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A high-resolution double-resonance scheme is described which enables measurements of the

chemical-shift structure and intrinsic line shape in low-abundance spin species in solids. Expressions for

the decay function and the line-shape function are formulated. As a theoretical test of the range of
validity of the scheme, simulated signal decays and line shapes are regenerated using a Gaussian-decay

input function and fixed parameters covering a range common to "C in natural abundance. As

examples of its application the method is used to study the 1.108% naturally abundant "C in a

number of organic solids. The preliminary results presented are encouraging and indicate the presence Of

chemical-shift splittings and anisotropies.

I. INTRODUCTION

In the pulsed nuclear-double- resonance technique
of Hartmann and Hahn' and the later modification
of Lurie and Slichter, dilute spins in a solid can
be observed indirectly through their effect on a
second high-natural-abundance spin species. In

both schemes, howeve r, the effective resolution of
the rare-spin system is poor since the width of the
double-resonance destruction line shape is domi-
nated by the spin-spin interaction of the abundant

species. For organic solids where the double
resonance may be between the 10G%%uo-abundant pro-
tons or fluorine nuclei and the 1. 108%-abundant
' C spins, the observed destruction spectrum cor-
responds to a sensitivity enhancement of about 10'
and is typically of the order of 50 kHz in width.
The width may be reduced by a factor of 3 or so
by performing the abundant-species spin locking in
the tilted rotating reference frame at the magic
angle 8=cos '(1/v3). The price paid for this line
narrowing is a slow down of the rate at which the
abundant spins and hence the whole spin system
approaches thermodynamic equilibrium. In terms
of high resolution, the gains are small.

In spite of the relatively poor resolution, the
original double-resonance schemes and variations
involving field cycling have been used with con-
siderable success in the study of dilute spins or
even just weak resonances. In most of these
instances the linewidth of the dilute spin system is
broadened by a quadrupole interaction which is
often much larger than the dipolar interaction of the
abundant species.

The double-resonance technique has also formed
the vehicle for experimental and theoretical studies
of the spin dynamics of cross-relaxation and multi-
ple quantum transitions in the doubly rotating re-
ference frame.

In order to improve the resolution of the double-
resonance technique, so that dilute-spin line
shapes, which include chemical shifts and their
anisotropies, could be studied, we recently pro-
posed ' modifications to the Lurie-Slichter

2scheme, pointing out the usefulness of our tech-
nique for the study of dilutespin systems with
small quadrupole splittings, resonances of iso-
lated groups of spins, for example, dilute methyl

groups, etc. Since our first paper, a number of
papers have appeared on the subject of high-resolu-
tion double resonance in solids, using slightly dif-
ferent double- resonance techniques.

As far as we can tell, the resolution in the
Bleich-Bedfield method will depend on such fac-
tors as rf inhomogeneity and residual heteronu-
clear dipolar interactions. The experiment of
Pines et al. ' is itself a variant of the original
Lurie-Slichter method of pulsed double resonance,
where in this case the rare spins, rather than the
abundant-spin system, are observed directly, sig-
nal averaged, and finally Fourier transformed in

a computer. As with our experiment, the rare
spins undergo free precession in the static magnet-
ic field, so making this method capable of achiev-
ing high resolution. In both our method and that of
Pines et al. , the resolution limitations will be
static-field inhomogeneity and the degree to which
the heteronuclear dipolar interaction is stirred out

by the abundant-species spin-locking rf field.
In this paper we present a detailed analysis of

our method for high-resolution double-resonance
studies of dilute spin systems in solids. In Sec.
III the expressions derived are evaluated numeri-
cally in order to assess the fidelity of line shapes
produced experimentally. A brief discussion of
sensitivity is given in Sec. IV. Experimental tests
of the method are described in Sec. V and pre-
liminary results of the application of the technique
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are given for the measurements of "C chemical
shifts in some compounds.

II. HIGH-RESOLUTION DOUBLE-RESONANCE METHOD

A. Description

In the Lurie-Slichter method of pulsed double
resonance, the abundant I spin system is spin locked
at exact resonance, while the»re-S-spin system
is simultaneously irradiated with a train of co-
herent rf pulses close to its Larmor frequency

pg, Thermal mixing of the two spin systems
occurs via cross relaxation when both rf fields
are on. The combined system approaches thermo-
dynamic equilibrium, characterized by a common
spin temperature. The S-channel rf field is turned
off for a period 7, greater than the spin-spin inter-
action time of the rare-spin system T2~, thus al-
lowing the dilute system to approach an infinite
spin temperature.

In an important variation of this method, with
which our technique is closely related, McArthur
et al. 3 showed that the rare-spin free-induction-
decay (FID) function on resonance G(v ) could be
mapped out by varying v from zero to a few times
T1N. Indeed, the linewidth of the 0. 13%-abundant

Ca in calcium fluoride was measured in this
way. However, they failed to realize that the
method would work with the S spins off resonance,
an important point, as we shall see, when con-
sidering asymmetric line shapes. Furthermore,
since the I spins were adiabatically demagnetized
in the rotating frame, the heteronuclear dipolar
interaction was not stirred out.

In our technique, we exploit the fact that the S
spins may be off resonance. The procedure follows
closely the Lurie-Slichter scheme described above,
except that the time between thermal contacts is,
in general, of the order of T» so that some S-spin
transverse magnetization remains. If its pre-
cession frequency differs from that of the S-chan-
nel rf-field carrier frequency, the S magnetization
can reverse its direction with respect to that of
the rf field. Thus on restoring the rf field, posi-
tive or negative S-spin temperatures may be cre-
ated. Since a negative S-spin temperature is more
effective at destroying the I magnetization, as we
shall see later, this leads for many thermal mix-
ing pulses of fixed ~ to an amplitude modulation of
the I-spin destruction spectrum as a function of
frequency.

B. Theory

1. Fixed t and v

Consider the I-spin system which is spin locked
in the rotating frame at exact resonance ~ along
an rf magnetic field of amplitude H~. The S spins
are simultaneously irradiated by a train of N

MN (0)=MN( 1) (f) r(r), (3a)

where I'(r) is the S-spin FID function.
The equilibrium spin magnetization is given, in

general, by the Curie law

M= CH/8 i (3)

where 8 is the equilibrium spin temperature and
Curie's constant C =f)fly& fl I(f+ I)/3k. Nl in this
expression is the number of spins. The other
terms have their usual meanings.

The magnetic energy of a spin system is given
by

E=- M' H= —CH /8. (4)

Equating the magnetic energy of the combined
spin system at the beginning to that at the end of
the Nth thermal contact pulse, we get for com-
plete cross relaxation to a common spin tempera-
ture 8 IN(~), using Eqs. (3) and (4),

«(r) 1+ e
+

01(N 1) 8S (N 1) 8IN( )--
where 8IN(~) = 81N(~) =8NN(~). The quantity e is
defined as

e = CNH(s/CI (H)1+&z)i2 2 2 (6)

pulses of rf magnetic field with amplitude H» and

at angular frequency co~ close to their Larmor
angular frequency ~0~. Each pulse has a duration
t, and the off time between pulses is 7.

During the Nth thermal contact pulse, the ap-
proach to equilibrium of the I magnetization is
given by

MIN(f)= [MIN(0) ™IN()]8 ~+MIN( ) i

where MIN(f) is the I magnetization at a time f
after the beginning of the Nth thermal contact, and

Ml„(0) is the initial magnetization. This is, of
course, equal to the magnetization remaining at
the end of the previous thermal contact; i.e. ,

MIN( )™I(N 1)-
We assume that the cross-relaxation process may
be described by a single exponential function with
a characteristic time constant Tc„. Except for
very short times t, this is a good approxima-
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The growth of the S magnetization during the
Nth thermal contact is given by an equation of
similar form

M&N(f)= [M&N(0) —M& N(
iii)i] 8 cR+M&N(oo). (3)

Since the S magnetization is allowed to freely pre-
cess in the off time r, between the (N —1)th and
Nth thermal contact pulses, the initial S magnetiza-
tion at t = 0 is related to the previous magnetiza-
tion by
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in which the local field H~ is given by fMr„™srr~r) = k(fMr&rr-r& ™s(rrr)/-rl) i (12)

y~Ns S(S+ 1)
L s sir ™sls 3 sN f(f+ I) sss ' (7)

substituting for Mr„and Ms„/r) from Eq. (11) into
Eq. (12) and equating coefficients of Mr&„» and

Ms&s»/r) gives
Here M»E and M»~ are the Van Vleck second mo-
ments of the I spins alone and the S spins alone,
respectively, and M~~ is the S-spin contribution
to the second moment of the I spins. Substituting
for er„(~) from Eq. (6) above into Eqs. (3) and

(1) gives
-t / TCR

Mrrr(f) ™rw r&- 1+f
L yL 1 e -t/TcR

(8)
Similarly, Eqs. (2), (3), and (6) give

and

fb+c=k,

(13a)

(13b)

whence

f, = (a —c)/2b + (1/2b) [(a —c) + 4bd]'r (14)

and

k, = s (a + c ) + ~s [(a + c ) —4 (ac —bd )]

By invoking the initial conditions and iterating
Eq. (12) N times, we obtain

E+ e-t/TcR'
srr( )™s(N-r) I (&) )1+c

CzH~ 1 e t/TcR

f,M r„+M srr/r) = k, f, M

which yields directly

Mrs f, k," fk M-(N)

f, f M (0—)

(16)

(17)

EN + ~ '+E(N 1)

!
(M srr/qf d c P s (s-r» "j

where

(IOa)

If H rr» H r. so that e = C s H, s/C r H rr, and w riting
r)=Hrr/H, s, we may write the coupled equations
(8) and (9) in matrix form as

where we have simplified our notation slightly.
The I- and S-spin rotating-frame spin-lattice

relaxation times are here assumed to be infinite.
Spin-lattice relaxation effects may be accounted
for phenomenologically in the coupled relaxation
equations, the general forms of which are given
by Whitaker and Mansfield for a single thermal
mixing interaction.

2. Approximations

a= (1+ee ' cR)/(I+a),

b = I"(i)(1 —e ' ca)/(I+ e),
c = I'(w) (e+ e ca)/(I+ e)

d= g(1 —e ' cR)/(I+ e)

(lob)

(1oc)

(1od)

(1oe) ac —bd =I'(T)e ' (18)

Equation (17) is completely general within the
assumptions made in its derivation. However, it
is useful to consider the solution in special cases.
It is easy to show from Eq. (10) that

At the start of the first thermal contact, M~ ~o)
= 0

and Mr, s&= Cr Hs/8s =Msr (the initial spin-locked 1
magnetization'), where 8s is the lattice tempera-
ture, and Ho the static magnetic field strength.
Substituting these initial conditions into Eq. (10a)
gives

( M, „/r)j — (Oj
where

AN
C

This matrix equation may be solved for Mr„/M sr
explicitly by diagonalizing A and we shall resort
to this method later when describing more corn-
plicated experiments. A somewhat simpler meth-
od is the following. We seek a solution to Eq.
(11) such that

If I'(v)e 'r ca=0, then Eq. (17) reduces to

M(N) 1+ee ' ca I+e[I'(v)+e 'rrcR]
M(0) 1+ e I+a

(19)

The S-spin normalized free- induction decay for
a line broadened by both homogeneous and inhomo-

valid for any c and ¹ E we now take c «1, Eq.
(19) further simplifies to

M(N)/M(O)= [1—er(&)]

&&exp'-Ne[1 —I'(r) —e ' ca]].
(20)

If, on the one hand, I'(v)= 0, Eq. (20) reduces to
the result of Lurie and Slichter' and Lang and
Moran. On the other hand, if t » Tca it reduces
essentially to the result of McArthur et al. if
I'(v) is a monotonic decay function.

3. Destruction-Spectrum Modulation
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geneous terms may be written

I'(r) = Q a, G, (r) cos(~&a+ 5,}r, (21)

where a, is the fraction of the S spins which have
a resonance shift 5& and a homogeneous decay
function G, (r), and small S-channel angular fre
quency shifts are denoted 4~ = (dos- ~s. The above
expression is, of course true only if the I spins
are vigorously stirred with the I-channel spin-
locking rf field. In this case the effect of the
heteronuclear dipolar interaction is averaged to
zero.

If t»Tca, substitution of Eq. (21) into Eq. (20)
indicates a variation of magnetization with b~ for
fixed 7. For chemically equivalent spins, Eq.
(20) predicts a cosine modulation of ln[M(N)/M(0)]
with angular frequency Neo. This modulation of the
destruction spectrum permits higher resolution of
the resonance center of the rare spins, since the
width of the central modulation peak for b,~- 0 is
clearly of the order of I/vr. In practice the modu-
lation amplitude decreases for longer ~ through the
G(r) dependence, so that as one might expect,
resolution is in fact limited by the approximate
condition 4&sr „-1/T 2s, where T2z is the spin-spin
interaction time of the S spins, which includes
static-field inhomogeneity effects.

A complication arises if the S spins have a dis-
tribution of resonance shifts 5& resulting in an
asymmetric absorption line shape F"(n~). In
this case the FID function F(r) will comprise two
signal components in quadrature and is repre-
sented on resonance by the complex decay function

C. Fourier-Transform Spectroscopy

If the S-spin rf frequency vs is held constant
while v' is varied in a series of separate experi-
ments from near zero to values around several
times T2 &, Eq. (20) shows that the residual I mag-
netization maps out the S-spin free-induction de-
cay I'(~). Rearranging this equation and neglecting
eI'(v) gives for f «Tc„,

F(v) = [in[ M(N)/ M(0)]]/ Ne+1. (28)

The decay function I'(r) is related to the complex
susceptibility I'(4&v) by the Fourier integral, 4~42

I'(r}= f F(n&u)e ' 'd(4&v), (29)

where for an inhomogeneously broadened line
shape, with no dipolar broadening,

I'(n&u) = Kg a,[- iv5(n~+ 5, )+5 (I/(n&u+ 5, ))]. (30)

In this expression a, is the fraction of the S spins
with resonance shift 5&, 0' denotes the Cauchy
principal part of the integral, and

K= -yq (uoqNq S(S+ 1)/3keq. (30a)

then for small r, substitution of Eq. (26) into Eq.
(25) yields

os= 6 ~3] g 2

Thus the apparent resonance frequency of the S
spins varies with v', though the true resonance
frequency may be found in the limit v - 0. Qf
course, if I"'(hu)) is symmetric about uoz, then
all odd moments vanish, F(r) is real, and &a&os = 0
for all v.

I'(~) = x(r)+ iy(r)

and off resonance by the function

I'(~, a(u)= [x(r)+iy(r)]e' "' .

(22)

(23)

All other symbols have their usual meanings.
Integration of Eq. (29) gives

I'(q) = Kg a, (cos5,r —isin5, r)

Since the experiment detects only that component
of I'(r, 4ru) which is along H», the central modu-
lation peak occurs at that angular frequency ~os
for which the real part of the FID is a maximum.
that is to say, when

Re[I'(r)e'~ ]=0. (24)

which leads to
-i -y(r)

coos = ~os coos = —tan
X(T)

(26)

The function I'(r) may be represented by an ex-
pansion of the line-shape moments

I'(r) = g M„(i7 )"/n!, (26)

in which the odd moments are retained. If the cor-
rect resonance frequency is taken to be the spec-
tral point about which the first moment vanishes,

= x(r)+iy(r) (31)

for r~ 0, and I'(r)=0for v &0. For anasymmetric
distribution of resonance shifts, the summation of
sine terms does not vanish. So, when regenerating
the absorption line shape from the free-induction
decay, both the real and imaginary components
must be included in the ful. l Fourier transform,

I"'(h&u)= J [x(r) cosh&ur+y(r)sinkage]dv'. (32)

Since the pulsed double-resonance experiment
samples the real part of the decay function, Four-
ier transformation of this signal alone will always
give a line shape symmetrical about ~os. To ob-
serve asymmetry, it is necessary to map out the
FID with the S-channel rf off resonance by an
amount 0, greater than the largest shift !s)&. The
absorption line shape produced is then

r" (Z&o) = Kg s, [5(ha&+ 5, + 0)+ 5(Aran —5, —0)] . (33)
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This expression, though still symmetric about
&I, can be asymmetric about ~a~ +Q. Provided
the sign of the resonance offset, 0, is known, the
correct side of the doublet, Eq. (33) may be se-
lected. Inclusion of the neglected y(v} would per-
form this selection automatically.

D. Analogue-Fourier-Transform Spectroscopy

1. Variable Off Time

In Sec. IIB 3 the destruction spectrum rnodula-
tion effect discussed there was not the S-spin line
shape. In fact it is easy to see from Eqs. (20) and

(21) that what is observed is just the logarithm of
one Fourier component of the line shape. A super-
position of many such single spectra, produced
from a series of separate experiments for various
values of v, could in principle generate the true
S-spin line-shape function. However, as we shall
show in this section, the whole Fourier spectrum
may be sampled in a single experiment by varying
the off time following consecutive thermal mixing
pulses. This in turn allows the S-spin line shape
to be determined within a single frequency sweep.

We ask what is the ratio of final-to-initial I
magnetization in response to N thermal contacts of
duration t and variable off time v„. A simple
generalization of our previous formula [Eq. (11)]
gives for the new matrix equation

(M,„~
= T II A (~,)I I M OI~) n

il )
or (34)

where 7.
' is a time-ordering operator which orders

the times r„ in descending (or ascending) rank from

left to right. The matrix A(v„) is as defined pre-
viously, Eq. (10), and does not commute with it-
self for different times. In order to obtain M»,
we adopt the following approach: Let the unitary
matrix which diagonalizes A(r„) be S(r„); then

S~(7„)A (~„)S(v„)= A . (35)

The eigenvalues of A are found to be X»(v„)
=k, and X~,(r„)=k . The matrix elements of S
are found to be

$~~=1, S~2=d/(c —k,},
S2,= —Sm, Su= —d /(c —k,) (c —k ). (35)

The longest time vN is chosen to make ~N»Tq~,
so that &(r„)=0. In order to span the rare-spin
FID uniformly, we choose v„=nv», n an integer.
Rearrangement of Eq. (35}above and substitution
in Eq. (34) yields in the limit sos —0 with 7„=Naos
heM constant and with the given incremental order-
lrIg

fM,„)
=S(r„)II A(v„)St(v, ) ( )M . (37)

Since A(r„) is diagonal, the time ordering of this
product is no longer important in mathematical
manipulations. However, the ordering of the S
operators is important. That is to say, it makes
a difference whether the experiment is arranged
to proceed with ascending or descending rapk of

We shall see later on that this could be an
important consideration if many cycles of a partic-
ular sequence are required.

Evaluating Eq. (37), we find for the magnetiza-
tion component

MI„/MM= [S«(&„)Sss(r, ) II k, (7„)—S,z(r„)Sz,(r,}II k (7„)]/detS (r,) .
1 1

(39)

2. Approximations

As for the case with constant v, we specialize
to the situation I'(v„)e ' c"=0; that is t » Tca.
Equation (38) becomes for descending n

'" =aII k.(~„}
al 2

and for ascending n
N-1

IN aII k, (v„).
Mat

(39a)

(39b)

If we now generalize our result by considering the
response to N thermal contacts comprising M
cycles of L spin-mixing pulses plus one, of dura-
tion t, and variable off time v, we get, instead of
Eq. (39b),

J)t L

II IIk.(
at 1 1

(40)

where N = LM+ 1 since both initiating and terrni-
nating thermal mixing pulses are required. As a
consequence of the ordering operator, the sequence
of S pulses starts with long v, L and whistles up to
short ~,1. Subsequent cycles each follow in re-
flection symmetry to the previous cycle.

Substitution of a and k, from Eqs. (10) and (15)
into Eq. (40) gives for e « I,

N L

~ o
=(( ~ ~('~ u(-Z Ea((-('(~. (I) (4()

1 1

If the rare-spin FID is spanned uniformly during
each cycle and I'(v z)= 0, the summation in Eq.
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(41) performs the analogue Fourier transform of
the FID. For ~ identical cycles we may write
Eq. (41) as

= (1+ e) ' exp[- [(V- l)e —MeI"'(h&o)] j,M (0) (4'2)

where r"(h&u) is the real part of the complex sus-
ceptibility; that is

r"(~~) = g r(~, ). (43)
1

This follows directly from trigonometric expan-
sion of r(r). The amplitude of r"(h~) at reso-
nance may be estimated from Eq. (43), assuming
a Gaussian-decay function, in which case I"'(0)

1
2

rv —L

A schematic diagram of the pulse sequence just
described is shown in Fig. 1, in this case for a
single cycle and with the time ordering descending
in rank (decreasing in interval) from left to right.

1.0

0.8

0.6

0.4

0.2

Xa/ M2

III. SIMULATED EXPERIMENTS

In the previous section a number of approxima-
tions were necessary in order to reduce the exact
expression for magnetization M(N) to simple and
usable forms. In this section we wish to examine
the range of validity of the expressions derived by
relaxing the inequalities somewhat. In all cases
the regenerated decay or line-shape function pro-
duced in the simulated double-resonance experi-
ment is compared with the original analogue func-
tion.

A. Decay Function

Equation (17) has been evaluated exactly for the
simulated Gaussian input function r(r)= e '
in Eqs. (10b)-(10e). The approximate equation

used to regenerate this function is Eq. (20). Ne-
glecting er(7) and rearranging this gives

r(v)= 1n[M(N)/M(0)]/Ne+ 1+e ' (44)

This equation has been evaluated for various values
of av/W2 and the parameters e, N, t/Tca.

1. Basic Test

FIG. 2. Theoretical behavior of the regenerated decay
function vs v in a FID mapping experiment, Eq. (44).
Decrease of the parameter t/Tca causes the predicted
decay function to depart f."om the ideal result correspond-
ing to the Gaussian input function. In all cases, N= 100
and e = 5.54 x 10 . The curve t/T~ = 2 corresponds
approximately to the condition used in the PTFE experi-
ments (see Fig. 10).

H 1r

Py

t tos 2tos

Lx

&wr

H FID

(N-1) &os

Px Px

SOLID
ECHOES

If the approximations are satisfied, i.e. , c
«I and t/T~» 1, then, of course, we expect
r(v)-e ' in Eq. (44). For e= 10 ', N=100,
and t/Tca= 100, the Gaussian is regenerated to
better than 0. 5% of the maximum normalized
amplitude.

2. The Inequality t/TcR 1

H)s C FI D

1
1 CYCLE

FIG. 1. Sketch of the rf pulse sequences used for
double-resonance analogue-Fourier-transform spectros-
copy. The FID following the I spin-locking pulse may
be lengthened by a multipulse (Ref. 55) sequence (7'g —P„
—vl)„, shown in broken lines, for multiple sampling and
signal-to-noise enhancement. The $-spin FID, drawn
in broken lines, between the $ pulses is not observed
directly in our experiment.

The simulated decay was calculated for &= 5. 54
&&10 and N= 100 for various values of the ratio
t/Tca. These results are plotted in Fig. 2. For
t/Tca& 1 the regenerated decay shape is seen to
have substantial distortion as well as a marked
reduction in dynamic range. For f/Tca= 2 the
maximum error is —Ffp. This error reduces to- 1. 5% for t/Tca= 3.

3. Variation of N

The simulated decay was calculated for various
values of N for t/Tca= 3 and e = 0. 01 and 0. 001.
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1.0 g2g2 /gr(~)=e ' ' ~' cos6&an.. (4&)

0.8

0.4

0.2

2
Zar&

FIG. 3. Theoretical behavior, Eq. (44) of the regen-
erated decay function I'(v) vs v for variation of the
number of thermal contacts N. The rescaled shape
functions agree quite well with the Gaussian input func-
tion. For all curves the fixed parameters are e= 0.01
and t/Tca= 3.

r (n~)- r"(n)
~a~ (n~) r"(p) —z"'(g) (46a)

where 0 is chosen to be well away from the line

Equation (46) was evaluated for various values
of the parameters e, L, M and for each set of
parameters a parametric family of graphs was
produced varying t/T~. A representative example
of such a result is shown in Fig. 4. The results
are compared with the theoretical Gaussian line
shape exp[- (duP/2a )] and in all cases, the data
flatten off to a nonzero base line, the height of
which increases with decreasing ratio t/T~. In
fact, as seen, the fit for M=2, t/T~= 100, and
L= lppin Fig. (4) is quite good. However, for
L & 60 and t/T~ = 100, increasing M can cause the
base line to go slightly negative, a clearly unphys-
ical situation.

The most important factor in the regenerated
line is the shape itself. The large variation in dy-
namic range with change of t/T~ prevents easy
comparison. By defining a different normalization
procedure, the shapes may be compared directly.
An alternative normalization procedure is defined
as follows:

Figure 3 shows the data for c = 0.01. No notice-
able change was observed for E = 0. 001~ It is seen
that for N~ 100 and e = 0. 01 to 0. 001 (the likely
limits for C in natural abundance) the error is
-1.lg. For smaller N it seems that the shape
function remains good, but scaled in amplitude.
Thus, as expected, the regenerated shape func-
tion is substantially independent of ¹

1.0

0.8

B. Regenerated Analogue Line Shape

The normalized regenerated line shape

rii zvi(~~)/zvl(p) (45)

0.6

8

0.4

has been evaluated using r '(nu&) from the rear-
ranged equation (42): that is,

r '(d&o) =(1n[M(N)/M(0)]+ ln(1+ e)}/Me+ L . (46)
0.2

The magnetization M(N)/M(0) is evaluated exactly
from the matrix equation (34). This particular
normalization procedure tests the form and de-
tailed appearance of M, e, and L in Eq. (46).
Clearly this equation has been derived under cer-
tain conditions and in the last section was shown
to hold when these conditions were met. If we
now purposely violate these conditions, the exact
functional dependence of r '(h~) on M, e, and L
will become more critical in such matters as
normalization, for example.

The input function in this case is taken to be

2 3 4

a(a)/o v 2

FIG. 4 ~ Theoretical behavior of the regenerated nor-
malized line shape I'& (b,co) vs Lcm' in a double-resonance
analogue-Fourier-transform experiment, Eq s. (45) and
(46) ~ Quite large variations of the base line are produced
as the cross-relaxation parameter t/TcR is varied. Also
shown is the effect of two identical cycles of thermal
mixing pulses SI= 2 unsymmetrized). The Gaussian in-
put function is also given for comparison. In all cases,
E'= 10, L = 100, M= 1, and vp$ =Tpg/T2g = 0.10.
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In[M(N, A&a}/M(N, 0)]
In[M(N, O)/M(N, A)]

(48b)

center, on the angular frequency-independent
plateau. Substituting Eq. (46} into Eq. (48a), we
obtain the following form:

1.0

0.8
~ ~ ~ truncated at e
~ ~ ~ e-1.0
Ooo e-2.0

—3.1~ ~ ~ e

which is independent of the particular functional
dependence on e, M and I implicit in Eq. (46).
This is clearly a more fundamental test of the
whole pror ss of line-shape regeneration by the
analogue-Fourier-transform method, since no
approximation need be made and M~, ")/M(0)
is evaluated exactly directly from Eq. (34).

Using this normalization procedure with 0/v Ra
= 5. 2, the simulated shape functions for c= 10
L=10, t/T~=100, andM=1, 2, 3, 4, 5allshowno
distinguishable difference from the theoretical
Gaussian curve. For small values of the ratio
t/T~ slight variation of the shape function is ob-
served (Fig. 5).

It is concluded that incomplete cross relaxation
mainly shrinks the dynamic range T"(0)-I"'(0)
and causes only slight distortion of the line shape,
that is, approximately 4. 5$ for f/Tca-0. 5, and
less than 1.(@for t/Tc„= 3.

1. Truncation Errors

If the number of sampling points L of the decay
is too small so that the FID is not completely

0.8

0.6

C]

0.4

0.2

2 3 4
z(a)/'a v 2

FIG. 5. Theoretical behavior of the regenerated nor-
malized line shape F (d,~) vs h, au in a double-resonance
analogue-Fourier-transform experiment, Eq. (44), but
using the normalization procedure of Eq. (48). For
t/T~ 3 no significant departure from the Gaussian in-
put function is predicted. For all curves e'=10"', I=50,
M=2 (unsymmetrized), and 'r()s =~os/&3s =0 20 ~

0.2

-0.2-

1 2 3

0I- 4 ~ e-f J
4i 5' „-~6 7 8

4
O

au)ra ~2

FIG. 6. Effect of decay-sampling truncation on the
regenerated line shape in an analogue transform experi-
ment. Equations (44) and (48) are plotted for a truncated
Gaussian input decay function, with variation of the
truncation point (through variation of vo&). The results
are compared with the computed Fourier transform of
the Gaussian input and truncated Gaussian input functions.
In all cases a=10-', L=50, M=2 (unsymmetrized), and

t/T~ = 100.

IV. COMPARISON OF SENSITIVITIES

In this section we wish to compare the sensitivity
of the analogue- Fourier-transform-spectroscopy
method described in Sec. IID with that of the pro-
ton- enhanced nuclear-induction- spectroscopy
method developed by Pines et al. 3 Unlike our
method, which detects the dilute spin line shape
indirectly through its effect on the abundant spin

spanned, one expects truncation errors in normal
Fourier transforms. That these occur in the ana-
logue-transform method is demonstrated in Fig. 6.
Here the truncation is achieved at constant L by
reducing the time interval ~0~. The simulated
truncation is compared with the computed Fourier
transform corresponding to T'Og = Tpg/T2g = 0. 02,
giving excellent agreement.

In setting up double-resonance analogue-Fourier-
transform experiments one should, of course,
choose v~ such that 2v/voz is much greater than
the largest frequency of interest, in order to avoid
Fourier sidebands.

In Fig. 7 conditions are simulated corresponding
to those used to study ' C in adamantane (dis-
cussed in Sec. IV). The presence of a small beat
is seen which corresponds to a truncation error
and is more pronounced for increasing t/Tc„. The
curve is compared with the Gaussian function.

Z. Dynamic Range

The true dynamic range Ir(M(N, O)/M(N, 0)] varies
in a complicated way with variation of t/Tc„No.
expression simpler than the exact expression or
Eq. (39) has been derived to describe this varia-
tion.
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»om Eq. (3), the Curie law, it is evident that
CsHO/az is the amplitude of the intrinsic S-spin
free-induction decay. Therefore, if the Hahn
condition ~~= ~» is satisfied, one thermal con-
tact enhances the S nuclear signal by a factor
(yz/ys) (1+e}. If the S nuclear signal is stored
electronically, then after N thermal contacts in
one pulse train the enhanced signal-to-noise ratio
of the direct (DIR} method is

I-

0.4
N

Rn~=Rs ~ N '~ Z (1+ s) ',
&s i*i

(51)

0.2

I

5
&bio JY 4

where the factor N arises from the random
thermal noise in the receiver. For a' «1, Eq.
(51) gives

Rom= (yz/ys) (&WN) (I & "')Rs ~ (52)

E H, z»Hz so that s=Ns/N'z, and Ns»1, Eq. (52)
is essentially the result given by Pines et al. ~'

C. Relative Sensitivity

FIG. 7. Effect of varying the cross-relaxation param-
eter t/Tc~ on the truncated decay line shape [Eqs. (44)
and (48)]. Truncation point corresponds to exp(- 2. 3&).
For t/T~ —3 the expected shape is regenerated. For
t/T~& 3 the regenerated shape approaches the original
Gaussian shape; however, in all cases the deviations
are small. For all curves, the fixed parameters were
chosen to correspond to those used in the experiments on
adamantane: that is, a=6. 925x10, L=76, M=1, and

~os = 7'Os/T2$ 0.02.

The ratio of the initial amplitudes of the intrin-
sic free-induction decays of the I and the S spins
is given by

~R ~N (~y
' I(I+ 1) ~A ~W

Rs Ns ~yz S(S+ 1) As W~
(53)

where A~, As are the receiver-coil area turns and
W'I, W~ are the receiver bandwidths. The induc-
tance of the receiver coil is proportional to the
square of the number of turns, so that

Az/A s ys/yz (54)

system, the method of Pines et ul. detects the
dilute spins directly and relies on digital averaging
to further enhance the signal-to-noise ratio.

A. Sensitivity of Analogue-Fourier-Transform Spectroscopy

It was shown in Sec. IID that in an analogue-
Fourier- Transform (F.T. ) experiment the I-mag-
netization destruction changes from e " ' ' to
e '~ ' ' ' as the S-spin line shape is mapped out.
Therefore the signal-to-noise ratio R of the ab-
sorption line shape given by this indirect method
(IND) may be written, for N»1,

R,~= (e "'" e"')R„-
where RI is the signal-to-noise ratio of the I-spin
free induction decay.

B. Sensitivity of Proton-Enhanced Nuclear-Induction Spectroscopy

In the Lurie-Slichter double-resonance method,
the thermal equilibrium S magnetization resulting
from one thermal contact with the polarized I spins
is

The bandwidth required to give the 8-spin line
shape undistorted is about 10/Tzs. However, in
the analogue-F. T. -spectroscopy experiment, the
detailed line shape of the I spins is of no interest,
so a bandwidth 1/Tm& will suffice. Therefore

(Wg/Wg)'~ (IOTAS y/Tg g)'~ (55)

Thus Eqs. (49) and (52)-(55) give for the relative
8ens itivity

Rtsn/Rma 3 FvN. (5V)

Rgsn ~y I(I+ 1) 10 TI~ ' e "'
Rn~ ys S(S+ 1) Tas 1-e "'

(56)
where E is an enhancement factor introduced to
take account of single shot averaging of the I mag-
netization in the indirect method (see Sec. VI).

If Ne « I, the function in square brackets may
be replaced by & for all N. In this case the rela-
tive sensitivity depends on WN and for ' C and 'H,
and taking T»/Tm s = 10, we find that

CsHO Hii 1
(50} if we put Ne = X in Eq. (56), we obtain an alterna-

tive expression for the relative sensitivity:
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Rzso y, f(I+ 1) 10T»
Rnza yz S(S+ 1) Tzz v t G(x),

where

e-X /2 e-X
G(X) = I,-„~X .

L

(58)

(59)

The function G (X} has a maximum of - 0. 39 when

)I = 1. 5. Equation (58) emphasizes the dependence
of the relative sensitivity on the dilution parameter
f.

V. EXPERIMENTAL RESULTS

In this section we describe a number of experi-
mental results on the l. 108%-abundant ' C in
various samples, chosen to illustrate the various
predictions of the theory developed in Sec. II.

A. Destruction Spectrum Modulation

A test of the predictions of Eq. (20) was per-
formed on ' C in polytetrafluoroethylene [PTFE,
(CzF4)„] at 77 'K. The sample was ordinary com-
mercial-grade amorphous material. The ob-
served spine ( F) were spin locked at resonance
(15 MHz}. For large rf fields satisfying the Hahn
condition &,I = » the ratio of the thermal capac-

D. Conclusion

For e-10 z and N &3, Eq. (57) shows that for
F = 1 the relative sensitivity may be greater than 1.
In the case where the number of pulses is opti-
mized, Eq. (58) shows for e = 10 ' and F = 1 that
the relative sensitivity is about 5.

The main difficulty with the proton-enhanced
technique is that the receiver detecting the S nu-
clear signal must not be saturated by the I rf
field. This is easier to achieve, the higher the
static field, so that the frequency difference &Or
—coo~ is greater. If very high static fields are
available, the sensitivity advantage of the analogue
F.T. experiment may be superfluous.

An important advantage of the proton-enhanced
method, not accounted for in our calculation of
relative sensitivity is that it samples the complete
FID of the dilute spin system. Thus, though in-
trinsically less sensitive, the method acquires
data more quickly and is therefore, in principle,
less demanding of the over-all equipment stability.

Of course, in order to achieve the same signal-
to-noise ratio for the direct method as obtained
in the indirect method, for the same number of
pulses N, the direct-method experiment would
have to be repeated - I/e times. If this number is
greater than the number of decay sample points L
in the indirect method, then the above comment
regarding stability no longer applies. Indeed, in
this case the total time to acquire the same in-
formation is shorter for our indirect method.
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FIG. 8. (a) Normalized 9F destruction spectra in
PTFE at 77'K. The filled circles show a broad unmodu-
lated line which is part of a conventional double-resonance
destruction spectrum with N= 150, t= 1.0 msec, and v

= 3.5 msec. The open circles show clear modulation of
the spectrum, as expected from Eqs. (20) and (21). In
this case N=600, t=0.1 msec, and v=0. 3 msec. (b)

Detailed study of the central peak of the spectrum as in
(a), showing the improved resolution with increasing v.
For the open circles N=400, t=0. 1 msec, and v=0. 29
msec, while for the closed circles N= 300, t= 0. 2 msec,
and v = 0.60 msec. The full curves are Eq. (20) normal-
ized to amplitude only. In both (a) and (b) it is estimated
that T2z -1.0 msec and T~-0.4 msec. Also ~~1/27t.

Go f$ /» = 19.3 kHz. In all cases it has been arranged
that the Fourier harmonics of the S pulse train fall out-
side the first destruction minima.

ities of the two spin systems (both spin--', ) [Eq.
(8)], e =Nz /N„and in the present case e = 5. 54
&10 . Since the carbons are equivalent on the
polymer chain, only a single ' C resonance is
expected.

Figure 8(a) shows the details of the periodic struc-
ture in the destruction spectrum for v & T2~. For
v &~», the same material gave a 50-kHz broad
unmodulated line, part of which is superimposed
on Fig. 8(a). The linewidth in this case is con-
trolled mainly by the fluorine-fluorine dipolar
interaction. The central line in the modulated
spectrum is, by contrast, reduced by two orders
of magnitude to - 600 Hz. The central frequency
of this spectrum can be determined unambiguous-

ly, since it should not change as v is varied, at
least for a single symmetrical line.

In Fig. 8(b) a detailed study of the central peak
is shown for two values of 7. The solid line is
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FIG. 9. Variation of the apparent resonance frequency

Q)pg/2z (in Hz) of the C spins in PTFE at 77 'K for vari-
ous off times 7' determined from amplitude-modulated

F destruction spectra like those in Fig. 8. The curve
is Eq. (27) with M3 estimated graphically from the ex-
perimental points in Fig. 10.

the theoretical expression fEqs. (20) and (21)]
fitted for amplitude only in both cases.

In PTFE the '3C line is broadened slightly by an
anisotropic chemical-shift tensor, so the central
peak of the modulated destruction spectrum is ex-
pected to change slightly according to Eq. (25).
The central peak shift has been measured as a
function of v and the results presented in Fig. 9.
The data are compared with the theoretical pre-
diction, Eq. (27), in which the third moment is
estimated directly from the absorption line shape,
details of which are discussed later. We see that
the isotropic chemical shift of the spectrum with
respect to some external reference can be deter-
mined by extrapolating the data in Fig. 9 to zero

We have used such a procedure to estimate the
effective magnetogyric ratio of ' C in PTFE. '

In general, if a spectrum is broadened by an
anisotropic chemical-shift tensor, then a plot
such as Fig. 9 is some sort of measure of the
anisotropy. It is well known that, for a spectrum
broadened by an anisotropic chemical-shift ten-
sor with axial symmetry, the second moment,
taken about the point which makes the first mo-
ment vanish, may be simply expressed in terms
of the difference between the parallel &„and per-
pendicular ~~ shift components. Unfortunately
the third moment taken about the same spectral
point is not expressible so simply. Thus mea-
surement of M3 alone cannot be used to estimate
the shift anisotropy. We now turn to more direct
measurements of chemical- shift anisotropy.

B. The ' C FID in Polytetrafluoroethylene

The structure and configurational characteristics
of PTFE have been reviewed recently by Bates. 44

The PTFE macromolecule is linear and composed
of -CF, units, molecular weights being several
millions. The zig-zag skeletal carbons lie on a
helix. In the phase below 19 C, the 180 repeat
unit of this helix comprises thirteen CF, groups
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with a repeat distance of 16.8 A and a C-C-C
angle of 116'. In the bulk material both crystal-
line and amorphous phases co-exist; in the crys-
talline bands the macromolecules pack like cylin-
drical rods into an almost hexagonal array.

The ' C FID in PTFE at 7'7 K was obtained by
the double-resonance mapping method described
in Secs. II A-II C. The '9F spins were spin lockedat
resonance (- 15 MHz) in an rf field H, z= 6. 0 G,
while the ' C spins were irradiated by a train of
N = 100 equally spaced thermal contact pulses with
t= 1.0 msec, and uo~ —(d~-1 kHz. The Hahn condi-
tion was approximately satisfied. The off time was
varied from 0 to 5 msec and the spin-locking pulse
was also increased in length. The decay obtained
is shown in Fig. 10(a). Each point was separately
normalized in the experiment. The dynamic range
of the decay data is about 4lPp of the ' F magnetiza-

FIG. 10. Fourier-transform spectroscopy of C in13

PTFE at 77'K. (a) The C FID mapped out by the ~F

residual magnetization with X=100, t= 1.0 msec, H~
= 6.0 G, and (d&1 = ~&&. The $-channel rf carrier frequency
cuz/2~=4. 008 000 MHz. (b) The points are the Fourier
cosine transform of the FID data in (a). Only the high-
frequency component of the doublet is given (co& & cuoz).
The full curve is the Gaussian-convoluted polycrystalline
average chemical-shift line shape, corresponding to an
axially symmetric shift tensor with 0'= —130+ 25 ppm and
the traceless components b,o~= —30 and DOII= 60 ppm rel-
ative to CH3I (Ref. 45).
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tion. The Fourier cosine transform of the decay
data is given in Fig. 10(b), and the line shape
shows some chemical-shift anisotropy.

The isotropic chemical shift of "C in PTFE is
found to be o = —130+25 ppm relative to CH3I.
It was attempted to fit the data with a Gaussian-
broadened powder line shape corresponding to an
axially symmetric chemical-shift tensor. 6 4

The best fit achieved is shown in Fig. 10(b) for
which the traceless tensor components are bo,
= —30 ppm and 4a, (= 60 ppm, with a Gaussian half-
width of 106 Hz. A consistently poor fit of the ex-
perimental data at high frequencies was found in
four independent experiments.

The deviation of the experimental line shape from
the theoretical prediction is attributed to partial
alignment of the polymer macromolecules along
the sample axis. This seems plausible, since the
sample was an extruded rod.

C. Analogue-Fourier-Transform Studies

~3C Doublet Resolution in Adamantane

Adamantane (C,+I") is a cagelike globular mole-
cule with tetrahedral symmetry, comprising six
CH& and four CH groups. The lattice is face-cen-
tered cubic. In the plastic phase, —65 to 280 C,
the molecules are known, from the relaxation-
time measurements of Resing' to undergo iso-
tropic reorientation and diffusion. At 25 C the
jump rates for rotation and diffusion are about
10"sec ' and 10 ' sec ', respectively. ' The rapid
reorientation averages to zero the chemical-shift
anisotropy, leaving only the isotropic shift. Kuhl-
mann et al. ,

"in an Overhauser induction experi-
ment on a solution of adamantane, have measured
the chemical shift between the "CH and "CH3
groups as 9. 2+ 0. 1 ppm. This measurement was
done at 15 MHz. Adamantane is an ideal com-
pound for a pulsed double- resonance experiment
in view of the long T»1 and the narrow ' C intrinsic
linewidth.

A double- resonance analogue- Fourier- trans-
form experiment was performed on approximately
130 mg of powdered adamantane at 25 C. For
this compound E= 6. 925' 10 . The protons were
spin locked for 1. 1 sec at resonance in an rf field
of 5. 1 G, while the ' C spins were irradiated by
one cycle of 77 thermal contact pulses with t = 4. 0
msec and off-time increment so~= 0. 25 msec. The
Hahn condition was approximately satisfied with

""/2m= 22 kHz. Our results are presented in

Fig. 11 and show the ' C spectrum at about 3. 77
MHz in the central portion of the ~H destruction
spectrum. As expected, the ' C absorption line
is a doublet. The observed intensity ratio of
2: 2. 6 and the splitting of 36 + 5 Hz or 9. 5 + 1.3

ppm are in good agreement with the theoretical

0.80{
36'-5Hz
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0.70— (

II, /l. $
I

I
I l
I

O.8O-

I I I I I I I I I I I I I I I I

3.77210 3.77215 3.7720 3.7722

9 { c}{v}-{z}

FIG. 11. Normalized ~H destruction spectrum for
solid adamantane (C&OH~6) at 25 'C, showing the absorption
line shape of the 1.108pc-abundant C spins. This was
obtained by the analogue-Fourier-transform method de-
scribed in Sec. II. The experiment reveals a doublet
with an intensity ratio 2: 2.6 and a splitting of 36 + 5 Hz.
This curve was obtained with M= 1 cycles of I.=75
pulses with t=4. 0 msec, so~ =0.25 msec, and co&/27('
= cog'/2&= 22 kHz. Each data point is a ten-count average.

intensity ratio 2: 3 and the results of Kuhlmann
et al. "for a solution and those of Pines et al.
performed at 22. 44 MHz on the solid. The resid-
ual linewidth is 20 Hz for the '

CHz component and
30 Hz for the CH contribution, the latter being
consistently the broader of the two lines in three
independent experiments. However, the signal-to-
noise ratio of our data is not high enough to press
the point. In each case the widths are limited by
static magnetic field inhomogeneity due to magnet
and probe plus residual heteronuclear dipolar
broadening. The intrinsic dipolar linewidth for
such a dilute spin system is expected to be about

I'y 53

Strictly speaking, the absorption line shape is
the logarithm of the destruction spectrum. How-

ever, because of the small dynamic range of the
spectrum on a normalized scale, the logarithmic
graph differs little from the linear plot.

2. ~3C Chemical Shift in Methyl Urea

An analogue- Fourier-transform experiment was
performed on a powdered sample of methyl urea
(CH~NHCONHz) at 77'K. At this temperature it
is expected that all molecular motions, except
possibly methyl-group rotation, will be frozen out.
The protons were spin locked at resonance for
300 msec with Hgr= 6 7 G, while the C spins
were irradiated with M = 2 cycles (unsymmetrized)
of L = 50 thermal contact pulses with on time-
t= 1.0 msec and off-time increment v« = 0. 08
msec. The Hahn condition was approximately
satisfied with ~,1/2v=2SkHz, so that e=3. 6Sx10'.
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The destruction spectrum is shown in Fig. 12.
The ' C absorption spectrum shows two lines, at
3. 77159 and at 3. 77189 MHz. These lines are at
—52+ 8 and —127 + 8 ppm relative to ' CH, I. '
Without a single crystal orientation study it is
difficult to assign these peaks definitely. We can,
of course, look to similar chemical groups in other
compounds. For example the molecule acetic acid
contains both a methyl and carbonyl group for
which o( CHB-)= —44 ppm and &r( — Co-)= —202
ppm relative to "CHSI. ~ On this basis we tenta-
tively assign the higher frequency line in our spec-
trum to the carbonyl site and the other line to the
methyl site.

The spectrum signal-to-noise ratio is poor be-
cause the intensity corresponding to the fraction
e is distributed over a total linewidth of 200 Hz or
so and also because the relatively short T» of the
protons limited the number N of thermal contacts
that could be used.

The carbonyl line exhibits chemical-shift aniso-
tropy. The polycrystalline average line shape con-
voluted with a Gaussian-broadening function was
computed. The tensor components and the Gaussian
width were adjusted for best fit of the data. The
solid curve in Fig. 12 is the theoretical line shape
corresponding to the traceless-tensor-component
values &o.»= —17, ~a»= —5, and &o»= 22 ppm,
with o= —127+8 ppm relative to CH, I. The Gaus-
sian half-width in the convolution integral was 25
Hz. These values must be considered as tenta-
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FIG. 12. Normalized ~H destruction spectrum for
solid methyl urea (CH3NHCONH2) at 77 K obtained by the
analogue-Fourier-transform method. The C absorption
line shape shows two lines, which we tentatively ascribe
to the methyl and carbonyl sites in the molecule, as
indicated. The carbonyl carbon exhibits chemical-shift
anisotropy. The full curve is the theoretical Gaussian
convoluted powder average line shape corresponding to
the tracless tensor components 6o~& = —17, 6o'22= —5,
Eo33 ——22, with V'= —127+8 ppm relative to CH3I (Hef.
45). These data were obtained with I= 2 cycles (un-
symmetrized) of I = 50 thermal contacts with t= 1.0
msec, v 0&

= 0.08 msec, and co&/2~ = u&&/2~ = 29 kHz.
Each data point is a 20-count average.

tive, since the rather large noise variation on the
spectrum scarcely permits a unique determination
of the chemical-shift anisotropy.

The methyl line is puzzling when compared with
the carbonyl line: it is much weaker and shows
no resolvable chemical-shift structure. At 77 'K
it is likely that the methyl group is reorienting
about the C-N bond at a rate greater than the
linewidth, but this should not affect the anisotropic
line shape significantly, since for both static and
reorienting situations one expects an axially sym-
metric chemical-shift tensor. Methyl-group re-
orientation may be responsible for the weakness
of the line, since motion could inhibit the cross
relaxation between the methyl carbon and some of
the protons, although frankly this seems unlikely
in view of the 'H magnetization amplitude which,
away from the two lines, is consistent with
t ~~Tc R'

VI. CONCLUSIONS

New variants of the pulse double-resonance
technique are proposed which allow the FID and
the absorption line shape of a dilute-spin system
to be measured in situations where there is a
second high-abundance spin species. The theo-
retical expressions for decay shape and line shape
have been evaluated in parametric form on a com-
puter. The results of this evaluation give the
range of validity of the technique. Values of the
parameters common to "C studies in many solid
organic compounds indicate that "C line shapes,
in particular chemical shifts and shift anisotropies,
are in principle measurable by our scheme. Wheth-
er or not they are in fact measurable will depend
on the spin-lattice relaxation times T, and T» of
both the abundant and rare-spin species and also
the cross-relaxation time Tc„. The explicit de-
pendence of line shape, etc. on T, and T» has not
been given, since we assume throughout that spin-
lattice relaxation-time effects may be ignored.
Generally speaking we require T» to be as long as
possible and T, and T~ to be short.

Examples of the application of our method are
given for ' C line shapes in PTFE, adamantane,
and methyl urea. The measurements for adaman-
tane were performed at 25 'C; all others were made
at 77 'K. These preliminary results indicate that
the method can be used to measure chemical-shift
splittings and chemical-shift anisotropy in solids.

Although the signal-to-noise ratio in our spec-
tra is poor, analysis shows that it compares
favorably with other methods if the experiment is
performed at the same value of the static field.
An idea for signal-to-noise ratio improvement so
far not exploited in this work is to repeatedly sam-
ple the artificially narrowed FID of the abundaiit
spins following turn-off of the spin-locking pulse.
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This is achieved by applying a series of coherent
90' rf pulses in the sequence (rr-90'-vz)„as de-
picted schematically in Fig. 1. '" Done this
way, the multipulse sequence does not interfere
with the double-resonance process. In principle a
signal-to-noise enhancement by a factor E (see
Sec. 1V) of about (Tz,z/TzI)' is possible by this
means, where T2,I is the effective-decay time con-
stant of the multipulse echo train and T» is the
I species spin-spin relaxation time. For short
pulse spacing v.l, one expects T~,l to approach the

rotating-frame spin-lattice relaxation time T,».
In adarnantane at room temperature, for example,
the enhancement factor E is approximately 100.
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