vsemi ostatnimi
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2 spiny - CH

cos(wJr) | sin(wJr)
2Liz8x || 2I1z5x Sy
2IxSz | 2LixSz Iy
Ix Iy 2lyv Sz
S x Sy 2l 5y
3 spiny — CH,
cos(mJr) EBS(’JT..T’T) Si:[l(ﬂ'j".") sin(wJr) #in® (’ﬂ'j".")
4Ty zT228x || Hazl>z8x 21, 7+ 2[Sy -Sx |
41712 xS x 4l 7l xS x 2l x Sy
4l xIsxSz || 4lixIaxSz 2Lix Ly +LvIax] 4I,vlay|Sz
4l 712 xSz 4l zl: xSz 2l z1sy
22 xS x 2l; xS x 411 71 xSy
Sy
2,78 x 2l 75 x +4L, 71z 8y -2l z8x
2l xS 7 2l, xSz Ly
Sx S x 2Liz+1:z|Sy -4zl 7S x
2L xIz x 2L xIz x 4L xIy+hLivl:x]Sz 21y Ly
2l zI:x 2l zI:x 4l zIsv Sz
Inx Ix? 2I2v Sz




4 spiny - CH;

HJH![':I'I'..FT} mﬂ’[ﬂ.ﬁ'} ma[fr.ff} oot [*.rr.]'f} aiﬂ[ﬂr.ﬁ'} *lJHE‘:I‘I’..FT}EiILE‘TI’..FT} ma[fr.ff} aiﬂ’[:rr.ff] aill[:rr.ff} aiﬂ’[:rr.]'*r} si.u’[*.lr.ff}
Bl zlozla g8y “ Bl plaplpzBy Al glog+L zlaz ALg+Haz =By
+la gl |8y oz |Sx
BlLigliglawSyx HiplaglaxSx [Tyz=+la g [Tn By laxSx
Bligl vl xS Bl zlowlp B x Al g Inxr B
BLixIaxlaxSz || Blixlaxlax Bz 4 x Lo x Iny BlixLiyIay L yLyvly
+h xLvlax Sy P PRTIPAT
+ vl Inx] +liv Iy Iax|Se
ElirlzxTa xSz H:rlaxIn xSz AL z[laxlav+laviax] Bl zlav Inv B2
AL glorla x8g Bl glozlaxBg Al gloplpy
Ay x L xSy 4 vk By A la x I x5y
4 8 aplaxSx Al g lagla xSy -, xlax By
oplazB LorlazB x Blizls glag By -4l zlax 3L g8y
+2[Iz g+1p 5] Sy +1.7Iaz|Bx
=
Ao ylaxB g Al ylax Bg gy lay+2layvIax g P
Alaxla xSe Alarla x 8e ) FA LY
Iy 8y xSy A1 7 la x+la zlax | Sy BLglglaxSy
MarSx 2IagSx Al elar AL glazla s -4l gla g Sy
+lz+1: 7] 8x
+ By
Hax8x 2IaxSg I
Sx Hx I +Lr+laz|Sy | B PER D BF.) PE ALzl zlag By
+lazlnz|Sx
45 x Lo Inx 45 xIox Inx B[ x o x Iny L xLyIay BLyLyvIxySg
+L xLvhx vl xlay
+hyvLxlx]8s +Lv Iy lax]
Aplaxlax hrlaxlax Aliglaxlay 4L wlav I
+lelvlax]8z
M glarlax A glaglax gl glavBe
oy Iax Lxhax g lay+In x| Sz gy Lay
HAazlax Hgxlax gxIm S
Ix Ix 3Ty 8z

29.10.2014
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Metody 1D FT NMR spektroskopie

Sirokopasmovy dekaplink

T :
50 '50 40 v T
PoN =4 20

Figure 4.1: Coupled *C spectrum of sucrose obtained in 64 scans

T 1]
80 50 40 = o '
poM ]

' 9. 3 I 13 L % : :
Figure 4.2: Broadband decoupled ™ C spectrum of sucrcse otzained in 64 Gy

119




SE

GASPE

SEMUT

Metody 1D FT NMR spektroskopie

Pulzni sekvence — editace spekter

SIROKOQPASMOVY DEKAPLING

ELH T
a ﬂ
| i -
= 1 - |

Tiz Tiz

5.11.2014
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Metody 1D FT NMR spektroskopie

APT

APT (c) (b) (a)
1.0 Quaternary c/\' ! : ' {n:
'—-:_".‘- I ; .+0+1.+. |-
! -+
; L. e FNCH L 9=125Hz
l e i 2
! : !
0-5 — . 1 l+ ’I
'.. 1 1 I
e, 1 1 |
! 1 !
0 . - :
4 8 rms
1 ; 1
5.5 ! M e LCH_,J=125Hz
-UJ. s 1 ‘] | 3
i * -}
| e " N~CH,J=160Hz
| I I '
] { .. e 8B
-1.0 - 3 : £ ~3_ CH,J=125Hz
i 1

Fig.2.9: Dependence of signal intensities on the delay 7 in the APT experiment.
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Metody 1D FT NMR
spektroskopie

APT
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T Ty FT
GASPE o | l—U”W"*‘ :}ﬁ'“**—"r' AL

| écH BCHo OCH3
t (i I
Delay msec) | 34/ Carbon-132 Spectra
(T=130) | I | |
w2 oz | M +Ji2-)/2

l m ‘ ‘ | h | |
(4]}
all carbons showing wath posttive amplitude
1/ 1] | |
585 '
@ |
only quaternary carbons showing up
CHE& C
| 7.69 m |l 1
‘ | || CH- & CH
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Metody 1D FT NMR

spektroskopie

SEMUT

A)

Broadband

Broadband

O
Decouple l decouple

80 1805

J__ T_I__ %

Acq.
T T
IJ\__{._\C‘HLJ

80

70 60 50 40 30 20 10 0 PPM

Fig.2.33: (A) Pulse sequence for the SEMUT experiment. (B) B¢ SEMUT spectrum of a region o

cholesterol.
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Metody 1D FT NMR spektroskopie

SEMUT
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Metody 1D FT NMR spektroskopie

Relativni citlivost

Type of experiment Sensitivity C_13 N_15
]

Examples & o »MEF:(IMW#»W

T=1.5s

TlI - 2 S / ﬂ

Tls =5s | Y,?sm (1= e-r{‘f“:} 4 10
5 e —

| ﬂﬁ%ﬁ‘ffﬁw—'—"

S

| HWW* gy =32 316

S / N [I yexc Ol/)i(l - eXp(—T / Tlexc) T — relaxation interval, T,5, T,! — relaxation times

-;zfg"z';:s{'l—e"ﬁrfi 8 31.6
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Metody 1D FT NMR spektroskopie

Prenos polarizace

INEP]™
90, 180, 902, 180, 90
I— /2 72 [larz anty
| W
1805 90, 180«
a) :
S I
)
]
1
|| | I | I
0 1 23 45 6 7 8
9075 180 Osx
I— T T B T
f i T 3D
902 1802
b) '
S !
— |

|
|
I I [ I
01 2 3 4 5 6
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Metody 1D FT NMR spektroskopie

o0 180 oo, PFenos polarizace — INEPT bez refokusace

Y
H T T

90
X Il W
4]
s i J
| 1 ]

80 70 60 50 40 30 20 10 0

1,2-dibromobutane

12.11.2014
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Metody 1D

NMR spektroskopie

Prenos polarizace — INEPT s refokusaci

1

H
50° 180" , 30°%
Iinzdl_iJ 03 I 2

Decouple

° - 1 2
3 180 90 180
. .
‘ Acqg.
U ——
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Metody 1D FT NMR spektroskopie

Prenos polarizace — INEPT — rlizné varianty

g 90% 1807 901, INEPT
H I
T -.--T —
172 /2 l
13 180° 90°
C ¥ ¥
J >
(b) . 180, 90° 180° "REFOCUSSER
2y J £y b ; INEPT
1
H !
T s g T — —T —_— T S
/2 /2 /2 o :
|
1 9¢? 1807
.SC X
II Acq.
{c)
90 180} 903 180° 30 INEPT
1
H
T J2— .._.Tl/z.—-- .._12/2_—- —-—T_f2
13, 303 180

Y
Acq.
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Metody 1D FT NMR spektroskopie

Prenos polarizace — INEPT — rlizné varianty

INEPT y JLA_FL[UW_

i |
INEPT s refokusaci ., L || I

i ,LUJJ_.__,LLLLLL_

T T T 1 '
50 40 30 20 PPM

INEPT+
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Metody 1D FT NMR spektroskopie

Prenos polarizace — DEPT

A
A)

] 207 1803 " 88
Lh - *l—-— Nl T—-_.--
% 0 d f
90°
Jli
c

1

13
C 180°

I *l sy +%
e g
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Metody 1D FT NMR spektroskopie

Prenos polarizace — DEPT vers. INEPT

1.0 4

—

{]
w
1

o=

CH: =--- CH?
CH. = mxxxx )

-1.04 /2.
CHy:

g Intensity
&
n
1

— Qor 180°JT —=

Fig. 2.26: Dependence of signal intensities of CH3, CH2 and CH carbons in the DEPT experiment on

the angle By of the last polarisation pulse.
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1D C-13 spektrum HI l [ iHJ
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Metody 1D FT NMR spektroskopie

Prenos polarizace — DEPT — rlizné varianty

(2) o 90°, 180°, 6 +y .
I . - i l T !
13 902 180° :
DEPT c X il !
T A =
(b) Hy 90°, 180° G 1807,
- m - f - =
13 90° 180°
DEPT C EX -J’ Acq
c
(e) Ly 902 180° By 180° 902  180°
X Y X _'f T
i T e R KA Wl kR
13 8 180° .
DEPT  C 2 B Acq.
ane e o
(d) lH 90% 180% QUi 180x 90 Y
I - ® -§ - W
+ 13
mDEPT C 906 1800
X X
B = B =~ b
19.11.2014
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Metody 2D FT NMR spektroskopie

Elementarni zaklady

Two-spin system AX

COSY — COrrelated SpectroscopY

[ ] -

5}( SA

| |

H AT
F1

= un s,

F2
Schematic COSY spectrum for
two coupled spins, A and X
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Metody 2D FT NMR spektroskopie

Elementarni zaklady

- evolution — detection
— preparation mixing
[ [
1 2
a b c
. ""-I-rr'
r"" r"'l-l'r
.-r";‘r F",.-"
-
F, y ) y
.-"':rf ."'I-.Jr
20 ® ] ®
l;.-r" :'f,- __,_-'
0.0 F. 80
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Russell Varian Prize

The Russell Varian prize honors the memory
of the pioneer behind the first commercial
Nuclear Magnetic Resonance spectrometers

and co-founder of Varian Associates.




Rules for the Russell Varian Prize

The Russell Varian Prize is awarded to a researcher based on a single
innovative contribution (a single paper, patent, lecture or piece of
hardware) that has proven of high and broad impact on state-of-the-
art NMR technology. The prize is sponsored by Varian Inc., carries a
monetary award of 15,000 Euro and was awarded for the first time in
2002.

Only single pieces of work are considered (a paper, a lecture, a
patent, etc).

Prize Committee 2009

Martin Billeter (EUROMAR Organizing Committee), Christian
Griesinger, Jean Jeener (Chair), Eriks Kupc¢e, Vladimir Sklenar
(Secretary), and Ole W. Sgrensen.




LAUREATE 2009

Albert W. Overhauser (1925-2011)

1948 UC Berkley, Physics and Mathematics
1951 UC Berkley, Ph.D., Physics

1951 - 1953 postdoctoral fellow, University of Illinois
1953 - 1958 Cornell University

1958 — 1973 Ford Motor Company

1973 — now Purdue University

Purdue University

Stuart Distinguished Professor of Physics

A i Awards and Honors

National Medal of Science 1994
r A (the highest honor the United States bestows on its citizens for scientific achievement)
Elected to the National Academy of Sciences 1976
Oliver E. Buckley Solid State Physics Prize, 1975
Fellow of the American Academy of Arts and Sciences

Alexander von Humboldt Senior Scientist Award, 1979-80
Honorary Doctor of Laws Degree, Simon Fraser University, 1998
Honorary Doctor of Science Degree, University of Chicago, 1979
Honorary Doctor of Science Degree, Purdue University, 2005




Awarded contribution

The talk given by Albert Overhauser at the American Physical Society meeting on May 1, 1953, of which
an abstract appeared as Albert W. Overhauser, Polarization of Nuclei in Metals, Phys. Rev. 91, 476
(1953), and full detail as Albert W. Overhauser, Polarization of Nuclei in Metals, Phys. Rev. 92, 411-415
(1953).

This contribution is the seed of two important techniques in modern NMR: the Nuclear Overhauser Effect
(NOE) and Dynamic Nuclear Polarization (DNP).

NOE describes the mutual influence of the polarizations of two spin species by spin-lattice relaxation.
Originally, the spins were those of the nuclei of a metal and those of its conduction electrons. Soon after
Overhauser's prediction, the effect was demonstrated by C. P. Slichter on metallic lithium, and was shown
by lonel Solomon to also exist between different nuclei in ordinary liquids. The NOE has played a key role
in liquid state NMR over several decades, notably in establishing the overall structure of biological
macromolecules in solution

DNP describes the often impressive enhancement of the nuclear polarization by strong irradiation of an
electron resonance in the sample. Particularly within recent years, DNP technology has evolved
considerably to a powerful sensitivity enhancement method in a growing variety of NMR.
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3

t
J ﬁ I Trix I1>2_

[I ':T.fz"l.l.' 3 Hfzfz_r \_[

Iy

[ v

Q. Q.

by
Iy

>—cosf, [, +sint, 1,

21, 215,
—cosQf, [, —Lh s Phe 5 cosQf, 1.

sinQ, [ —22h 5 TEhe s6inQr I
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3

t
J ﬁ I Trix I1>2_

smésovani: I,, <->1,, —cosQu I —= 51— f)cosQ, I,
chemicka vymena

3 pU|Z' _(]_.T‘)C’D-‘*ﬂlrl I U “(]_f)c‘:’ﬁﬂlrl [,

y mf2l, nf2l;, .
—feos ity I, — s T2 feos Oty I,
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3

t
J ﬁ I Trix I1>2_

(1— f)cos @, [, —izhe 5 b |

t2: (1= f)cos&r,cos 2, 1), — (1 = f)sin 2,1, cos 2,1, 1,

. [N [ P
feosQt, L, L Sm—

feosdt,cos 2t 1, — fsind{t, cos i, [,

detekce F = I (1— f)cos i, cos it + [ cos £2,t, cos 2t
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3

141 |1>r2_ M A an
JUUUVWE

l Fourier transform

FT zpracovani t, (1= f)A™ cos 1, + A} cos Q1

g 12

FT zpracovani t, (1-)APAY + AP A

[
0 frequency
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Modulace signall

Metody 2D FT NMR spektroskopie

tz Fo f1 F1
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2D NOE — transient NOE

1D transient NOE

1D steady-state NOE
Tirr. > 5Tl

1D truncated-driven NOE (TOE)
T, variable

3 (2D)

3 (1D)

selective 180

2roc

1 and 2

selective saturation

7

cyclenoe




Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

I[3f3= Ipp=
n4 4 — 4] m———
' 2 ' T ,.
W, A W
N2 2 lap> 2 n3 Bos3 2 10p> e B> 3
“/4’ 0o
g 13 {1
Iy AR < W,
1 f;; ’ 1 F;"f
nl — _
Lo oo
(a) (b)
S =n,—n,+n,—n
I Ty Ty Ty : :
n=+E+I1+S +215)
[ =n —ny+n,—n , ,
TR n=+E+I -S =215 )
21.S.=n,—n,—n, +n, n=+(E-1 +5 -215)
1 - Y 3 5
n,=+(E-I1 -5 +215)

E=n+n,+n,+n,
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

S — je saturovan

I -Pozitivni NOE I -Negativni NOE

A=1+0 A=1-5

W, prechod generuje ¢

tivni NOE n W, prechod generuje
pozitivni L+

%-% | negativni NOE

I,=nl-n3+n2-n4 %0
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

I[3p= |pp=

4

2 luf=

x)r Vs
g D o
;#,f A ;;”f b%ﬂ--
1 » 1 a¥s

lorcn= lorc=
(a) (b)
d! z ril) f 2] ' '
= —(W WP+ W, + W )1,

~(Wy = Wy)s. — (W~ w2 2L,

djz =—(W, = W)L — (W + W + W, + W), — (W - W 215,
LS (w2~ (0w

—(W+ WP e W e WP RLS,

Solomonovy rovnice

;‘_ 4 T
o @ T 0
Jf'.-'" er JJ"_.-'" W2 WS" :I
Z >3 2 10> it e [it> 3
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

. Solomonovy rovnice - reseni
5,°, 1°rovnovazna velikost Y
I, velikost pri ozarovani S

Ustaleny stav

0 =-(L= L) (Wys + 2Wip + W z15) + 52 (Wors = W)

I, -1p° _ Wrs— Wors
57 (Wors + 2Wi + Wo)
52 = (v VJ)L?
I, -1° Wors— Wors
NOE #{S} = === (y/¥)
A (Wors + 2Wir + Wo)

Rychlost DD pfitné relaxace (W — W) = O

Rychlost DD podéiné relaxace (W,c + 2W, + W) = pig

O1s
= (Vo/V—
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Korelacni cas

korelacni funkce ¢(7) = f( ft + 7)
korelacni cas R B LB
g(7) = exp(—17/7.)
Debye T =4 ™a 13k T n viskozita, a — polomér molekuly
= 10 W W,, molekulova hmotnost v Daltonech

TC ~0.4 1012 WM pro globulérni proteiny

meéreni korelacniho casu ——
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Fourier Transform

Korelacni funkce a spektralni funkce hustoty

e T B S S ey ey

0 5x10°1° 1x10°° 1.5x10° 2x10®
time(s)
b A S — S
TN T, = 5ns
% 5
\\ J(w) = 21/(1+w?t?)

J(w) \ ‘

. . 159, ,
| logaritmicka skala
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

_and

Ors = Wors + 2Wys + Wy

- 1 L3 6
100 |1+ (w, — o)1 1+ o/ 1+ (0 + ws)T:

K = (Ho/4mh/2T.y1.Ys. s
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy heteronuklearni systém IS

Vs 6 1
A8} == B
S} ('}'I) [1 t (o + @)t 1+ (w0 — mS)ZTi]

/[ 1 L3 6
1 + (w; — ms)sz 1 + w?'rf I + (w, + ws)zfrf
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS

Dvouspinovy HOMONUKLEARNI systém IS

2_2
5+ @'t — 4007

St = max —
TS} = T = 107 230272 + 4wt
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

NOE £{S} = NOE max = y;/2y;=1/2
05
N\
NOE
(Nmax) 7
0.5
o0t o1 1 10 100
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

NOE £{S} = NOE max = y/2y;

0.01 0.1 1 10 100
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

NOE £{S} = NOE max = vy /2y,

Negativni vy

10 100

4.12.2012
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2D NOE — transient NOE

1D transient NOE

1D steady-state NOE
Tirr. > I5T1

1D truncated-driven NOE (TOE)
T, variable

3 (2D)

3 (1D)

selective 180

2roc

1 and 2

selective saturation

7

cyclenoe
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0.5 WTe >> 1
i
_|
Intensity 3
1 a(cross)
IR o ol e . s i e i A5 s & \\ _____________
0T, << 1
-0.5 ™ [ G |
0 1 2 3 4 5

167




1D steady-state NOE
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Experimenty s prenosem koherence - homonuklearni
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..I n H-10 ->» H-Y
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Experimenty s prenosem koherence - homonuklearni

coupling 907 () to both spins -
‘rl.'.' : 2‘[r]j."‘ri.‘ : 2“r].“‘r?'l
spin 1 spin 2
COSY | & [&
1. Pulz — spin I;: [, — Py B 5
t1: i i —1, —20e s cos Qi1 1, +sin £y, 1
: - spin I, vliv Q, 1y COS 22yl fyy TS50 £y,

2hathy, f

—cos 21, 1,

t1: - spin I, viiv ], 2 —cosTt] ,f, cos 1, 1, +sinTtl ,f, cos 1,21, 1,

. 2rland s, . . . ;
sin{21, 1, B2 5 coS Tt sin &2t 1 +sin 7]t sin L2121, 1,
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ [&

mf2l, mflis,
—COSTLS o1, cos L1, 1, P2he 7D, *—CGHJD']JICDHQIFI® {]}
. : Tfl T2l
Sin 7yt cos Quty 21, 1, — e By —sin 1, cos T, 1) - 2}
0 ,T_,-’th. -"“- 1x
cos Tt sin .1, I, s > COS TS 1, sin Lt 13}

. . il mf2l,, . .
Sing/ 1 sind, 21, 1, Wl “_”'”Murl“”"ﬂlrl 4]

{3}- >®cos 7J ,t smQt cos ) ,t, cosQ,t, U f(Q,Q,) diagonalni peak

{4}~ >®in 7 Lt sinQt sin 71 Lt cosQ,t, O f(QQ,) interakcni peak -




Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | ¢ [&

(3) cos Asin B=${sin(B+ A)+sin(B— A))

cos T/ 1, sin L1, = {r{ﬂin(ﬂ]r] + 7t 1, )+ sin(£2,1, — m']zr])}

[\ n A absorpce vers. disperse
F AW o
U YV Vi
sin" v kazdé dimenzi separatné

Q n sudé — absorpce (0,2,4,...)

f\ n liché — disperse (1,3,5,...)

frequency
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ [ﬁ_ vliv zpracovani spekter
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ Mg_ vliv zpracovani spekter

(a) (b)
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ *‘2

diagonalni signal

{3 } C{)HAH]I]B:"_lﬁ'{HiIWB"‘:‘i}"'-""i”{B_f'i}}

cos T/t sin 1, = ${sin(€21, + 7T 1, )+ sin(€,1, — T 1)}

o,
= r
' @ﬂﬁﬁ%‘%ﬂ. [ \
[
= ™
(T
— = = .
—_— = FY
- et H\jlll,
"'."
N7
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Experimenty s prenosem koherence - homonuklearni

COSY : &

interakcni signal

4 sin Bsin AZ%{—C*?*H(5+f‘j‘}+ﬂ*f*ﬁ(ﬂ_f'j‘)

sin 7w/, sin 2, t = 1 —cos(Q,t, + 7] 1, )+ cos(£2,t, — ] 1)

%
B

g,

e
:Fzs
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Experimenty s prenosem koherence - homonuklearni
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Experimenty s prenosem koherence - homonuklearni

DQF COSY | - “[ 2

. . ; mf2l . mf2l,
—3sin 7/ pf, cos L1, (3!1_-,-!3_-"‘3!1Jz_1) LR/ LLEN

3

—dsin/,t, cos it (21, 1, + 21,1, )

gm 70 ,t cosQ,t sin 7 ,t, cosQt, O F(Q,Q,) diagonsini beak

6‘» 7 ,t cosQ t sin 71 ,t, cosQ,t, 1 f(Q,Q,) interakeni peak

polovicni citlivost
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TOCSY - TOtal Correlation SpectroscopY
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TOCSY - TOtal Correlation SpectroscopY
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HMQC -Heteronuclear Multiple-Quantum

Correlation

A — spin I; (J):

2. Pulz — spin L,:

tl — vyvoj spin I, (Q,):

w ~ ”
130 I h I

, a2l }
21 1, — b o
lx*2; [+ 2y

. (0105,
2], I, — el

s—cosdt, 21, I, +sin1, 21, 1,
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I

HMQC -Heteronuclear Multiple-Quantum

Correlation I t I

130 1
3. Pulz — spin —cosft, 21 1, he oy cosQot, 21, 1,
p 271 | A 271 1x+2;
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Tvar Car a diskriminace frekvenci — 1D spektrum
S (1) =ycosQtexp(—t/T,) S, (f)=ysinQrexp(—t/T,)

S(1)=S,(1)+1iS,(1)

Sl )= FT|5(t
= y(cos Qr +isin Qr)exp(—1/T,) (@) [S(1)]

= V1Al®)+iD(w@
:}/exp(fﬂr)e}{p(—r/?'z) ]"{ () ( )}
Y — amplituda signalu
—0
Alw) = | D(w) = (0 - Q)T —

(- Q)T +]1 (00— Q)T +]1

Lorentz{v tvar spektralnich c¢ar — K
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Faze
Vliv spektrometru S(t)=y E}{p(“‘bmstr) EKP(*FQT)EKP(_?/TE)
(Casové zpozdeni béhem detekce)
Re[S(r)] y(coso. . cos Qf —sind., sin Qr)exp(—1/T,)
[m[S(r ] y(cm O o SIN L2 +SINn O, COS Qr) exp(—r/}'"z)
| FT
S(t‘l}) =7 Exp(f(binstr ){A({l}) + ID(&})}
Rﬂ[S(m)] — (CD% ('tllﬂS‘[I 4(&}) o H”] ('tllﬂSIID( ))
IIT][S(W)] — (CDE’ ('t'mstr D(&}) + "’“] (‘t'mst ( ))
CDII + (?]151\" = 0 (! €. (f)CDII' T (f]l[]S[I'}

S(@)eXPliQepy ) = ¥ EXP(i Qe ) XPli Gy JfAl@) +iD( )}
= 7 exp(i(Suon + G ) A(@) +iD(@)} g,
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Faze je libovolna

Zmena faze excitacniho | 5 (r) =y sin Qrexp(—1/T, ) S, (1) ==y cos Qrexp(—/T,)

pulzu 90, -> 90,

S(t) =S, (1) +iS (1)
= y(sin £ — i cos Qr )exp(—{T, )
= y(=i)(cos £ +isin L) EKP(—UI@)
= (i) expli<2)exp(~i/T,)
=Y ex p(fﬂﬁexp) exp(i2t)exp(—t/T;)

Pro @ = -90° pIatl', Z€: exp(ftﬁl) = cc-s;;;ﬁ +isin ¢, so that exp(—i ©/2) = —i).

S(w) =y(-){A(@)+iD(w)}
Re[S(w)|=yD(w)  Im[S(w)]=-yA(w)
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Diskriminace frekvenci — 1D spektrum

Detekce v jedné ose - x S(t) =y cos Qt exp(—/T,)
(jednim detektorem)

S(t)=4 }f[exp(fﬂr) + e}{p(—fﬂr)] exp(—/T,)
=4y exp(iQr)exp(—t/T,) + Ly exp(—if2) exp(—1/T,)

(i + 0 — >
Re[S(w)] =+A, + 4740
Sk bl
it + iy —
c S(t)= iy sin Qrexp(—/T,)
o+ 0 _

Detekce v jedné ose -y
(jednim detektorem)
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Fazova a amplitufova modulace — 2D spektra

fazova modulace S(1:15) e = ¥ XP(8201, Jexp(—=1, /T, Jexp(i2,t, ) exp(~1, /T, )

S(r), =7y cos (42,1, )e‘{p( l/?rr )exp i£,1, )n:}r;l:r(—rj/Tf;."l')

amplitudova modulace
S(1), =y sin(£2t )ehp( 1, /1," )e&:p(fﬂ,, )e‘x;p( [T, ')

1 2 3

J : I - I t, 1. pU|Z: (o T0)% (]—j‘)cuhﬂln flf__—l—fcnz-aﬂ]r] fz_,..

1. pulz: 90y —(1 = f)sinQ, I,, — [sin Q, I,
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Tvar Car — 2D spektra

FT[exp(fﬂr)exp(—r/Tg = {A(®)+iD(w)

fazova modulace S(ty.o,) = yexplit Jexp .\_II/T;;]],. A +iD”

pha + +

S(o.0,) . =7[A" +iD | AP +iD?

</ phase + +

(2] 1) g2
+ _D+ D+

Re[S( 0.0,) |=7(A"A

phase

#

i
i,:!‘f

i
el
o

i

y
L
(]
)
?"{

','h
i+
[
Hi

i
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Tvar Car — 2D spektra

-

<V CD:-;(Q]JF] ) E}{p(—f] /Tz[ ; )lﬂf'}

. , sy (2]
amplitudova modulace Sty @), D, J]

kosinovy cClen

(2)

+ }f[exp(fﬂlrl )+ exp(—i€t, )] axp(—rl /T )lf‘xf] +iD,;

S(t,,@,)

=4C

“

£

g
I

= *_]g]/[{f'lil +iDV}+{A" - fD‘_l-"}][Af-] +iD?

':2:')—%%}/(}1[_]'];4[2] _D[_]_]DIEZI)

+ +
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Tvar Car — 2D spektra

S(1y.0,)" = Rﬂ[s(ﬂ-mz) ]

C

=y cos(£2,1, )exp(—r] /Tz“-])f'xf :

S(rl‘mz)fe = ’]??}/[exp(l’.ﬂl-r])-FE}{p(—f.’erl )]exp(_r]/ﬂ[l,])iqizj

Re

S(wy.0,) = 3y[{A" +iDV} +{AY +iDV}HAP

r

Re[ (@, 0,)"] = £ A% + 474042
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Tvar Car — 2D spektra

—
amplitudova modulace S(1,.0,) e 7 sin(yt, ) exp(—1,/7, m@ D]

sinovy Clen

i, )] exp(—, /1" | AP +iD?

_———

S(r wq —T]f[e‘x:p Qr) exp

S(o.0,), =% y[{A" +iDf 1 -{a" - ip"[ A +iD?]

[I’T][S({l}l.ﬁ}z)s] = _JI}’(AL]']ALE] D[]']Df])+é—}’(ﬂ[_]'}AiE] —Dil']DJ[rz])

S(t.0,); = Re|S(1,.0,) |

= ysin(€1,) exp(—rl/}";]-])ﬂf :'
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Tvar Car — 2D spektra
S(1,.0,)" = Re[S( IP{UE)J

= }/Hin(ﬂl‘fl)EXIJ(_TI/T;]')AP )

S(1, mz)f_{e = %}f[exp(fﬂlr]) — exp(—fﬂ]rl)]{:}{p(—r]/]‘";l ')Af'

S(.0,)" = £y[{AV +iDV} - {AY +iDV}]AR

+

IIT]IS({GI‘{UE)SE] = —LyAUA® + LA
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Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda States-Haberkorn a Rubenova (SHR)

Re[S(ml,mg)Ee] - 1”"[5({911”2 )Se]

=[4AAR 14V |- [-4alA 4 A

_ }ﬂl‘r]]Af]

S(ty, @, ) = S(1, .mz)?e +i5(z, iﬁz)fe

SHRE

= }fco:a{ﬂlr])-:xp(—r]/T:”')Af' +iy sin(.ﬂlr])ﬂxp(—r]/]'j“)Am

+

{2

= yexplif2,, )33’{13(—?1/1'2” :')A+

(0.0, ) = 7]AY +iDV A

(2} (2

=AVAY +iDVA”

1
! T
;  cosine
_____ . e
- =02, 0 +0,
. . i
sine ;
_____ ® (Ot
—42, +L2,
oo !
i difference |
e . _____ ]
| |
+£2,
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Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda TPPI —
Time Proportional Phase Incrementation

Cm(ﬂ]r] + q,-"}) = cos L2, f cos @ —sin £2,7sin ¢

cos(£2t, + m/2) = cos £,t cos Tf2 —sin 2, sin /2

a I J ‘ i fﬁ'(ﬁ) = O 4ditionar’ |

Of O 4iiony ATE Tadians s7', that is 0, 4dition
b LL LA

c u LL Cﬂﬁ(ﬂ]‘r] + f:"'*'(r])) = ‘:Dﬁ(ﬂ]r] + &}:deitim]:drl)

= CD**(Q | T @ yditional )r 1
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Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda TPPI —

i i i W r=2n+(:rﬂ
Time Proportional Phase Incrementation additional”] ( - ) )

2
oo =
DDDDDGDQDDUDﬂD . *n
o D':":'C'U - L - -
. a]
* ':'E‘c:-nt}
» DDU x
Cog * M {
* 0o Iy
0g
. = f, =0
L J [w] 1 .
] o ¥
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Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda Echo-Antiecho

P-spektrum - antiecho 5‘(!1.5)]] - }/Ew(fﬂl‘fl)'37’{13(—?]/?";1')n:}{p(fﬂzrz)e}{p(—rj/}"jzj)
N-spektrum - echo S(t1.1y) = 7 exp(=ig2it Jexp(—1,/T," )exp(i€yt, Jexp(—1,/T”')

%—[S(J‘IJE)P +S(r1~r2)w] B

7 ]/[exp(fﬂlrl )+ exp(—i€t, )]e}{p(—rl/Tz” ])exl:'(".ﬂzrz )ﬁxl:'(_rz /sz)

Kosinova modulace g]-’ cos(£2/1, )exp(—fl/?}” ’)exp(iﬁgrz )exp(—rz/p

\

g‘TIS(rPrE)F - S(HJz)N] =
bl }”[ﬁ?"ilf'(fﬂlr]) —exp(—if21, )] exp(—, /T, )explis2,1, )exp(—t, /T,
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