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The present paper reports the achievement of the rotating-
frame analog of spin-locking and its application to the precise
measurements of the spin-lattice relaxation time Ty in the dou-
bly rotating frame. After the magnetization is aligned along the
resonant RF field H,, a pulse sequence of a low-frequency oscil-
lating magnetic field at exact resonance is applied perpendicular
to H,. We have overcome several technical difficulties arising from
the fact that the rotating-wave approximation is not valid for the
low-frequency field. We have theoretically derived an expression
of T;pr due to fluctuating magnetic dipole interactions in the weak
collision case and found an important relation among the spin—
lattice relaxation rates T;*, T, and T 5. This relation can be used
to ascertain whether the relaxation is only due to the fluctuating
magnetic dipole interactions between like spins. The experiment
was carried out on 'H nuclei in tetramethylammonium iodide
(CH,),NI and the temperature dependence of T;5z was measured
together with that of T* and T3, The activation energies and the
preexponential factors of Arrhenius expressions of the correlation
times are newly determined. © 2001 Academic Press

Key Words: spin-locking; spin—lattice relaxation; double reso-
nance; (CH;),NI; rotating wave approximation.

1. INTRODUCTION

exact resonance. We have confirmed the achievement of
RASL experimentally as described in Section 2. The DR
treated in this study is rigorously a triply rotating frame, bt
under our experimental conditions it is close to the ordina
DRF which is rotating simultaneously around the static ma
netic field H, and the RF fieldH, at respective resonance
frequencies. The details will be described in Section 3.
Although the possibility of the measurementTafk using the
RASL can be expected as an extension of the method of mea:
ing T,,, the precise measurement is not guaranteed becaus
several technical problems. The most serious one is the fact
the intensityH, of the LF field is not so small compared with tha
of H, of the RF field and, therefore, the rotating-wave approx
mation fails for the LF field, namely the counter- (the nonres
nant) rotating LF field becomes effective. It produces not only tl
static effect of the well-known Bloch-Siegert shif)) put also a
dynamic one, which may interfere with the measuremeilt,gf
However, we show thaf,,z can be measured with a gooc
accuracy by the RASL even when such a strong LF field is ust
We have theoretically derived an expressiorTgd; due to
fluctuating magnetic dipole interactions in the weak collisio
case and an important relation among the spin-lattice rel:
ation ratesT; * (laboratory frame)T;,’, andT . This relation

Nuclear spin-locking, which plays important roles in fundais verified by measuring temperature dependences of thi

mental studies such as double resonarteafd adiabatic

relaxation rates, and the activation enerdgigsand the preex-

demagnetization in the rotating fram2),(has been used for ponential factors, of Arrhenius expressions of the correlatior
various NMR investigations. The widest application of it is thémes are newly determined as described in Section 3.

measurement of the spin-lattice relaxation tifig in the
rotating frame, which is valuable becau$g is sensitive to

In connection with the experiment of the RASL, we have als
observed the rotating frame analogs (RASs) of free decay, transi

molecular motions whose correlation times are longer than thetation, and rotary saturation using the strong LF field. To o

Larmor period in the static magnetic field.

knowledge, no report has been published on experimental stut

The present paper is concerned with an extension of thet only of the RASL but also of other RA phenomena performe
technique to the rotating frame. We report for the first time, fay using such a strong LF field. Several studies reported so
our knowledge, an achievement of a rotating-frame analog 610 have been performed using LF (or audiofrequency) fiel
the spin-locking (RASL) and its application to the preciswhich are much weaker than the local field.

measurement of the spin—lattice relaxation tifhgg in the

doubly rotating frame (DRF). The experiment is performed on

'H nuclei in tetramethylammonium (TMA) iodide (GHNI.

2. EXPERIMENTAL METHOD AND RESULTS
ON THE RASL

Two strong oscillating magnetic fields are used. One is a RF
field and the other a low-frequency (LF) field, both of which The RASL experiment was performed using the pulse s

are sufficiently strong compared with the local fieB) &nd at
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guences illustrated in Fig. 1 with the RF field,; at the
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Bloch-Siegert shift is negligible in our experimental conditior
the dynamic effect of the counterrotating LF field may affec
RF D the m_easureme_nt. Actually, it appears ona sigpal of the RA
e \ transient nutation observed by applying a single LF pul:
during the usual spin-locking. We found that the nutatic
signal contains small oscillations at the angular frequencies
2w, = yH, superimposed on the main oscillation at th
angular frequencyH,. In the measurement df,.g, however,
the oscillations due to the dynamic effect do not appear in t
relaxation curve when the magnitudé {2H,)" withn = 2 is
tq t tm negligibly small. We confirmed this both theoretically an
— —————  experimentally. The details will be reported later.
The other problem is the phase dependence of the inten:
FIG.1. Pulse sequences for the RAS_L. The upper and Fhe Iowersgquenﬁes of the probe pulse arising from the fact that its duration
are for the RF and the LF fields, respectively. The delay tigrend the time 2
margint,, are 200—-30Qus. The phases of the second RF and the second lFomparable to the periodn2w,. Since the LF pulses are
pulses are shifted by with respect to the first ones. coherent, the initial LF phase of the probe pulse chang
periodically as the probe pulse delays and, therefore, a sn

frequencywo/2m = 27 MHz and with the LF fieldH, at the fluctuation appears in the observed decay curve. The Fou
frequencyw,/2m of about 90 kHz ortH nuclei in a polycrys SPectrum of the fluctuation, which was observed by fixing tt
talline sample of (CH),NI. The intensityH, is 5-6 Oe for initial phase of the LF pulse sequence, consisted of two m:
. = 20 Oe. After the magnetization is aligned alog by lines at the angular frequencies, and 2v, (not at 2v, =
the well-known spin-locking procedure (upper track)d), we vH,). This result implies that the fluctuation can be eliminate
apply the} 7 LF pulse followed by the spin-locking LF pulseby averaging four magnitudes &, obtained by shifting the
(the second LF pulse) whose phase is shiftedilywith initial phase of the LF pulse sequence by amountsmfand
respect to the first one (lower trace). The third LF pulse is tleetually it was almost eliminated. The curve shown by the opi
probe pulse by which the RASL magnetization, namely thercles in Fig. 2 is obtained by this averaging method.
magnetization alongi,, is converted to the magnetizatitvh, In order to adjust the frequenay, to the exact resonance,
alongH; which can be measured from the free induction decaye used the RA of FID signals. These were observed
(FID) signal just after the second RF pulse. The phase of th&jucing the amplitude of the spin-locking LF pulse in Fig.
probe pulse is shifted byr with respect to the first one. Thetg zero and plotting the magnitude bf, as a function of the
relaxation of the RASL magnetization is observed by changiRgparation between two LF pulses. The averaging metr
both the lengths of the LF and the RF pulsesufdt,) at the hantioned above was also used. When= yH,, the decay

same time, keeping the delay timeand the time margi,  4f the RA of the FID signal observed coincides with that of th
(shown in Fig. 1) constant.

A typical experimental result is shown in Fig. 2. Open
circles in Fig. 2 indicate that the RASL magnetization is
maintained for a very long time compared with the transverse
decay time of the order of 10@s, namely the RASL is really
achieved. From the decay of the RASL magnetization the
spin—lattice relaxation timel,,; can be measured. Closed
circles show the decay of the magnetization aléhgin the
singly rotating frame observed at the same intenidity

We also carried out an experiment of the RA of rotary
saturation by introducing a weak sinusoidal amplitude modu-
lation to the RF field during the spin-locking LF pulse. The 10
amplitude modulation produces an oscillating magnetic field o ,
perpendicular tdH, in the DRF analogous to the usual rotary o 128 (ms)“ 5 6 7
saturation %, 6). We observed that the RASL magnetization
decreases when the modulation frequency is equal to or nedrG. 2. Decay of the RASL magnetization due to the spin-lattice rela
yH,, wherey is the gyromagnetic ratio of the nuclei. Thigation in the DRF (open circles). This is observed witff2 = 88.9 kHz and

. . » = 5.2 Oe at room temperature. The relaxation tifg; estimated from the
eXpe”memal result also shows the achievement of the RA tve is about 2.96 ms. Closed circles show the relaxation in the singly rotat

In the measurement df;pr Using the RASL, there exist at frame observed with the same RF field at the same temperature. The estim
least two experimental problems to be solved. Although the, (T%,) is 1.94 ms.

%nf %n phase shift

| |
| i
| |
| |
X 1 1 f \
! TT‘/ — T phase shift probe |
| |
] (
i |
1 t
I )

LF

100|eg

I\/l1 (Atbitrary Units)




SPIN-LOCK AND RELAXATION IN A DOUBLY ROTATING FRAME 123

usual transient nutatioril). Whenw;, is slightly shifted from Next, we transform the equation of motion for the densit
vH 1, the decay becomes apparently faster, and an oscillatomgtrix p” in the triply rotating frame to that for the density
behavior is observed for a larger frequency offset. matrix p* presented by

The NMR spectrometer used is homemade. A 300-W RF
amplifier (THAMWAY A55-3602MR) produces the strong RF -
field H, in the RF sample coil of 15-mm diameter and 18-mm pH(t) = exp(—inzlzt)exp< —i 5 Iy> p" (1)
length. The LF pulse was generated by a combination of an
oscillator (HP 33120A) and gated preamplifier with phase . .
shifters (homemade). The LF pulse was amplified by a 50-W % exp<| 2 Iy) eXpliyH L) (2]
audioamplifier and supplied to Helmholtz coils of 32-mm
diameter and 18-mm separation. The equipment is devisedi§gm this equation of motion, the master equatiorpfazan be
that no DC voltage is applied to the coils. The volume of thgerjved by a well-known perturbation treatment with sever
sample, which was a commercial product was about 0.3 chdssymptions1(2). By a standard calculation starting from the

The sample was not sealed but was placed in an open samplesier equation under the conditiag > w,, we obtain
tube that was well wrapped with Teflon tape. A copper—

Constantan thermocouple was inserted inside the sample. We

could maintain the temperature of the sample withihK over L, 3 2.4 10

the range of 210 to 400 K even under a long RF pulse with the Tior = 32 I+ DAty®) 37(20,)
duration of about 200 ms and with the intensiy of about

20 Oe. 1 2
n=-2(#0)

3. ON THE RELAXATION RATE T;: IN THE DRF

(1) Derivations of the Expression ofZ and Its Relation + 281 (w) + 103(2)(2(»0)], [3]
to T, and T}

We start from the equation of motion for the density matri%,here@2 = yH,. J™(w)’'s (m = 0, 1, 2) in Eq. [3] are the
p' of the spin systenm(=X1;) aligned alongH, (|z-axis) in @ gpectral density functions, the explicit forms of which ar
frame rotating arount, at the angular frequenay, (=yHo),  given in Ref. (.3), for example. Whem = 0, Eq. [3] coincides

where the Hamiltonian includes the fluctuating magnetic dipolgin the expression of ;& in the ordinary DRF. By using the
interactions between like spins. According to the procedurﬁ;ﬂowing approximation,

described in Ref.1?2), the equation of motion fop’ is first
transformed to that in the reference frame rotating at the _
angular frequency, in the reverse sense to the nuclear-pre I0(20; + nwy) = I (2wy){1 — nA(w,)},

cession around the-axis, and then the rotating frame is tilted (n==*1, +2), [4]
around itsy-axis through an anglé so that itsz-axis becomes

parallel to the effective field of the intensityd(/y + H.)* + \yhere A(w,) is fairly small compared with unity, the sum of
H3] 2. Finally the equation of motion is transformed to that iRy, terms WithJ?(2w, + nw,) in Eq. [3] becomes®(2w,)

the reference frame rotating at the angular frequengyi2the  paocause the amount 0bA(w,) is negligibly small. Thus, Eq.
same sense as the nuclear precession around thezidrig. [3] is rewritten as

The final reference frame is that rotating triply at, w,,
and 2o,. 3 1 1
In our experimental conditiorf is so small that Tiie= S 10+ 1)h2y4{16 JO(2w,) + 16 JO(2aw),)

exp(*ifg)=1=+i0, [1] + % JV(we) + ZJ(Z’(ZwO)}. [5]

where6 = H,/2H,, and all the terms including" with n = Equation [5] is also derived from Eq. [3] with = 0 and,
2 can be neglected in the following calculation. In this case thigerefore, shows that the relaxation ratgs measured under
final reference frame is close to the ordinary DRF rotatingeat the condition in Eq. [1] can be regarded as that in the ording
aroundH, and atw, aroundH, in the same sense as the nucleddRF. So, we use simply the term DRF in the followinc
precession. There is no axis in common with the singly rotatimtiscussion, ignoring the difference between the triply rotatir
frame. frame and the ordinary DRF.
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T (°K) where T],* means the relaxation rate in the singly rotatin
10+420 380350 320300 270 250 230 frame given by replacing, by o, in the expression of;," in

i ] Egs. [6], andT},* is the relaxation rate in the singly rotating
frame measured at the sarhlg as in theT . measurement.
(Rigorously, the RF intensity foff{,* is higher than this
intensity by an amount due to the Bloch-Siegert shift, whic
can be neglected.) The theoretical result, Eq. [7], is an impc
tant relation among the spin—lattice relaxation rates and can
used to ascertain whether the relaxation phenomenon un
consideration is only due to the fluctuating magnetic dipo
interactions between like spins. Equation [8] indicates That
is equal to the mean value & andTi,* whenJ®(2w,) =

J(O)(Z(J)l).
| (2) Experimental Results and Discussions
101 P TR T R S T NS SR SO NSNS ¥ W R . . . . . .
268 o e 448 Open circles in Fig. 3 indicate the experimental temperatt

dependence OF ;5z. In the high temperature region (over abou
FIG. 3. Temperature dependences of the relaxation rates. Circles, tri®g0 K), the curve fofT ;o0; coincides with those foll,;* and

gles, and squares show the experimental relaxation TafesT; ', andT3, ", -1 shown by the trianales and the squares as predicted
where w,/27 = 89.3 kHz andH, = 6.4 Oe. Solid lines are the theoretical oo y 9 q P

P . )
curves for the respective relaxation rates plotted with our valués ahd 7. the theory' The temperature wheFgy, is TaX'mum is lower
The broken, dotted, and broken—dotted lines are the theoretical curBgifor than the corresponding temperature Td[, , and these tem
Ti*, andT;* which are plotted with the values given by Albettal.(16). The peratures are below the room temperature. From the expr
broken line above about 380 K shows the superposition of the broken, dottgtpns of T4, and T[pl with the assumption of BPP spectra
and broken-dotted lines. density function {5), it is expected that one of the correlatior
times of the proton motions at the maximumTafx is nearly

o ) o i equal to (2»,) * and the corresponding one at the maximum ¢
As it is well known, the relaxation ratel, = andT,,; due to Ti1 g (24,) "
) .

the same relaxation mechanism are given 1i314. The temperature dependence of the valueTaf4— Ti,* —

3
Tt =51+ Da2y{3I%wo) + 3% (200)},

T (’K)
104420 380 350 320300 270 250 230
FT T T T T T T

3 1
Toh= 10+ 1)ﬁ274{4 I0(2w,)
5 1

In the high temperature limit, where the correlation times are
much shorter than the Larmor perioar/a»,, spectral density
functionsJ™(w)’s in Egs. [5] and [6] are equal t&™(0) and,
then, T;o: becomes equal to boff, * and T4,', whereJ©(0):
JP(0):3¥(0) = 6:1:4 (12, 15.

The following equations are derived from Egs. [5] and [6];

— — — — 1 PR PR P
AT g — TH P —2T P =T 1 [7] 1035 3 35 s 75
1000/7 (K™
and FIG. 4. Temperature dependence of fz — Ti,* — 2T," and that of

Ti*. Circles show the curve for#p, — Ti,' — 2T;* obtained from the
respective experimental relaxation rates at the same temperatures which
1 -1 -1 3 2 4 shown in Fig. 3, and squares show thalgf* measured by the RF field of the
2T 1o — TlP - T = E I+ 1A Y intensity equal toH,. The good agreement between the curves shows tl
validity of Eq. [7]. The solid line is the theoretical curve plotted with our
X {J92w,) — I92w,)}, [8] values ofE, and,.
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2T, * calculated from the respective experimental data in Figolid line in Fig. 4, which is in excellent agreement with thi
3 was in excellent agreement with thatTf, * measured at the experimental curves.
RF intensity equal td1,, as shown in Fig. 4The experimental  Although we have applied the LF magnetic field in thi:
result verifies the validity of Eq. [7]. The curve f@f; shown study, the RASL and th& .z measurement are also possibl;
by the open circles in Fig. 3 is clearly different from that foby introducing a strong frequency or phase modulatiofi to
Ti* shown by the squares in Fig. 4 below about 380 Kpstead. This method may be more convenient if a sinusoic
although the temperatures at these maxima are almost equabdulation is applied, because a single sample coil can ess
In the range from 270 to 420 K, the curves T, * andT],* tially produce a better homogeneous LF field.
shown by the squares in Figs. 3 and 4 well coincide with each
other, which means that”(2w,) = J?(2w,). As expected ACKNOWLEDGMENT
) ; .
frpm Eq. .[8]' the values owlDR. shown by the opgn CII‘Cl?:Sl n The authors are indebted to Mr. M. Nishimoto for his assistance in instr
Fig. 3 are in good agreement with the mean valudg bandT?, mentation.
shown by the triangles and the squares in this temperature range.
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