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The transverse relaxation time in the rotating frame T,, is (TRF: x'y’z’, where B,Z' and B, is the effective Zeeman
proposed as an effective parameter to get specific contrast in solid  magnetic field) with respect to the laboratory frame (kfyz,
state imaging. Several' peculiarities mal.<e Tz‘,' an interesting can-  \yhere B,z and B, is the main Zeeman magnetic field). The
didate to map dynamics and structure in solids: the effect of the rank of the matrix depends on spin interaction: Hamiltonian
secular spin interaction can be controlled by the experimenter and that are linear in the spin operator (chemical shift, heterc
therefore the relaxation associated with the nonsecular terms, . o ) L .

nuclear dipolar, etc.) originate first-rank transformation in spin

which is particularly sensitive to very slow dynamics, can be h bili . . h | diool
observed. In this paper we present preliminary results obtained on  SPace, whereas bilinear interactions (homonuclear dipolar, qu

polymers and prove the capability of the MARF Imaging, en- drupolar) transform b}’ a secor_ld—rank_Wigner matfi)(
hanced by a filter based on rotary echo refocusing, to produce For every Hamiltonian there is a particular value of the angl
images of solids contrasted by T,,. © 1999 Academic Press between the two Zeeman axesandz’ that makes the secular

part of the Hamiltonians vanish in the TRF; a collapse of thi
linewidth of solids is observed, and the value of the angle i
INTRODUCTION gsually referred as the “magic angle.” Our gpproach to CASS
is founded on this outcomel 8, 14. So the first consequence

In the past few yeargpherentaveraging-assistesblid state of aT,,-based contrast could be a map of the efficiency witl
imaging (CASSI) methods1(2) have been recognised a§/vhich the secular Hamiltonian is cancelled across the samg
effective procedures for the NMR approach to microscopy gf a measure of the distribution of microscopic interaction

solid-like materials, even though their potentialities have n8fross the sample. The spatial variation in the _effect of t
been fully exploited. magic angle could be due, for example, to variation of thi

Notwithstanding their experimental complexity, CcAssfrangement of interacting spins across the sample or to t

methods are able to provide maps of solid samples by meanéaé:ft that tfhe domin:lalrjthspin Hami_lt_onian changes as a cons

NMR parameters that can provide information on the micr§4€nce o structura. n om(_)genel_tlel§x.

scopic structure and dynamics of soli®s-§. The wide avail- A detalled_ analysis Qsz dlgpersmr) .ShOWS that the range of

ability of localized information makes CASSI methods con=P'" dyr;]amlchs to Wh'ChTZIF' Is_sensitive extends. t?( motion

petitive with respect to well-established higher-resolutio1°’1|°\'v_er than that detectable Vﬁﬁ Tz andTlD'_It IS known

microscopies. that in the ordinary weak collision theory the direct correlatior
Among the NMR parameters utilized for CASSI contrasPetweenTlp and the spin dynamics characterized by a rate

the relaxation times in the rotating frame seem particular plies only In a range OUIS'@BETC > 1 where.y is the
promising 6, 7). When dealing with relaxation times in the yromagnetic ratio¥6, 17. An interesting calculation devel-

rotating frame we generally refer T, the spin—lattice relax- OPe_d by Atsarkin and colleague$8(.19 shows that the ex-
ation time; only a few papers deal with the transverse reIan-'C'_t dependence oT,, on the magic angle from molecular
ation timeT,, (8—10. The reason that, so far, little effort hagnotion extends to the limit
been devoted to the study f, is probably the experimental
difficulties: In fact, not only isT,, sensitive to the same spin (Be) > s
dynamics influencingdr,,, but it also presents some features yB{ ¢
very interesting for both CASSI contrast and relaxometry.

In the weak collision approximationl{), the T,, zero whereB, is the average local field. Since the raBgB, can
frequency term depends by a Wigner matrix of the Euler angles set to a rather high valug,, results can correlate down to
expressing the relative orientation of a tilted rotating frameltraslow molecular motion, that is, motion characterized by
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SPIN COHERENCE RELAXATION IN THE ROTATING FRAME 127

rater, ' ~ 10° sec™. Such features could maRg, an effective 1 [d2(6)]% + [d@.(6)]2
. ) - @(0)12
parameter for detection and analysis of very slow molecular ¢~ * T [doo(6)]° + 1 ¥ olr?
motion in solids. i €
In this paper we present a first CASSI method that allows [d63(6)]1% + [de?2(6)]?
T,,-contrasted NMR images to be obtained and that is easily v 1+ 4wlr? ' [4]

extended tdl',, measures for relaxometric purposes. Prelimi-
nary monodimensional ,, maps of some solid polymer SaM-As in the LF, the dispersion of,, and T,, also differ in

ples are presented. practice only by theJ(0) term @O0). Such a term can be
modified by changing the relative orientation between the L
THEORY and TRF, that is, modifying the ratio between the resonat
_ ) frequency offset and the radio frequency field intensity. Fror
The tra_nsfo_rmahon from LF to TRF for a generic randorEqS. [2]-[4] it is evident that a map of a solid contrasteday
spin Hamiltonian can be expressed as would be able to show the distribution of the reduced Wigne
matrix across the sample.
I To extend the sensitivity of Egs. [2]-[4] te.7. > 1, a
E (=) "ALFi_n(t) = perturbation order greater than 2 should be used to evalyate
m=~—| in the weak collision limitB, > B, and T,, > 7. The
Ay ma—iman () —im approach of Atsarkin and Khazanovich9 shows that the
% (=1)" din(6)& ™ A1 -n(D), (4 direct correlation off ,, extends to molecular motion as slow as
w7, > 1 by a calculation that reduces the nonsecular terms |
. . ) the dipolar Hamiltonian to an effective secular Hamiltonian ir
where the scalar product of the irreducibleank spherical the TRF. Such a procedure begins from the simple conside

tensorsAm, and F, dependent on spin and random Coordléltion that the TRF linewidth in a rigid solid does not vanist

nates, is projected in the TRF by means of the reduced Wig%%rmpletely even af = 0, because of terms contained in the

matrix dn and rotation operators of angles nonsecular Hamiltonian. Therefore the effective secular Han
iltonian HE for a pair of dipolar coupled spins in the isotropic

o=t 8= tg‘1< YB, ); regime @1) is given by
Wy — W
Wy — W 2 2 0 ~ 0 0 — 0 wf 3 2
B:wetZYBet:7[< y ) +B§] t. HE=<HE§+HER=<HES>_27we|Z+87we2 Bili,
i#]
(5]
Here o = w, = vyB, is the frequency of the oscillating
magnetic field B, cos wt. where (HYy) is the average over the lattice variables tha
The weak collision approach to relaxation gives, for thproduces a small frequency shift from, andH2; contributes
bilinear spin Hamiltonian§), to relaxation becaus®;(t) = y°4’wu /87’ (1 — 3 cos

¥;(t)), where ¥y(t) is the angle of the dipolar axis with
1 respect ta, is in general time-dependent.
T~ > (A& (0)2(m" + 2)(3 = m")I(Mw, + M’ wy), By introducing a local frequency in the TRF definedasts
% mm = Tr((H3QDTI[13] = 2wl/7e? it is possible to show that
(2] the relaxation in the range. > 1l/w, results from the Hamil-
tonianHZ (in the second perturbative order this limit makes
where J is the reduced spectral density of the correlatiofhe nonsecular terms of Eq. [1] negligible), while in the rangs
function (F,(0) F,(t)), and for linear spin Hamiltonians ther, < 1/w the HamiltonianH2 is small enough to be ne-
equation glected and the relaxation is mainly driven by the usual nor
secular terms. Considering the whole range of correlation frol
1 W s , ) 7. > llw to 7. = 1/w,, One gets for the transverse relaxation
T, * ”% (diam(6))*(M" + 1)(2 = m")I(May + Mwe).  time dispersion the equation9)

3
3] 1 ) wiT, 5 1
T = wgpTt 22T 22|
For example, by supposing exponential correlation of the ran- Tz 3 [1+were 1+ 4werg
dom tensor, for a system of dipolar interacting spins Eq. [2]

gives where a simple Lorentzian shape has been supposed for

(6]
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B.(0,,,1) Bze(e) /2 of an angled + m with respect to the axis), thus allowing a
i o w TRF echo refocusinglQ, 23. The interval 2, determines the
biit |_|_| FID duration ofT,, evolution that can be varied, as well as B¢

intensity, to make the image contrast dependent by the spat

T=NAT t Te | Te L, setting of the reduced Wigner matrix or, via Eq. [6], by

dynamics.

I In the high-field approximation, provided thBt(r) > B,,
| the propagator
!

Aw . -
I PLG = eXF{_|'YBe(6M)IanAT

—iy(Gu(By) * 1)I,NAT — iH* (8)NAT] [7]

FIG. 1. The MARF imaging sequence with the rotary echo filter. The first
part of the sequence is composed of the spatial encoding period, in which the

effective field is set tod, and made spatially dependent by an effectiveglescribes the TRF Iine_narrowing space_encoded signal att
gradient that is not reported in the figure. After a titpe> T,, a rotary echo end of the space encoding period of the sequence of Fig. 1f

is generated by two pulses, eaghong, with a phase difference af. Such a . . .
phase difference coupled to an opportune inversion of the resonance &b seta total DUIse duration ohAr. Imposing thaty||(Ge(9M)

is able to invert the effective field or to change the angle of the effective fie‘élr).l = [IH*( BM)”a where H*(6,) is the spin interaction
from 6 to 6 + . The echo pulses back the TRF magnetization orzthgis  residual at the magic angle add the spatial resolution, under
so thatt,, — 0 and the signal observed after th& read pulse is those at the the conditionNA T > sz(QM, r), whereNAr is the maximum

end of the spatial encoding period modulated byTherelaxation during 2. duration of the space encoding pulse, the density operator
All the inhomogeneity effects due to the radiofrequency field and on the maj . .
iﬁoe end oft, is given by {7)

Zeeman field are therefore eliminated from the signal because of the e
mechanism.

p(NAT + tg) = [cohy + SiN*Oucog w(r)nAT)]l,.  [8]
spectral density. The ultraslow-motion term originating from

Hex produces an ascending branch in thdl/dispersion 1nq TRE echo pulses introduce the operators expl,.7l ],
curve that causes a minimum at~ 1/w,. Equation [6] has \ynich describe the clockwise and counterclockwise rotation :
been confirmed by numerical simulation and eXpe”mentﬁéquencwaa around the echo effective fiel,, forming an

results @2). _ angle§ with the z axis. Assuming a time-independent dipolar
Our approach td@ ,,-contrasted CASSI is based on the pUISQamiItonian, at the end of ther2 period the propagator

sequence reported in Fig. 1. The sequence is pased on M B[—iH°(8)27.], where H® is the truncated dipolar Hamil-
(magic angle in the rotating frame) imagir9) (which uses the y,ian *describes the action of the filter (the shift associate

magic angle values associated with the reduced Wigner maffiz, (HYy is negligible wher # 6,,; on the other hand when

ces to make the secular term of the spin interaction Hamiltg-_ 6., the propagator has the form exp[(H2y27.]) and the

nian vanish 14). The MARF spatial constraint is obtained by,

: . : . < > ) space-dependent linewidth would only be dependent by tt
imposing an effective gradiet@, = VG, + Gi (WhereGo  oc setting of the reduced Wigner matrix. Since in general th

ar'1d G, are, respectivgly, .dC and radiofrequency gradient§bin interaction is time dependent, when the secular spin i
aligned along the effective field to make the coherent averagipga cion term is not efficient as a coherence loss mechanis
gffect independent by spatlgl coordinates. The result is a liquids i, the case of ~ 6, or conditions similar to those that yield
like space encoded line, .vv'tb_e(r).: ¥Be + yGor. The time Eg. [6], the T, relaxation becomes “visible” and the TRF
evolution of the magnetization in the TRF is reconstructeggnm after then/2 pulse is given by (because at the ech

stepwise, by use of the first available point of the LF-FID5vimum the magnetization is back to the z axis &pd- 0

acquired 7). , o _ otherwise, the conditio,, > T, should be fulfilled)
In the sequence of Fig. 1 the spatially independejpfilter

is turned on after a timg, > T, from the end of the spatial
encoding pulse to avoid influence of the spatial encoding m.(r, 7) = m (r)exp[ B 27, } [9]
period on theT,, filter. The filter is made of two radiofre- o 0S T2 (0, ) |’

quency pulses of same lengthphase shifted byr. Intensity

and resonant offset of the two filter pulses are set in such a qu}'pposing
as to select the appropriate valuesbadind B; obviously the '
values off and/or ofB, may be different from the ones use
during the spatial encoding pulse. Thghase shift associated

to the inversion of the resonant offset produces a rotation by an Moe(r) = Y#REN(OI( + 1)
angle of the B, axis (the second echo pulse rotates the TRF 0 3kT(r)

for the sake of simplicity, a simple exponentic
Ororm for the decay of the TRF signal, and where

Bo (10]
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FIG. 2. The TRF echo of Vulkollan obtained by the sequence of Fig. 1 without the spatial encoding part. In this case the first echo pulse length h:
stepped from 0 to 0.5 ms to get the TRF-FID, and therefore, maintaining the length of the first pulse fixed to 0.5 ms, the second echo pulse has beel
from 0 to about 1 ms: when the second pulse reaches a length of about 0.5 ms, there is the rotary echo refocusing. Of course when the length of the se

pulse is different from that of the first pulse, the condittgn> T, must be fulfilled because in the TRF transversal plane, magnetisation components sun
that have components on the LF transversal plane that relak,via

is the localr-positioned equilibrium magnetization at(r), EXPERIMENTAL RESULTS AND COMMENTS
the local (equilibrium) spin temperature, given by . ) .
As first experimental result we report a TRF echo obtaine
by the sequence of Fig. 1 without the spatial encoding part. Tt
T 11 TRF echo of a sample of Vulkollan (polyurethane elastome
e , 11] about 3 kHz half-intensity linewidth) is reported in Fig. 2. The
coshy + sin“fycod w(r)nA] first part of the figure was obtained recording the intensities c
the signal after a single echo pulse ranging from 0 to p60
whereT, is the lattice temperatur®l(r) is the number of spins While in the second part (500 to 1400) the first pulse of R8O
per unit volume at position. Equation [11] also assumes thafVas followed by the phase shifted pulse with duration in
T, is much longer than the duration of the whole sequence g€ased step by step from 0 to 9@8. The effective frequency
Fig. 1. was about 15 kHz§ = 90°, andw, = 30 MHz. In Fig. 2, both .
The discrete Fourier transform of the detected signal frofff® TRF-FID and the echo are fully observable, the echo beir
the whole sample, whose extension alorigL, can be written '€focused at 2 =1 ms. By exploring the echo amplitude for
as different r.s theT,, relaxation can be measured owing to the
field inhomogeneity (mostly due tB,). In Fig. 3 the TRF
transverse relaxation at, = 30 MHz of Vulkollan, adaman-

To(r) =

B2 (] + 1 tane (about 20 kHz half-intensity linewidth), Plexiglas (abou
S(mAw) = AL Bysin?0y | drN(r)e 2<Tx(wd 50 kHz half-intensity linewidth), and Delrin (polyacetal, about
3KkT, ) 25 kHz half-intensity linewidth) are reported foiB,, ~ 60

kHz and # = 90°. The data reported in Fig. 3 show an
X > codw(r)nAr]e mendt 4 c(0), [12] oscillation superimposed on the decay (that, up to now, w
n have not been able to explain either as systematic experimer
error or as a physical effect and makes the fitting uncertain
The echo maximum envelope of Fig. 3 can roughly be fitted b
whereC(0) is a zero-frequency term originated by the cosingq. [9], which givesT,, ~ 50 us for Plexiglas,T,, ~ 80 us
term of Eq. [8] andm is the index of the frequency samplingfor Delrin, and T,, ~ 85 us for adamantane, while that of
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FIG. 3. In this figure theT,, relaxations of some solids are reported. Also in this case the sequence used is that of Fig. 1 without the spatial encodir
All the experimental points, each corresponding to the TRF echo maximum, show an oscillating behavior that, up to now, we have not been abldteexpl
data can roughly be fitted by an exponential function.

Vulkollan can only be estimated to be20 ms. Such results, T,, values, which are about s for Delrin and about 47s
although affected by large errors that probably mask a biefor Plexiglas, in good agreement with the values obtained b
ponential relaxation, are indicative of the activity of the northe direct measurements reported in Fig. 3.

secular terms of the dipolar Hamiltonian. In fact, the dipolar Another set of spatial profiles contrasted By, is reported
interaction at our Zeeman field is presumably the dominaint Fig. 5. Here the sample is composed of adamantane a
interaction in these solid samples, and the reduced Wigner
matrix effect atd = 90° should just halve the linewidth with
respect to that produced by the full secular term.

In all these experiments, as well as in those reported below,
we keptd = 90° since we had problems realizing the switching
of the resonance offset, sketched in the sequence of Fig. 1, in
a timet, < 27w,', owing to the eddy current’s effect on the
poles of our electromagnet (our RF source has no phase-lock)z

In Fig. 4 a projection series acquired with the full sequence®
of Fig. 1 is shown. The sample, sketched at the top of the 17
figure, was composed of pieces of Delrin and Plexiglas sepa- |
rated by a Teflon spacer. All the profiles have been obtained by | /
setting the spatial encoding part of the sequence in the typical ¢+ ——— 44— 4L L 450
MARF condition, namelyw, ~ 78 kHz, 6 = 6, t. = 3 ms, 0 70 140 210
AT =5 us, N = 120, and areffective gradientG, = 27 2te (1s)
mT/m. Each signal has been averaged three times with &IG. 4. T,-contrasted spatial profiles of the sample at the top of the
repetition time (recycle delay) of 2 s. Each spatial prof”@ure, where the dimensions are in millimeters. The sample consists of ol

corresponds to the TRF echo maximum with differejstand piece of Plexiglas (lower frgquency peak) and one _of Delrin. The profile:
the fixed valued = 90° andew. ~ 60 kHz correspond to the echo maximum and have been obtained by the full sequel

. z : . . of Fig. 1. The effective gradient is directed along the transverse direction of tt
From the decay of the intensity of the Delrin and Plexiglagmple. The decay rate of the signals match reasonably well with the on

peaks at different.s in Fig. 4, it is possible to determine theirobtained in Fig. 3.

2
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vides thew/2 rotation beforeT,, relaxation. As forT,,, by
sampling the initial LF-FID amplitude, which supplies the echc
3- ' maximum amplitude, th&,, measurement can be performed.
] 206040 The main goal of this paper was to show that a solid-stat

map contrasted by, is possible and that the effect of tfig,

relaxation gives the same results with and without spati

encoding. The informational content®j, concerning dynam-
80 ics and structure of spin systems has been outlined in t
50 introduction and in the preceding section and, although it coul
0e (kH2) be analyzed in more detail, some indications of the potentialit
of T,, should be evident.

P A S S AR S e
0 40 80 120 160
2 (1s) 1. See, for example, Solid State NMR, 6(4), 275-401 (1996). Special
FIG.5. T,-contrasted spatial profiles of the sample sketched at the top of 1SSue on Magnetic Resonance Imaging of Materials.

the figure (dimensions in mm). The sample consists of a piece of Vulkolla@. F. De Luca, G. H. Raza, A. Gargaro, and B. Maraviglia, J. Magn.

(lower frequency peak) and one of adamantane. As before, the profiles corre- Reson. 126, 159 (1997).

spond to the echo maximum and have been obtained by the full sequence®fR. Kimmich, “NMR Tomography, Diffusometry, Relaxometry,”

Fig. 1. The decay rate of the signals match reasonably well with the ones Springer-Verlag, Berlin (1997).

obtained in Fig. 3, also in the presence of a strong difference betwednthe 4 g Matsui, A. Uraoka, and T. Inouye, J. Magn. Reson. A 120, 11
of the materials involved in the sample. (1996).
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