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The transverse relaxation time in the rotating frame T2r is
roposed as an effective parameter to get specific contrast in solid
tate imaging. Several peculiarities make T2r an interesting can-
idate to map dynamics and structure in solids: the effect of the
ecular spin interaction can be controlled by the experimenter and
herefore the relaxation associated with the nonsecular terms,
hich is particularly sensitive to very slow dynamics, can be
bserved. In this paper we present preliminary results obtained on
olymers and prove the capability of the MARF Imaging, en-
anced by a filter based on rotary echo refocusing, to produce

mages of solids contrasted by T2r. © 1999 Academic Press

INTRODUCTION

In the past few years,coherentaveraging-assistedsolid state
maging (CASSI) methods (1, 2) have been recognised
ffective procedures for the NMR approach to microscop
olid-like materials, even though their potentialities have
een fully exploited.
Notwithstanding their experimental complexity, CAS
ethods are able to provide maps of solid samples by mea
MR parameters that can provide information on the mi
copic structure and dynamics of solids (3–5). The wide avail
bility of localized information makes CASSI methods co
etitive with respect to well-established higher-resolu
icroscopies.
Among the NMR parameters utilized for CASSI contr

he relaxation times in the rotating frame seem particu
romising (6, 7). When dealing with relaxation times in t
otating frame we generally refer toT1r, the spin–lattice relax
tion time; only a few papers deal with the transverse re
tion timeT2r (8–10). The reason that, so far, little effort h
een devoted to the study ofT2r is probably the experiment
ifficulties: In fact, not only isT2r sensitive to the same sp
ynamics influencingT1r, but it also presents some featu
ery interesting for both CASSI contrast and relaxometry
In the weak collision approximation (11), the T2r zero

requency term depends by a Wigner matrix of the Euler an
xpressing the relative orientation of a tilted rotating fra
mu

126090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
f
t

of
-

-
n

,
y

x-

s
e

TRF: x9y9z9, where Beẑ9 and Be is the effective Zeema
agnetic field) with respect to the laboratory frame (LF:xyz,
hereB0ẑ and B0 is the main Zeeman magnetic field). T

ank of the matrix depends on spin interaction: Hamilton
hat are linear in the spin operator (chemical shift, het
uclear dipolar, etc.) originate first-rank transformation in s
pace, whereas bilinear interactions (homonuclear dipolar
rupolar) transform by a second-rank Wigner matrix (12).
For every Hamiltonian there is a particular value of the a

etween the two Zeeman axesz andz9 that makes the secul
art of the Hamiltonians vanish in the TRF; a collapse of

inewidth of solids is observed, and the value of the ang
sually referred as the “magic angle.” Our approach to CA

s founded on this outcome (13, 14). So the first consequen
f a T2r-based contrast could be a map of the efficiency
hich the secular Hamiltonian is cancelled across the sa
r a measure of the distribution of microscopic interact
cross the sample. The spatial variation in the effect o
agic angle could be due, for example, to variation of
rrangement of interacting spins across the sample or t

act that the dominant spin Hamiltonian changes as a co
uence of structural inhomogeneities (15).
A detailed analysis ofT2r dispersion shows that the range

pin dynamics to whichT2r is sensitive extends to motio
lower than that detectable viaT1r, T2e, andT1D. It is known
hat in the ordinary weak collision theory the direct correla
etweenT1r and the spin dynamics characterized by a ratetc

21

pplies only in a range outsidegBetc @ 1, whereg is the
yromagnetic ratio (16, 17). An interesting calculation deve
ped by Atsarkin and colleagues (18, 19) shows that the ex
licit dependence ofT2r on the magic angle from molecu
otion extends to the limit

S Be

gBL
2D . tc @

1

gBe
,

hereBL is the average local field. Since the ratioBe/BL can
e set to a rather high value,T2r results can correlate down
ltraslow molecular motion, that is, motion characterized
 by a
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127SPIN COHERENCE RELAXATION IN THE ROTATING FRAME
atetc
21 ' 102 sec21. Such features could makeT2r an effective

arameter for detection and analysis of very slow molec
otion in solids.
In this paper we present a first CASSI method that all

2r-contrasted NMR images to be obtained and that is e
xtended toT2r measures for relaxometric purposes. Prel
ary monodimensionalT2r maps of some solid polymer sa
les are presented.

THEORY

The transformation from LF to TRF for a generic rand
pin Hamiltonian can be expressed as

O
m52l

l

~21! mAlmFl2m~t! f

O
mm9

~21! me2im9adm9m
~l ! ~u !e2imbAlmFl2m~t!, [1]

here the scalar product of the irreduciblel -rank spherica
ensorsAlm and Flm9 dependent on spin and random coo
ates, is projected in the TRF by means of the reduced W
atrix dmm9 and rotation operators of angles

a 5 vt; u 5 tg21S gB1

v0 2 vD ;

b 5 vet 5 gBet 5 gFSv0 2 v

g D 2

1 B1
2G 1/ 2

t.

ere v > v 0 5 gB0 is the frequency of the oscillatin
agnetic field 2B1 cosvt.
The weak collision approach to relaxation gives, for

ilinear spin Hamiltonian (8),

1

T2r

} O
mm9

~dmm9
~2! ~u !! 2~m9 1 2!~3 2 m9!J~mv0 1 m9ve!,

[2]

here J is the reduced spectral density of the correla
unction ^Flm(0)F*lm(t)&, and for linear spin Hamiltonians th
quation

1

T2r

} O
mm9

~dmm9
~1! ~u !! 2~m9 1 1!~2 2 m9!J~mv0 1 m9ve!.

[3]

or example, by supposing exponential correlation of the
om tensor, for a system of dipolar interacting spins Eq
ives
r

s
ily
-

-
er

e

n

n-
]

1

T2r

} tcS @d00
~2!~u !# 2 1

@d01
~2!~u !# 2 1 @d021

~2! ~u !# 2

1 1 v e
2t c

2

1
@d02

~2!~u !# 2 1 @d022
~2! ~u !# 2

1 1 4v e
2t c

2 D . [4]

s in the LF, the dispersion ofT2r and T1r also differ in
ractice only by theJ(0) term (20). Such a term can b
odified by changing the relative orientation between the
nd TRF, that is, modifying the ratio between the reso

requency offset and the radio frequency field intensity. F
qs. [2]–[4] it is evident that a map of a solid contrasted byT2r

ould be able to show the distribution of the reduced Wig
atrix across the sample.
To extend the sensitivity of Eqs. [2]–[4] tovetc @ 1, a

erturbation order greater than 2 should be used to evaluaT2r

n the weak collision limit Be @ BL and T2r @ t c. The
pproach of Atsarkin and Khazanovich (19) shows that th
irect correlation ofT2r extends to molecular motion as slow
etc @ 1 by a calculation that reduces the nonsecular term

he dipolar Hamiltonian to an effective secular Hamiltonia
he TRF. Such a procedure begins from the simple cons
tion that the TRF linewidth in a rigid solid does not van
ompletely even atu 5 uM because of terms contained in
onsecular Hamiltonian. Therefore the effective secular H

ltonian HE
0 for a pair of dipolar coupled12 spins in the isotropi

egime (21) is given by

H E
0 > ^H ES

0 & 1 H ER
0 ; ^H ES

0 & 2
v L

2

2ve
I z 1

3

8ve
O
iÞj

B ij
2I iz,

[5]

here ^HES
0 & is the average over the lattice variables

roduces a small frequency shift fromve, andHER
0 contributes

o relaxation becauseBij (t) 5 g 2\ 2m 0/8pr3(1 2 3 cos2

ij (t)), where q ij (t) is the angle of the dipolar axis wi
espect toẑ, is in general time-dependent.

By introducing a local frequency in the TRF defined asvEL
2

Tr[ ^(HRS
0 ) 2&]/Tr[ I z

2] 5 2v L
4/7ve

2, it is possible to show tha
he relaxation in the rangetc @ 1/ve results from the Hami
onianHER

0 (in the second perturbative order this limit ma
he nonsecular terms of Eq. [1] negligible), while in the ra
c ! 1/vEL the HamiltonianHER

0 is small enough to be n
lected and the relaxation is mainly driven by the usual
ecular terms. Considering the whole range of correlation
c @ 1/ve to tc # 1/ve, one gets for the transverse relaxat
ime dispersion the equation (19)

1

T2r

5 v EL
2 tc 1

v L
2tc

3 F 5

1 1 v e
2t c

2 1
1

1 1 4v e
2t c

2G , [6]

here a simple Lorentzian shape has been supposed f
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128 DE LUCA ET AL.
pectral density. The ultraslow-motion term originating fr
ER
0 produces an ascending branch in the 1/T2r dispersion

urve that causes a minimum attc ' 1/vL. Equation [6] ha
een confirmed by numerical simulation and experime
esults (22).

Our approach toT2r-contrasted CASSI is based on the pu
equence reported in Fig. 1. The sequence is based on M
magic angle in the rotating frame) imaging (2), which uses th
agic angle values associated with the reduced Wigner m

es to make the secular term of the spin interaction Ham
ian vanish (14). The MARF spatial constraint is obtained

mposing an effective gradientGe 5 =G0
2 1 G1

2 (whereG0

nd G1 are, respectively, dc and radiofrequency gradie
ligned along the effective field to make the coherent avera
ffect independent by spatial coordinates. The result is a li

ike space encoded line, withve(r ) 5 gBe 1 gGer . The time
volution of the magnetization in the TRF is reconstru
tepwise, by use of the first available point of the LF-F
cquired (7).
In the sequence of Fig. 1 the spatially independentT2r filter

s turned on after a timet e @ T2 from the end of the spati
ncoding pulse to avoid influence of the spatial enco
eriod on theT2r filter. The filter is made of two radiofre
uency pulses of same lengthte phase shifted byp. Intensity
nd resonant offset of the two filter pulses are set in such a
s to select the appropriate values ofu andBe; obviously the
alues ofu and/or ofBe may be different from the ones us
uring the spatial encoding pulse. Thep phase shift associat

o the inversion of the resonant offset produces a rotation b

FIG. 1. The MARF imaging sequence with the rotary echo filter. The
art of the sequence is composed of the spatial encoding period, in whi
ffective field is set touM and made spatially dependent by an effec
radient that is not reported in the figure. After a timet e @ T2, a rotary echo

s generated by two pulses, eachte long, with a phase difference ofp: Such a
hase difference coupled to an opportune inversion of the resonance offDv

s able to invert the effective field or to change the angle of the effective
rom u to u 1 p. The echo pulses back the TRF magnetization on thez axis
o thattW 3 0 and the signal observed after thep/2 read pulse is those at t
nd of the spatial encoding period modulated by theT2r relaxation during 2te.
ll the inhomogeneity effects due to the radiofrequency field and on the
eeman field are therefore eliminated from the signal because of the
echanism.
nglep of theBe axis (the second echo pulse rotates the TR
al

RF

ri-
-

)
g

d-

d

g

ay

an

f an angleu 1 p with respect to thez axis), thus allowing
RF echo refocusing (10, 23). The interval 2te determines th
uration ofT2r evolution that can be varied, as well as theBe

ntensity, to make the image contrast dependent by the s
etting of the reduced Wigner matrix or, via Eq. [6],
ynamics.
In the high-field approximation, provided thatBe(r ) @ BL,

he propagator

PLG 5 exp@2igBe~uM! Î z9nDt

2ig~Ge~uM! z r ! Î z9nDt 2 iH * ~uM!nDt# [7]

escribes the TRF line-narrowing space-encoded signal
nd of the space encoding period of the sequence of Fig.
total pulse duration ofnDt. Imposing thatgi(Ge(uM) z

r ) Î z9i @ iH*( uM)i, where H*( uM) is the spin interactio
esidual at the magic angle andDr the spatial resolution, und
he conditionNDt @ T2r(uM, r ), whereNDt is the maximum
uration of the space encoding pulse, the density opera

he end oft e is given by (7)

r~nDt 1 te! } @cos2uM 1 sin2uMcos~ve~r !nDt!#I Z. [8]

he TRF echo pulses introduce the operators exp[6iv zeteI ze],
hich describe the clockwise and counterclockwise rotatio

requencyv ze around the echo effective fieldBze forming an
ngleu with the z axis. Assuming a time-independent dipo
amiltonian, at the end of the 2te period the propagato
xp[2iH 0(u )2t e], whereH 0 is the truncated dipolar Ham

onian, describes the action of the filter (the shift assoc
ith ^HES

0 & is negligible whenu Þ uM; on the other hand whe
5 uM the propagator has the form exp[2i ^HES

0 &2t e]) and the
pace-dependent linewidth would only be dependent by
ocal setting of the reduced Wigner matrix. Since in genera
pin interaction is time dependent, when the secular spi
eraction term is not efficient as a coherence loss mecha
s in the case ofu ' uM or conditions similar to those that yie
q. [6], the T2r relaxation becomes “visible” and the TR
ignal after thep/2 pulse is given by (because at the e
aximum the magnetization is back to the z axis andtW ' 0;
therwise, the conditiontW @ T2 should be fulfilled)

m1~r , te! 5 m0S~r !expF2
2te

T2r~u, vze!
G , [9]

upposing, for the sake of simplicity, a simple expone
orm for the decay of the TRF signal, and where

m0S~r ! 5
g 2\ 2N~r !I ~I 1 1!

3kT ~r !
B0 [10]

t
the

ld

in
ho
F S
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129SPIN COHERENCE RELAXATION IN THE ROTATING FRAME
s the localr -positioned equilibrium magnetization atTS(r ),
he local (equilibrium) spin temperature, given by

TS~r ! 5
TL

cos2uM 1 sin2uMcos@ve~r !nDt#
, [11]

hereTL is the lattice temperature.N(r ) is the number of spin
er unit volume at positionr . Equation [11] also assumes th
1 is much longer than the duration of the whole sequenc
ig. 1.
The discrete Fourier transform of the detected signal

he whole sample, whose extension alongr is L, can be written
s

S~mDv! 5
\ 2g 2I ~I 1 1!

3kTL
B0sin2uM E

L

drN~r!e22te/T2r~u,ve!

3 O
n

cos@ve~r !nDt#e2imDvnDt 1 C~0!, [12]

hereC(0) is a zero-frequency term originated by the co
erm of Eq. [8] andm is the index of the frequency samplin

FIG. 2. The TRF echo of Vulkollan obtained by the sequence of Fig
tepped from 0 to 0.5 ms to get the TRF-FID, and therefore, maintainin
rom 0 to about 1 ms: when the second pulse reaches a length of about
ulse is different from that of the first pulse, the conditiontW @ T2 must be

hat have components on the LF transversal plane that relax viaT2.
f

of

e

EXPERIMENTAL RESULTS AND COMMENTS

As first experimental result we report a TRF echo obta
y the sequence of Fig. 1 without the spatial encoding part
RF echo of a sample of Vulkollan (polyurethane elastom
bout 3 kHz half-intensity linewidth) is reported in Fig. 2. T
rst part of the figure was obtained recording the intensitie
he signal after a single echo pulse ranging from 0 to 500ms,
hile in the second part (500 to 1400) the first pulse of 50ms
as followed by the phase shifted pulse with duration
reased step by step from 0 to 900ms. The effective frequenc
as about 15 kHz,u 5 90°, andv0 > 30 MHz. In Fig. 2, both

he TRF-FID and the echo are fully observable, the echo b
efocused at 2te 5 1 ms. By exploring the echo amplitude
ifferent t9es theT2r relaxation can be measured owing to
eld inhomogeneity (mostly due toB1). In Fig. 3 the TRF
ransverse relaxation atv0 > 30 MHz of Vulkollan, adaman
ane (about 20 kHz half-intensity linewidth), Plexiglas (ab
0 kHz half-intensity linewidth), and Delrin (polyacetal, ab
5 kHz half-intensity linewidth) are reported forgBze ' 60
Hz and u 5 90°. The data reported in Fig. 3 show
scillation superimposed on the decay (that, up to now
ave not been able to explain either as systematic experim
rror or as a physical effect and makes the fitting uncert
he echo maximum envelope of Fig. 3 can roughly be fitte
q. [9], which givesT2r ' 50 ms for Plexiglas,T2r ' 80 ms

without the spatial encoding part. In this case the first echo pulse lengt
e length of the first pulse fixed to 0.5 ms, the second echo pulse has
ms, there is the rotary echo refocusing. Of course when the length of tho
lled because in the TRF transversal plane, magnetisation components
. 1
g th
0.5
fulfi
or Delrin, and T2r ' 85 ms for adamantane, while that of
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130 DE LUCA ET AL.
ulkollan can only be estimated to be.20 ms. Such result
lthough affected by large errors that probably mask a b
onential relaxation, are indicative of the activity of the n
ecular terms of the dipolar Hamiltonian. In fact, the dip
nteraction at our Zeeman field is presumably the domi
nteraction in these solid samples, and the reduced W

atrix effect atu 5 90° should just halve the linewidth wi
espect to that produced by the full secular term.

In all these experiments, as well as in those reported be
e keptu 5 90° since we had problems realizing the switch
f the resonance offset, sketched in the sequence of Fig.
time t s ! 2pv ze

21, owing to the eddy current’s effect on t
oles of our electromagnet (our RF source has no phase-
In Fig. 4 a projection series acquired with the full seque

f Fig. 1 is shown. The sample, sketched at the top of
gure, was composed of pieces of Delrin and Plexiglas s
ated by a Teflon spacer. All the profiles have been obtaine
etting the spatial encoding part of the sequence in the ty
ARF condition, namely,ve ' 78 kHz, u 5 uM, t e 5 3 ms,
t 5 5 ms, N 5 120, and aneffective gradientGe 5 27
T/m. Each signal has been averaged three times w

epetition time (recycle delay) of 2 s. Each spatial pro
orresponds to the TRF echo maximum with differentt9es and
he fixed valuesu 5 90° andv ze ' 60 kHz.

From the decay of the intensity of the Delrin and Plexig

FIG. 3. In this figure theT2r relaxations of some solids are reported. A
ll the experimental points, each corresponding to the TRF echo maxim
ata can roughly be fitted by an exponential function.
eaks at differentt9es in Fig. 4, it is possible to determine theiro
x-
-
r
nt
er

w,

in

k).
e
e
a-
by
al

a

s

2r values, which are about 60ms for Delrin and about 47ms
or Plexiglas, in good agreement with the values obtaine
he direct measurements reported in Fig. 3.

Another set of spatial profiles contrasted byT2r is reported
n Fig. 5. Here the sample is composed of adamantane

in this case the sequence used is that of Fig. 1 without the spatial enc
show an oscillating behavior that, up to now, we have not been able toThe

FIG. 4. T2r-contrasted spatial profiles of the sample at the top of
gure, where the dimensions are in millimeters. The sample consists o
iece of Plexiglas (lower frequency peak) and one of Delrin. The pro
orrespond to the echo maximum and have been obtained by the full se
f Fig. 1. The effective gradient is directed along the transverse direction
ample. The decay rate of the signals match reasonably well with the
btained in Fig. 3.
lso
um,
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131SPIN COHERENCE RELAXATION IN THE ROTATING FRAME
ulkollan, which approximates the comparison between a
olid and one with liquid-like behavior. In this case the ef
ive gradient wasGe 5 28 mT/m andve ' 50 kHz, while the
ther parameters are the same as those used for the pr
ample. The profiles of Fig. 4 not only show the capabilit
ur method to get the same spatial resolution independen

he sample’s linewidth, but also demonstrate that even for
ifferent relaxation times, as in presence of liquid-like dyn

cs, theT2r constitutes a good contrast parameter. Also f
he profiles of Fig. 5 it is possible to measure theT2r, and the
ame results reported in Fig. 3 are obtained: for the ada
ane, about 75ms; while for Vulkollan, as in Fig. 3, it is onl
ossible to give a lower value because is too long with res

o our experimentally accessible 2te range.
We reported the first use of the transverse relaxation in

RF as a parameter for CASSI. The pulse sequence we u
s based on the MARF approach to CASSI, which, includ

2r and the Hartmann–Hahn filters (24), has explored up t
ow most of the NMR parameters as CASSI contrast pa
ters. The results we obtained with theT2r echo filter show tha
2r spatial mapping andT2r relaxometry are practicable a
lso desirable,T2r being richer thanT1r in information con
erning very slow molecular mobility. The measurement ofT2r

or relaxometric purposes is as simple as that ofT1r at u 5 p/2
of course, all the terms of T1r dispersion depend onu). For
elaxometric purposes, in fact, the sequence of Fig. 1 red
o the echo andp/2 pulses only withtW 5 0. It is in practice

sort of upsetting of the sequence used forT1r: In the T2r

easurement the magnetization is rotated in the LF trans
lane afterT relaxation; theT measure, in contrast, pr

FIG. 5. T2r-contrasted spatial profiles of the sample sketched at the t
he figure (dimensions in mm). The sample consists of a piece of Vulk
lower frequency peak) and one of adamantane. As before, the profiles
pond to the echo maximum and have been obtained by the full seque
ig. 1. The decay rate of the signals match reasonably well with the
btained in Fig. 3, also in the presence of a strong difference between tT2r

f the materials involved in the sample.
2r 1r
id
-

ous
f
of
ry
-

n-

ct

e
ze
g

-

es

rse

ides thep/2 rotation beforeT1r relaxation. As forT1r, by
ampling the initial LF-FID amplitude, which supplies the e
aximum amplitude, theT2r measurement can be perform
The main goal of this paper was to show that a solid-s
ap contrasted byT2r is possible and that the effect of theT2r

elaxation gives the same results with and without sp
ncoding. The informational content ofT2r concerning dynam

cs and structure of spin systems has been outlined in
ntroduction and in the preceding section and, although it c
e analyzed in more detail, some indications of the potent
f T2r should be evident.

REFERENCES

1. See, for example, Solid State NMR, 6(4), 275–401 (1996). Special
Issue on Magnetic Resonance Imaging of Materials.

2. F. De Luca, G. H. Raza, A. Gargaro, and B. Maraviglia, J. Magn.
Reson. 126, 159 (1997).

3. R. Kimmich, “NMR Tomography, Diffusometry, Relaxometry,”
Springer-Verlag, Berlin (1997).

4. S. Matsui, A. Uraoka, and T. Inouye, J. Magn. Reson. A 120, 11
(1996).

5. A. Guthausen, G. Zimmer, P. Blümler, and B. Blümich, J. Magn.
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