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Spin-lock adiabatic field cycling imaging (SLOAFI) relaxometry  information of the molecular system is contained in the spectr
was shown to be a useful technique for obtaining a fast study of  densities and not on the frequency dependence of the measu
spin-lattice relaxation dispersion in the rotating frame. The aim of  affactive relaxation time itself. Results obtained in doped watc
the present article is to describe some technical aspects of the are a clear example of this last statement: even when spect
experiment in more detail, while showing simple examples that 4o\ qjties are treated as frequency independent, the relaxat
can be compared with laboratory frame relaxation. We also . b . ’ .
present here a general discussion of the equations for an off- curve shows an Impo.rtant q'SperS,lon at low frequenmes..
resonance experiment used to analyze low-frequency molecular We start the analys!s bY d'SCUSS'”Q the adequate equat'on
dynamics.  © 2000 Academic Press off-resonance relaxation in the rotating frame. The aim of th

Key Words: off-resonance spin-lattice relaxation; relaxometry; WOrk is to get the dynamical information of the system in sucl
low-frequency molecular dynamics; adiabatic fast switching of @ way that it can be easily compared with that extracted froi
magnetic field gradients; imaging. fast-field cycling laboratory frame spin—lattice relaxation dis
persion {T1(w,)). This comparison could be important in order
to inquire about the low-frequency properties of laboratory an
1. INTRODUCTION rotating frame spin—lattice relaxation.

The adiabatic switching characteristics for the power mag

Spin_|ock adiabatic field Cyc”ng |mag|ng (SLOAF|) re|ax_netic field gl’adients were also improved in this new experi
ometry was described in a previous paper. The technique Wa8nt, allowing us to extend the relaxation curves to highe
applied to polydimethylsiloxane (PDMS 68000) at 293 K. ( frequencies. Details are described in Section 3.

In that work it was concluded that the method could be useful

for a fast inquiry about low-frequency spin—lattice relaxation. 2. EQUATION FOR OFF-RESONANCE

In this new paper, the effective rotating frame spin—lattice SPIN-LATTICE RELAXATION

relaxation time is expressed in terms of the involved spectral

densities, but carefully keeping the effective frequency depen-Spin—lattice relaxation at low Larmor frequencies has bee
dence of its coefficients. Equations of this new paper astudied in a different context from the early years of nuclez
derived from an expression equivalent to Eq. [10] from Refmagnetic resonance (NMR). Both weak and strong collisio
(1). However, in that work, the frequency dependence of thienits were considered in several works with the principal ain
spectral densities coefficients was not emphasized. This igfastudying slow molecular motions. In a NMR spin—lattice
very important task to consider, mainly because this caseré&axation experiment of any kind, the dynamical informatior
different to other common NMR relaxation parameters such sscontained in spectral density functions. Depending on tf
T., T, Ta, Tio, andT,,, where coefficients are not frequencytechnique used, the experiment could be simultaneously se
dependent. sitive to more than one time scale. Therefore, the art of d

In order to have a better understanding of this experiment ®igning a relaxation experiment resides (in part) in the abilit
made some new measurements using well-known examplesfdhe experimenter to get the dynamical spectral informatio
first case where the involved spectral densities are neadlfyinterest in a reliable and controlled way. In fact, this is the
frequency independent (slightly doped water) and a secocxitical point for laboratory frame field cycling relaxation ex-
example where the laboratory frame relaxation is dominated pgriments at low fields: the presence of the earth field ar
a one-correlation time isotropic molecular movement (pivaldipolar local fields, the shape and time of the switching mac
acid). In this article we also discuss how to handle the infonetic field, etc., become extremely important parameters of tl
mation provided by the experiment and the low-frequen@xperiment that are usually hardly considered in the theol
spectral densities. Is worth mentioning that the dynamickter. On the other hand, rotating frame relaxation techniqus
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are not exempt from this observation; the parameters mgR¥F) angular frequency) in the rotating frame, thus now th
tioned can influence results in a different way and/or othepvered frequency interval will depend on this field . =
parameters could be more important while absent in a labora.;). This condition can be obtained in two ways: using
tory frame experiment (and vice versa). The principal goal off-resonant radio frequency fields or by changing the Zeem:
the present work was to check, using very simple and knovield during the spin-lock.

examples, how to contrast the low-frequency rotating frameThe general case for off-resonance relaxation in the wes
spectral density with equivalent information obtained usingpllision limit was successfully treated by Jones (rigorously fo

laboratory frame field cycling NMR. spin3) (5) and was also considered and used by several auth
_ _ for different purposes6-11). When the relationw, > oy
2.1. Resonantly Rotating Frame Relaxation holds for the whole effective frequency interval, the genere

Since Redfield’s first considerations about the properties gfiuation of Jones describing the spin-lattice relaxation in t
resonantly rotating magnetic field() (2), several authors €ffective field can be rewritten as
have considered the properties of spin—lattice relaxation along1 K
this field. Using first-order perturbation theory and assuming -~ _ ®
spin temperature, Look and Lowe treated the case for a systeh 4 {ad(wen) + DIo(2wen) + Cli(wo) + A (2o},
of | = }interacting spins undergoing random internal motion

20 AR - (2]

described in terms of one correlation time in the weak collision
limit (3). A more general equation for the weak collision limit where the coefficients of the spectral densities are given
was obtained by Kelly and Sholl using the density operator

assuming stochastic time dependence for the lattice variables a = sin’f cos’
(4): .
b = sin*0
1 K
Ti(onwe) 4 [o(2a) + 103(wo) + J(20o)], [1] c= 4[c052<326> cosz< g) + sin2<320) sin2< g)

whereK = 3y*4°1(1 + 1), w; = yB; andw, = yB,, v being L 0 L,

the magnetogiric ratio of the nucleB, the Zeeman static + 4 sin’g cos'| 5| + 4 sin6 sin®| 5
(laboratory frame) magnetic field, andh, J,, and J, the

correspon_ding spectral den_sities. A_simple obs_ervation_of this 4= sin%[cos“(e) + sin4<6>]
last equation tells us that,, is sensitive to two different time 2 2
scalesiw,; andw,. In consequence, if the experiment is carried 9 9
out in a constant Zeeman magnetic field, i.e., fixgdthe two + 4[co§< 2) + sins(z) ] ,
last terms of the equation will be constants. In generagnd

J, can be evaluated from™®, experiment or a combination of . _ o~ oV T o

T, and Ty, (Jeener—Broekaert) experiments at the same zdith 6 = arctan (o./(wo — wre)) andwe =V (0o — wee)” + w1,
man field value. The equation then suggest fh62w,) can be Aﬁer rgducmg the coefficients, the previous equation can k
obtained by repeating the experiment for differ@&tampli written in terms ofT,(ex):

tudes. In this case, the, frequency band will run from a 1 1 3 9

minimum value depending on the minimum possiBleallow- e _ (1 + 2> sin26> — K sin?03,(2w,)

ing a spin-locked ordered state to a maximum value dependingi,(wem o) Ti(wo) 2 4

on the output power of the transmitter and the quality of the

K
probe. Using high power makes the experiment difficult be- + 2 Sin?0 (sin?0Jy(2wes) + COS0Jo(werr)),
cause of several reasons, such as dielectric rupture in the
capacitors of the tuning circuit and heating of the sample coil. [3]

This is reflected in a high frequency limit for the resonantly
rotating frame study of few tens of KiloHertz for protonswhere
(w,/27).

2.2. Off-Resonance Rotating Frame Relaxation = K[Ji(wo) + Jp(wo)]. (4]

T1(wo)
The simpler way to avoid high power in the transmission can

be achieved by using the off-resonance condition. In this caselt can be observed that i = 7/2 (on resonance condition)

the magnetization can be locked along the effective ljd= Eqgs. [2] and [3] become equal to Eq. [1]. It is also wortt

VB: + (B, — wre/y)? (With wge being the radiofrequency mentioning that in case of extreme off-resonance conditio
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FIG. 1. Pulse sequence of SLOAFI experiment. The magnetization is spin-locked while a magnetic field gsadeadiabatically switched on to produce
a spatial distribution of the effective Larmor frequency along the sample. This condition is held during a relaxation period where the lockedtinage&ikes
at the corresponding effective frequency depending on the position. At the end of the interval the gradient is adiabatically switched off anditite rel
magnetization is refocused along the spin-lock field. Finally, the partially relaxed magnetization is imaged using the gradient echo sequgredméheis
repeated for different relaxation intervatg to obtain the temporal evolution of the profiles.

(0 = 0), T (wer, wo) approached,(w,). Notice the important dient direction. Therefore, the locked magnetization in a give
difference between the previous equation with respe@ttor position relaxes during the time interval at the correspond
T,, equations: in this general case, the coefficients of spectirad effective frequency of that position. At the end of the
densities are also frequency dependent. This is an importagiaxation intervalg, the B, gradient is adiabatically switched
point to be considered when analyzing off-resonance profiledf in order to get back the whole remaining magnetizatiol
The above equation suggests that an off-resonance experinaoihg the spin-lock fieldg,). The partially relaxed magneti
will be convenient in order to increase the effective frequenaation is finally imaged by acquiring the gradient echo. Th
window sincew¢; can be set at least one order of magnitudexperiment is repeated for different values of the relaxatio
larger than &,. The technique can be exploited by shifting thenterval .

RF frequency during the spin-loci8,(10 or by changing the  The switching of the magnetic field gradient should be don
value of the Zeeman field for fixed RF frequen®y.(In both in an adiabatic way in order to preserve the spin polarizatiol
cases tha@';h (w.y) dispersion is obtained point by point repeatThis means that no transitions must occur between the poy
ing the measurement sequence at different off-resonance dations during the process. From the experimental point c
ditions. By combining magnetic field gradienB,(or B,) and view, the loss of magnetization during the switching time
one-dimensional imaging it is possible to obtain a fashould be kept as small as possible (in the best case, it could
T (wer) dispersion in a broad frequency band in a singlendetectable within experimental resolution). The general co
experiment. This is the main advantage of the SLOAFI sditions for obtaining an adiabati8, gradient switching were

guence. discussed in a previous papd.(
The obtained result for the off set frequer@y= w, — wge
3. EXPERIMENTAL DETAILS with respect to the on-resonance frequeney during the

switching timet was
3.1. Implementing SLOAFI

Figure 1 shows the typical pulse sequence for a laboratory Q) = Cont

frame B, gradient) SLOAFI experiment. The technique €on \e"/l - (cost)®
sists of a spin-lock of the magnetization while adiabatically

switching aB, gradient in order to produce an off-resonanceherec is a constant much smaller than 1. From the theoretic
relaxation along the sample. The field gradient causes a spagpiaiint of view, this equation means that the gradient should &
distribution of the effective Larmor frequency along the grancreased very slowly at the beginning while rising faster as tt

(5]
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off-resonance angles decrease. Notice that a very fast rise of
the gradient magnitude could be necessary for a strong gradi-
ent, which in turn becomes highly desirable in order to get a
broad off-resonance frequency band. In this case, the very fast
increasing current on the gradient coils and the abrupt changey
on this value produced while switching off after reaching the <
maximum value will produce an undesirable strong mechanical-ou
stress in the coils. In the new measurements we used a tru
cated sinc function instead of the theoretically calculated=
shape, obtaining a better overall performance: we eliminate
the strong mechanical stress in the gradient coils and we eveﬁ
got a shorter switching time while keeping the adiabatic con-Z
dition. This could be an important experimental observationg
because in general sequence editor software contains sin@
functions in the library. We could successfully reduce the
adiabatic switching timer,, from an initial value of 5 ms for POINT NUMBER
100 mT/m gradient (with strong Stre.SS in the coils) to a ValueFIG. 2. Temporal evolution of the profiles with the relaxation time inter-
of only 1.2 ms for a 140 mT/m gradient. val 7 in a sample of doped water. The different evolution at each side of th
zero magnetic field gradient point located approximately at the center of tt
3.2. Data Handling in a SLOAFI Experiment sample can be easily observed.

In the following discussion we describe the evolution of the
magnetization in a SLOAFI experiment and how we processed
data in order to obtain th‘e“fLf dispersion curve. The evolution
of the magnetization in the rotating frame for a given of§ulfate. For this example, the zero point of the magneti

resonance angle is given b¥2) field gradient is approximately in the geometric center of thi
sample. It can be clearly seen that the right part of the profi
Mf;“(t) = (M, — Mﬁg)exp( — t/T‘i,ff) + Mgg, [6] evolves taking the mentioned inversion recovery (in modu

lus), while the left part evolves to the final equilibrium
eff __ . .
whereM, = M (0) is the initial spin-locked magnetization.Value. For cases wheld ; = M, the left side of the profile

In the previous equation the off-resonance equilibrium magrig-"él2xing exponentially from a starting value which is very
tization M®! is given by close to the final equilibrium value. As a consequence, it i
p

not convenient to calculate the relaxation time from expo
oft nential fitting. Therefore, inversion recovery curve fitting
Tlp((‘)eff) . . .
M (@) = Mg =2 cos [7] becomes adequate for evaluating the relaxation times. Tt
’ Ti(wo) fact suggest that the frequency window can be enlarged |
locating the zero gradient point at one extreme of th
where sample.
Each point of the point number axis in Fig. 2 corresponds t
wo — Wge a defined off-resonance frequency value. The evolution of tt
cost = T ow [8] magnetization corresponding to a given point number in th
right side of the profile is displayed in Fig. 3. The evolution
Notice that on-resonanae= /2 and therefora/¢! = 0. curve was fltted. using the modulus of Eq. [6,]; From the fitting
: " . . . f the different inversion recovery curvesT§, value can be
This condition should be held at all times in the position o . o .
N . : calculated for each point of the profile, i.e., for each effectiv
the sample where the magnetic field gradient is zero. Frgm . .
) o . . frequency. In order to assign a particular off-resonance fre
this position to one side of the sample corresponds a posnwgenC to a diven point in the profile we can start from the
gradient offset, while for the other side the contrary hOquc')IIowi% ox ?essior?' P
This means that the magnetization across one half of the g exp '
sample relaxes according to amversion recovery(when ‘ , .
6 > m/2), while the other half just evolves from the initial wer(X) = [wo(X) — wge]* + @i, 9]
value M, to the equilibrium valuel\/l,?{,f (the final value in . N
both cases). Figure 2 showswaterfall plot of the profile Wherex is the position along the sample and
evolution for differentrg obtained using the SLOAFI pulse
sequence in a sample of water slightly doped with copper wo(X) = y(Bg + GyX). [10]
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800 experiment). Of course for higher concentrations of dopants,
low-frequency dispersion could be present in the relaxation du
to the paramagnetic impurities. Assuming that this effect i
600 |- negligible, Eq. [3] becomes
L
= 1 1 3 wq 2 wq 2
S 400 | - = — — — —
s T Til 2 <w) ] (A B)<weﬁ> - 1
%:/Q /‘.f‘— - . .
S 200 whereA = (9/4)KJ, andB = (K/4)J,. In this approximation
. we assume
ol e J, = J,(w,) is a constant because the experiment is dor
L . . L . . . , at a fixed external magnetic field.
0 200 400 600 800 1000 ¢ We assume that the spectral densities are frequency inc
1 [ms] pendent and in consequendg = Jy(w,) should be also

considered a constant.

FIG. 3. Magnetization relaxation curve for a definite effective frequency e For the same reason we assume M&) ) =] (2w )
corresponding to the “inversion recovery” evolution. © 0 o

Figure 4 contains experimental data and the fitting obtaine
using Eq. [12]. The values af, = 254,45 ms and\ — B =
0.00572 ms' were obtained from the fitting process. The
obtained from fitting perfectly matches the experimental valu
measured by a conventional twi2 pulses (255 ms). Taking
into account the factors of the spectral densities 6:4 betdgen

Because each point of the profile corresponds to a particuéard J, for complete isotropic dipolar interaction, the ratio
position x along the sample, from this last expression thigetweenA and B should be 6:1. From this observation is
correspondence between the position in the profile and thessible to obtain the numeric valuesigfandJ, (the ratio 6:1
off-resonance frequency can be easily seen. It can be obsergedid be different in the presence of other kind of relaxatiol
that both sides of the profile will have the same frequenegechanism, e.g., scalar coupling).(The important point to
assignment starting from the zero gradient point. As can bbserve in this example is that spectral densities are frequer
seen from Eq. [11] it is highly desirable to have the spin-lodkdependent and noT;, itself. In fact, as was previously
amplitude (,) as low as possible while using the magnetic
field gradient as strong as possible, in order to cover a broad
frequency range in the experiment. Is important to notice that
the linearity of the magnetic field gradient is only a matter of 260 o

. . . . | ©] OO OO o Cboo
convenience when doing data evaluation. In some experiments o0 Lo TP oP P,
it could be very important to extend the measurements to 250 - °
higher frequencies. In these cases, very strong gradients must
be used without being able to keep the linearity anymore. This 240
fact does not limit the use of the technique, being only nece&
sary to record the spatial dependence of the field gradiesit 230
across the sample for correction. i

If wge = yB, we obtain

weff( X) = \wi + ('YGXX) 2 [11]

T

220

4. TEST EXPERIMENTS ol Doped water 295K

.

In order to test Eq. [3] we run SLOAFI in very simple cases.
Measurements were done in a 5-T homebuilt NMR tomograph 200 S R S S TR OO E—
using a Bruker microimaging probehead with an 11-mm-diam- 20 40 60 80 100 120
eter solenoidal sample coil. g (2m)[kHZ]

. FIG. 4. Ti' (wer) dispersion profile for water. The solid line corresponds
4.1. SLOAFI in Doped Water to the fitting using Eq. [12]. Experimental error of relaxation times is less tha

This can be considered the simplest case because the s e4?ﬁven when the noise in the profiles is over 10%. This can be attributed
' : imp u p 8 o the nature of the magnetization evolution curves (Fig. 3). The minimui

densities are nearly frequency independent at low Larmgdint amplitude reached by the magnetization due to the “inversion recover
frequencies (as can be easily checked usifg field cycling character provides an unambiguous constraint for the fitting process.
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ms 2 andr, = 10 ° ms were obtained from the fitting process.
1600 | It can be observed that the term containibgw,) has an

insignificant weight in the fitting, in correspondence with the
fact thatw,7, > 1. The obtained value for the correlation time

1400 - is in agreement with determinations from other authds).(

g 1900 5. CONCLUSIONS

eff
1p

We described experimental details of SLOAFI relaxometr
and applied the technique in two simple cases. Results inc
PIVALIC ACID 307K cates that there exists a close correspondence between
rotating frame and the low field laboratory frame spectre
800 - densities. However, this result may not be extended for &
T T S S PR R samples, especially those with high magnetic anisotropy.

c 0 2 30 4 5 60 70 80 New technical details were discussed and the time needed
g2 [kHz] switch adiabatically to an off-resonance condition was consic

FIG. 5. Dispersion profile for pivalic acid at 307 K in the plastic phase€r@bly improved by using an easy available pulse shape. Tf
Solid line represents the obtained fitting using Eq. [13]. Now experiment@iaS an important advantage when dealing with short relaxati
errors are less than 15%. times in the sense that relaxation during the transit interyal

becomes less important. In the opposite limit, i.e., when th
off-resonance relaxation time is long, it is worthwhile to con-
pointed in the text, this is a direct consequence of the frequesider possible effects due to self-diffusion under the applicatic

T

1000

cy-dependent coefficients of the spectral densities. of strong magnetic field gradients. The only way this coul
o ) affect the results is that the molecule diffuses duringo a
4.2. SLOAFI in Pivalic Acid sufficiently differentw.;. The consequence would be a sort o

As a second well-known test substance we used pivalic agi@léaring out effect on tHef; dispersion. However, the length
in the plastic phase at 307 K. It is known that in this phase ti§é2le on which the effective field varies sufficiently in this
compound has a low frequency relaxation characterized byp@1Se is relatively long. It is hard to imagine that the relaxatio
definite correlation timer, = 10°° ms (13). Therefore, in this M€ changes significantly within experimental errors on -
case we fitted data using the typical isotropic motions Lorerf¥Pical RMS distance of few micrometers durimg. _
zian spectral densities fak(w.q) andJo(2we). On the other  Application of SLOAFI on samples with shoFt, (spin—spin
hand,J,(w,) is a fixed value which was evaluated from fhig relaxation) becomes comphcated_ because very strqng _gradle
value. In fact, assuming complete isotropic relaxation mech@€ necessary for a fast refocusing of the magnetization. T

nisms atw,, the relationd,(w,) = 4J,(wo) holds (14). Equa Case was tested in thermotropic mesogens. Special care r
tion [3] can be written as be taken when using SLOAFI in samples with magnetic dc

pants such as ferrofluids, ferronematics, and all doped lov

1 3 viscosity mesogens. In these cases the magnetic particles «

Ter = T (1 + > z) — Az diffuse in the _sample durl_ng‘R because the presence of the
1o ! strong magnetic field gradient.

+ BZ zJ)(wer) + (1 — 2)Io(2wen) ], [13] Another important application of the experiment is for

studying cross relaxation. In this way we ran measurements

whereA has the same meaning as the previous dase K/4, deuterated gelatins to study the rotating frame proton—deuter

z = (w/we)?, and qguadrupolar dips 15). However, this experiment requires a
more detailed treatment and we prefer to leave it for a re:
u(ou) at, 4] consideration.
0 weff = 72!
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