1. PRODUCING POLARIZATION ECHOES.

In a spin-containing crystalline sample, by means of the NMR, we can create a mea-
surable polarization. However, the polarization, evoluating, loses coherence. This is
traduced by a decay of the NMR signal with time.

However, using adequate NMR pulse sequencies, we can make the signal(=the
polarization) to reborn, even after it has lost coherence.

1.1. The Hahn echo [Hah50]

1.1.1. Intuitive interpretation

Let ’s consider an ensamble of 'H spins, in a bath of inhomogene By field. We can
invert the decoherence of the magnetization due to the field inhomogeneities, with
the following pulse sequence:

a)  The Hahn echo
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The effect of the ¥, pulse, at the time T,is to invert the evolution of the "local
magnetizations ”, so that at £ = 7 + 7 all join back in their departure point.
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The effect of the Hahm echo pulse sequence on the spin decoherence, seen in the rofating frame
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1.1.2. Interpretation in terms of the density matrix

The hamiltonian of N non-interacting spins in an inhomogene field is, in the rotating
frame:

N
Hinh = _Tfﬁz E*‘Iaea['[f

i=]

The effect of the ¥, pulse, at the time 7,is to invert this hamiltonian. As we have:
Y. I7Y_, = -I?

Then -
YoHinnY_r = —Hinn

The density matrix at a time ¢ > 7 is:

o(t) = Ult=n)YaU(r)Xgo(0)X-5U(—7)Y_.U(~(t — 7)), with

= L () hworp,
(D) = 3N (1+ kTI)1 and
o) = exp(—i!.mT"h)
Then

My(t>7)=Tr(p(t)M,) = EiNMnTr (Ut = 1)Y.U () Xg P X_gU(—-1)Y_U(=(t = T))1,)
=~ g MoTr (Y-oU(t = YU PU(1)Y-aU(~(t = WYeh) (o) =0)
Remembering that Yz HinnY_x = —Hinn, then YoU(1)Y_, = U(—t), and

My(t)= —ziNMnTr (U@r - ) I*U(-1)U-(27 - t)1,)
and, for ¢ = 27,

M,(27) = -EiHMuTr (I?) = -My

That is the same magnetization that just following a single X 5 pulselll

(NB: Experimentally, we don't recover 100% of the magnetization: this pulse se-
quence does not invert the dipolar hamiltonian. This pulse sequence is used to measure
the spin-spin relaxation time T without the artefacts due to the field inhomogeneities,
that has no physical interest.
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A charasteristic measure of Ty in a liguid crysial (SCB). It is obtained using the Hahn sequence,
and represents the amplitude of the Habm echo in fiunction of the evolutian time .
The dipolar dynamics are the only cause of attermation af the echo.

1.1.3. Conclusions:

-To invert the hamiltonian of a system is equivalent, for the dynamics studies, to
invert the time!:

U(—H,t) = exp (-—iz (:ﬁ?i)) = exp (-i(—t] (%)) =U(H, -t)

- In particular cases, in NMR, it is possible to experimentally realize this sign
change in the hamiltonian.( Here simply with theY; pulse).



1.2. The Magic Echo [RPWT1]:

The Hahn echo refocalises the loss of coherence due to the field inhomogeneities, but
not the dipolar evolution. How could we invert the dipolar hamiltonian 7

1.2.1. The dipolar hamiltonian:

Definitions of geometry for
the dipole-dipole interaction
of nuclei.

Let s consider two spins, T i i
» fiand Iy interactuating between them via the di i
] : : e dipolar -
action, amrd with Boe, via the Zeeman interaction. PO s
The dipolar interaction hamiltonian is:

I — Mo (mh)(1h)
1 41T{A+H+E+D+E+ﬂ
A = —[IIf] (3cos(813)? - 1)
1o,
B = [0 + 1] (3cos(012)? — 1) ( flip-fiop)
3
€ = —5HL + I I]sin(0) cos()e | p=c*

3 . :
£ = 1[I ]sin(0)%e % | Fg

for §¢ = Bl < 1 which |
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produces coupling between the Zeeman levels of the system: . on that
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The energy levels and their corresponding spin functions for a two-spins dipolar interaction

Heamiltomian.

The double arrows represenis the couplings between the energy levels by each term in the

Hamiltonian.

-the first diagram represents an heteromuiclear system (ex : two H}
~the second diagram represents an heteronuclear system fex : one H and one C)
The secular approximation consists in neglecting the terms coupling levels of different energies :
= in homormuclear systems we only conserve terms A and B ;
in heteromuclear systems we only conserve term A,



In all the work we 'll do the secular aproximation: in the dipolar hmﬂmninn we
neglect the terms that couple levels of different energies Ez, # Ez.: their correction
to the proper states and energies are of the order of Hﬁ‘ﬂ » and we can neglect

them for By % Biaear-
We considerate then:
- 'H ! H interactions (specie I)
by (v,h)?

n_
He = dr 2rd,

. Lt | =
(3 cos(fy2)* — 1) Ln - (Nl +IT 1Y)

- 'H -3 C interactions (abundant I and rare specie S):

=

Hiﬁ — _& ETI'&}{TS&} {30‘3‘5[9[2]2 _ 1} [I]ng]

i 2ry,
(we neclect the flip-flop term, that couples energy levels of different energies)

Both Hamiltonians commute with the Zeeman hamiltonian ([Hg,,, H.] = 0)

We won 't take into account the!3( —13 C.interactions, this specie being too dilute
(the natural abundance of the 3C is of around 1%, and the interatomic distances
between *C are in general sufficiently son large to despreciate the interactions

1.2.2. Inverting the dipolar hamiltonian: the Magic Echo [RPW71]

Let’s consider an ensamble of N' 1} spins, of equal resonance frequency wy and inter-
actuating via the dipolar interaction. (As it can be found in the ferrocene molecule)

The ferrocene molecule : two carbomyl pentagons, with a Fe mucleo in the midele.
Al the i in this molecule are equivalent.



The hamiltonian of the system, in the wp—rotating frame, is

1 i} h)?
H=Ha, =Y dix [f;f,: - SR+ I;’]} . dy = —%—213—{'” 3 (3cos(8;¢)? ~ 1)
=k 7

When we applicate to the probe a resonant field By(t) = 2B, cos(wt)e,, it turns
to be

N
Hir-r = HZ:: -+ Hd‘: = "'}'I.FI'.B] ZI; - %Edﬂ" [I:I: - %{IJ?I: + IJ_I:-}
yml ik
the spin operators I;, I;” being relative to e, that is the axis of the efective field
and thus the new quantization axis.
We can see that formally, irradiate the 'H changes M4 to —2Hy, the what corre-
sponds, for the spin dynamics, to a temporal inversion: ¢ — -1t
Now, let 's consider the following pulse sequence, applicated to the 1H. Let s
prove that it produces a rebirth in the macroscopic magnetization, even after the
dipolar-induced loss of coherence.
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The spin-echo sequence :

The polarization evoluates in Hyin a time ¢ and then imvoluates in -H /2 in a time 2t
The refocalized polarization is measured in function of the evolution-involution fine.

- The X3 y X_gz pulses surrounding the evolution period are a "frame
change” to change Hy,, to Hg,,, and really invert the dipolar hamiltonian.

- The phase change in the middle of the irradiation period is in order to cancel
the phase that gets added to the density matrix during the evolution of the gystem
in the hamiltonian H,,, = —yhB, I*.

The density matrix, following the pulse sequence, is (in the rotating frame)

olacquisition) = Y_ g exp (—twyty(—I7)) exp (—iwy ta (7))

exp iz (57 ) ) i emp (=it ) X300 fons)

({conj} means that at the right of p(0) comes the conjugate of what is on the left)



then the magnetization is:

My(acg) = Tr(glacq)M,)

_ 4 V-5 exp (+ita "= ) Yy exp (~ity M) o
sn MoTr ( exp (+i11“—;u) Yz exp (—itzﬁ?&j Yy Iv )

4
= _EF-T'METT (E'.!CP ('H'{!-z - 1-1}&::—:) Y exp (—i{;.z - 11}%) 1—9)

and, if t; =1,
4,
M, (acq) = — 55 MoT'r (Iv?*) = My

-
What is the same of simply following a X5 pulse! The magnetization has been
refocalized:

X -X Y-m/2

-+ |
Evolution in Hd Involution in =Hd/2 in
in a time t1 a time 2t1

The spin echo sequence and its effect to the transverse My magnetization.
When the evolution and involution are equivalent, an echo may be observed.

Experimentally, we don't recover all the magnetization. The rate of recovered
magnetization decays in function of the evolution timet,.
This is caused by the spin diffusion: interaction of the spins with local gradients
of By, and presents a charasteristical attenuation form in exp(—t?).
Mecho(tl
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The decay of the refocalized magnetization as a function of 11,
This has a particular form in exp(-t1*3)

0



1.3. The polarization echo [EMTP98]

Resambles the spin echo ( the dipolar hamiltonian gets reversed) , but in the beginning
we create a local, (not global) polarization, in the LH, polarizing only the direct
neighbours of a B¥C

A w2pulse polarizes all the 1H in the sample.(1)
We will see how we can create a local polarization, polarizing only the 1H directly bonded to a 13C.(2)
1.3.1. The cross polarization [HH62],[MKBET74].
Let ’s consider 'H and a '3C, interactuating via the dipolar interaction H15,
We can transfer polarization from the 'H to the 13C, and vice-versa, irradiating
both with two resonant fields at the same time [HH62):
B[{E:I = I:B“ ms{wmt} + Byg Eﬂs(wusf-}} Ex

The pulse sequence is as follows:
n/2

The cross-polarization pule sequence. We measure the signal amplitude of the
" C as a function of the cross-polarisation « contact » time T,

The hamiltonian of the system, during the double irradiation, is , in the rotating
frame:(|¢ >= exp(—iwq t1* — wigstS*) |y >):
Hep = =lwor1I* — huoys§* + HLS

The flip-flop term of H.® can induce transitions between the Zeeman levels | +;
—s>and |—;+g >,realizing a spin-transfer, that at the macroscopic scale is traduced
by a polarization transfer, if and only if it doesn’t induce modifications in the energy
of the system, that is:

E:(l+r-s >)=FE,(| -1 +s =)



that is h(—wyy + wis) = hlwir —w1s)
that is wyy = w5, € 7B =7sBis

Condition known as the Hartman-Hahn condition [HH62]. It can be thought as a
resonance condition, setting the proper frequencies of 'H and 13¢7 at the same value.

1.3.2. Interpretation of the pulse sequence in terms of density matrix
Let ’s consider a resonant- Hartman-Hahn double irradiation, in the double rotating

frame:
o(0) = Eih, (1 + ?‘:1‘1’ I+ %S’)
Hop = —horepl([* +5%) - %d;g [1*5“ - %(1*5- +I'S"‘]] ,
with wiy = vBir =vsBis, dis= g (M) (vsh) (3cos(6rs)? — 1)

4w 2 15

at acquisition time,
= . Hep\ yr I ., H.
placq) = exp (— “”‘"T) Y e(0)Y2 5 €Xp (th,f)

The magnetization in e, of the *C is:

1

X 4 3 H z z i H
My (tep) @iﬁ_”M“sT’" (exp (-st@—h"f) Y§(I* + §*)Y! g exp ("’“’Tw) 5=)
4 . . H .
= éE_NMDSTr (exp (—:tfp?—{ﬁﬂ) (I" + 5%)exp (:tq,—hﬂ) 5 )
7 4 . H . .
- 2t o 1) o 1) )
All caleuls made, we have:

M3(t) = %MM (1 ~ cos (dfsq,))

M(t)
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polarization fime.
Perfect resonant conditions and no relacation aré assumed.



The cross polarization allows us to observe a signal % bigger than the one we

could observe following a simple § pulse! ( in the case of carbon and hydrogen, we
gain a factor 4).

taking into account the dipolar coupling between the ! f coupled to the 3C, to the
others ! H that surround him, considerated as forming part of a reserve of polarization,
one can obtain the more realistic formula for thel?C magnetization [MKBET74]:

M:{t’f‘?} = My (l - EE_!H‘F‘ —_ Ee_gﬂtu COs (E;:-&_t{‘p))
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The typical result of a cross-polarization ezperiment in the ferrocene molecule, and
its fitting with the obtained formula.
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1.3.3. Create a local polarization in 'H

Let’s polarize, in a probe, selectionnally the ' H directly linked to a '3C. For this, let’s
consider the following pulse sequence:

Xx2
1H Y ¥
% Large (P i IH evolution |3h,, C"'I
| | | |
13C Y Y Y

) @ [Ty
in [H3] @ “
The shematic evolution of the magnetization, following the pulse sequence.
(1) The X =2 pulse polarizes the IH spin sysiem
(2) A large crozs polariration polarizes the 13 spin system. The polarization in [H remaias nearly equal ax the initial one.
(3} We let the 1 evoluate and lose their polarization, while the polarization in 13 (5 spin-locked

(4} A short lime cross-polarization transfer the 13 polarization to its mearest [H neighbour
lmd;durlmum o

1) we polarize, with a large cross-polarization, all the (.
2)we let the magnetization of the ' H lose coherence in a time order of Ty,
while we maintain the magnetization transferred to the *C via a resonant "spin-lock”
field.
3)we transfer, with a cross-polarization, the *C magnetization selectivally to
his nearest neighbours,
Like that, just the 'H directly bonded to a *C | will be polarized.

1.3.4. The local polarization echo [ZME92],[EMTP98]

Let's;
1) create a local polarization in 'H
2) let it evolutionize in the dipolar hamiltonian Hy and then involute in — %Hd,
3) locally measure the refocalized polarization, via the 13C
Let 's consider for this the following pulse sequence:
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The ZME sequence for the polanization echo

1} & local polanization is created in the 1H

2}  this polarization involustes in —1/2 Hd in a time t1 , then evoluates in Hd in a ime 2 =11/2
3)  the refocalized polarization is locally measured, by means of the 13C



Soon we will study the decay of the echo: the magnetization measured in the site

'H, selectivally polarized (via the 3¢ more linked), as a function of the evolution
time,

1.4. Conclusions

It is possible to invert the quantic dynamics of many interactuating bodies:

- the many bodies being the spins of a NMR probe,

- the inversion being realized by appropriated pulse-sequencies to invert the
interaction hamiltonian between them (Hy = —3Hy), that is, in the dynamics studies,
equivalent to invert the time.

This quantic inversion, (even if it’s not perfect as we will see), doesn’t have a
classic equivalent.



