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An adiabatic demagnetization in the rotating frame (ADRF)
differential cross polarization (DCP), or inversion recovery cross
polarization (IRCP), technique has been developed to study syn-
thetic calcium phosphates and bone mineral. ADRF of the protons
followed by a remagnetization of the phosphorus-31 spins results
in an equalization of the dipolar and phosphorus Zeeman nuclear
spin temperatures. By shifting the phase of the phosphorus RF by
180° during the forward cross polarization it is possible to invert
the temperature of this reservoir and initiate reverse cross polariza-
tion. Transient Strombotne—Hahn oscillations were observed on
inverting the temperature. The presence of these oscillations com-
plicates the determination of a null point on the basis of cross
polarization times. It is necessary to shift the phase of the RF only
after a Zeeman spin temperature can be defined, and to use an
RF field strength that is slightly smaller than the equivalent S-
spin local dipolar field in order to produce a zero crossing after
the transient oscillations have decayed. © 1997 Academic Press

INTRODUCTION

We are interested in developing in vivo solid-state NMR
techniques that can provide chemical contrast under condi-
tions of low spectral resolution and low RF power deposi-
tion. Our research has been focussed on using NMR to eluci-
date bone mineral chemistry. Bone mineral is composed
primarily of a poorly crystalline nonstoichiometric apatite
similar to hydroxyapatite (Cay,(OH),(PO,)s), but also con-
tains HPO3;™ and CO3™ as well as a variety of cations. For
example, it is known that HPO3~ ion concentrations are the
highest in newly deposited bone and that their relative con-
centration decreases as the mineral matures. Thus the ability
to distinguish between PO3~ and HPO3 in vivo is of great
biochemical interest. Other applications include the study of
the resorption and remodeling of calcium phosphate-based
bone cements and implants.

The spectral editing technique proposed by Melchior (1)
is a spectrally selective solid-state technique that has been
used to resolve overlapping spectrain heterogeneous, multi-
component polymer systems and organic compounds. It dis-
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criminates between species with overlapping spectra on the
basis of their cross polarization times and allows selective
resonances to be nulled (2—-8). The technique has been vari-
ously called inversion recovery cross polarization (IRCP)
(4), cross polarization with polarization inversion (CPPI)
(5), differential cross polarization (DCP) (6), and cross
polarization—depolarization (CPD) (7), in the literature.
Wu et al. were able to use the DCP technique to suppress
the dominant phosphate group and hence detect and identify
a unique protonated phosphate present in bone mineral ex
vivo (6).

DCP techniques are usually derived from conventional
cross polarization techniques (9, 10) and require the simulta-
neous irradiation of the sample at the resonance frequencies
of the two nuclei. Ideally the magnitudes of both these fields
should be much larger than the local dipole—dipole fieldsin
the sample. These large fields are difficult to generate over
a large volume, as is required when studying macroscopic
objects. In addition, large fields are a problem when applied
to lossy samples such as biological tissues, as the RF power
absorption scales with the square of the RF field amplitude
and can produce tissue heating.

This paper describes a DCP technique based on ADRF
(adiabatic demagnetization in the rotating frame) cross po-
larization. ADRF-CP deposits significantly less power when
compared to spin-lock CP techniques, and is hence easier
to adapt to in vivo application. It involves the initial creation
of dipolar order via one spin species followed by the transfer
of this polarization to the Zeeman system of a second spin
species. The ADRF-CP technique was proposed by Ander-
son et al. (11) in 1962, but has been used infrequently since
then (12—14). We have recently described the application
of ADRF-CP to the study of calcium phosphates and bone
(15). These materials are somewhat different from those
most often studied with cross polarization as both spin spe-
cies are comparably abundant.

ADRF CROSS POLARIZATION

Consider a sample containing N, and Ns spins of two
dissimilar spin-1 systems | and S with gyromagnetic ratios
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v, and ys, respectively, in an external magnetic field Bok.
Neglecting the spin—lattice and chemical shift interactions,
the spin Hamiltonian of this system is given by (16)

H = H| + HS + HS'{S + HRF! [1]
where

Hi = Hz + HE;,
Hs = Hzs + HBss,

HRF = —2’)/| Bll COS(W|t)IX - 2’}/5815008((.0503

H., isthe I-spin Zeeman interaction, HE}; isthe rigid-lattice
contribution to the homonuclear 1-spin dipolar interaction,
H,s and H §ss denote the corresponding S-spin interactions,
Bis is the rigid-lattice 1-S dipolar interaction, and Hge is
the interaction of the applied RF with the spins. Letting wq,
= %Bo, wos = ¥sBo, wy = y/By, and wis = ysBis, and
transforming the resulting Hamiltonian to the tilted rotating
frame (TR frame), the Hamiltonian of the spin system can
be written as
wesS, + HEI + Hos + HES,

[2]

Hp = —we||zp -
where

wa = {wh + (w — wa)??

[3]
[4]

Thetotal time-independent dipolar Hamiltonian in the TR
frame is derived only from the secular contributions in the
laboratory frame. Assuming that the different dipolar terms
are strongly coupled to each other, a reasonable assumption
given their dense, overlapping spectral distributions (valid
for abundant | and S spins), the total dipolar loca field in
the TR frame is

Wes = {u)%s + (WS — (Uos)z} 1/2.

B2 — Tr{(H&")? + (HBZ)? + (HES)?}
- R yETr(12) + y2Tr(S2)}
= (Bfll)2 + (sts)2 + (Bfls)z-

[3]
[6]

In the ADRF cross polarization process the spin system
is initially prepared in a state of dipolar order, produced
using either an ADRF technique (11, 17) or a Jeener—Broe-
kaert pulse pair (18). This polarization along the local field
can be transferred into an observable Zeeman polarization
of the S spins by the application of a resonant RF field. If
the S-spin RF field is applied suddenly, there is an initial
oscillatory exchange of magnetization between the two spin
systems after which thermal mixing takes place between
the dipolar and Zeeman reservoirs, and their temperatures

equalize. The RF field can also be increased adiabatically
from zero so that the two reservoirs are always in equilib-
rium, their temperatures being equal at al times.

ADRF DIFFERENTIAL CROSS POLARIZATION

Differential cross polarization is performed by instantane-
ously inverting the temperature of one of the spin systems
during the cross polarization process. The sudden disequilib-
rium and subsequent evolution of the spinstoward acommon
spin temperature may cause the magnetization of the ob-
served spins to pass through zero. The time at which this
zero crossing occurs will be different for species with differ-
ent cross polarization times T,s. As the cross polarization is
mediated by the dipolar coupling between the nuclei, the
technique is sensitive to the local ordering of the nuclear
species. In conventional spin-lock cross polarization the tem-
peratureinversion is produced either by applying a hard 180°
pulse or, more usually, by shifting the phase of either the I-
or S-spin RF by 180°. When thisisdone rapidly, the ‘* sudden
approximation’” of quantum mechanics applies. The popula-
tions of the spin states do not change, but the spins that were
spin-locked parallel to the B, field will now be spin-locked
anti-parallel to thefield, resulting in an instantaneous change
in the spin temperature of that system from 6 to —6.

As ADREF cross polarization proceeds, the S-spin Zeeman
and the dipolar temperatures approach a common vaue 6.
If the phase of the S-spin RF is shifted by 180°, the S-spin
polarization will now be anti-parallel to the Zeeman field,
and the S-spin Zeeman temperature changed instantaneously
from 65to — 6. It should be noted that in the case of ADRF-
CP the temperature inversion can only be performed on the
S spins as the symmetry between the |- and S-spin systems
has been broken. The | spins are aligned along the loca
dipolar fields and not along an external RF field. The dipolar
spin temperature may be inverted with a hard RF pulse, but
the efficiency of this approach is poor. An RF pulse of angle
a applied to the dipolar system of a sample containing a
single-spin specieswill result in a changein its energy given
by (19)

Ep. = En(1 — 3 sina),

[7]

where Ep and Ep, are the energies of the dipolar system
before and after the pulse. The most negétive energy is
produced by a w/2 pulse resulting in a dipolar energy of
—Ep/2. Thus if 6 is the temperature of the system before
the pulse, the temperature after the pulse corresponds to
a temperature —26, which represents a significant loss of
polarization. The effect of the pulse becomes more compli-
cated in multiple-spin systems as the transfer efficiency de-
pends on both the homonuclear and heteronuclear dipolar
couplings.
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If the phase shift is performed after equilibration of the
dipolar and Zeeman reservoirs, the spin temperatures of the
two systems immediately after the shift are 4. and —6..
Thermal mixing then takes place between the dipolar and
Zeeman systems, and the final temperature of the spin system
after equilibration 6 is obtained using the conservation of
energy

(C| + CS)BEp - CsBis _ (C| + CS)BEp + CSBES
0. 0 !

(8l

where C, and C; are the Curie constants of the | and S spins,
respectively. This leads to a final spin temperature

i ((CI + CS)BE;; - CsB§s> 1 [9]

9, \(C + C5)B?, + CsBZ) 0,

F2 - B%)\ 1
- (—=) =, 10
(F2+B§S 0. [10]

where

Fzzm';:r—(:s)sfpz <1+%>BEP. [11]
S S

We cal F the equivalent S-spin local field. It is the loca
magnetic field that the S spins must experience in order
to have the same heat capacity as the total secular dipolar
reservoir. F is related to e, the ratio of the heat capacity of
the S-spin Zeeman reservoir to that of the total dipolar reser-
voir by e = BiJ/F2.

Thefinal observed magnetization after complete equilibra-
tion, phased with respect to the magnetization before the
temperature inversion, is given by

M; = — CZ_Bls [12]
f
Cs Bis — F?
= —=Bis| =—/—— 13
0e 15( B2 + F2 [13]
B2, — F?
= M| =>"—=], 14
(Bis + F? [14]
where
Mc — CSBIS [15]
0

is the observable magnetization before the phase shift. The

ratio of the final magnetization to the magnetization just
before the phase shift is

R M _ (Bis— F*
M. \Bk+F?)"

If the temperature inversion is performed after equilibra-
tion of the Zeeman and dipolar reservoirs it is possible to
produce a zero crossing of the observed magnetization only
if the magnitude of the applied RF field is less than the
equivalent S-spin local field. When a larger Bys field is ap-
plied, it is possible to obtain a zero crossing only if the
phase change is performed before the Zeeman and dipolar
reservoirs equilibrate. At short times after the phase of the
RF is shifted, there is a transient oscillatory exchange of
magnetization between the Zeeman and dipolar reservairs.
These Strombotne—Hahn oscillations occur at the effective
Larmor frequency wes Of the S spins in the rotating frame.
Transient oscillations observed in regular DCP experiments
(5) usualy occur only in the presence of resolved | -S cou-
plings (20), and their frequency depends on the magnitude
of the dipolar 1-S coupling.

[16]

METHODS

Proton to phosphorus DCP experiments were performed
on synthetic samples of hydroxyapatite and brushite (CaH-
PO, 2H,0) (Aldrich Chemical Company, Inc., Milwaukee,
WI) aswell as a specimen of diaphyseal porcinetibia bone.
The specimen of porcine bone was obtained abattoir,
cleaned of soft tissue, and alowed to dry in air, retaining
its complement of protein and lipid. The experiments were
conducted in an Omega CSl (formerly General Electric, now
Bruker Instruments, Fremont, CA) NMR system equipped
with an Oxford Instruments (Oxford, UK) 4.7-T 30-cm hori-
zontal-bore magnet. The proton and phosphorus transmitter
frequencieswere set on resonance for asample of phosphoric
acid.

A 90° proton pulse followed by alinear ramp demagneti-
zation of the spin-lock field was used to create the dipolar
ordered state. The duration of the proton 90° pulses, approxi-
mately 65—100 us, was too long to be considered a hard
pulse. However we were limited by the maximum available
power and the relatively large sample sizes we are using.
The duration of the linear demagnetization ramp used was
amost identical to the duration of the 90° pulse. This is
effectively a 45° pulse, thus resulting in a Jeener—Broekaert
pulse pair rather than a true adiabatic demagnetization of
the spins. However, we have found that this sequence results
in areproducible and relatively efficient transfer of Zeeman
to dipolar order, given our experimental constraints (21).

After a short interval during which both RF fields were
off, the phosphorus RF was turned on. An eight-step phase
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90° pulse

H
‘_[\spin lock and demagnetize B,

change rf phase by 180 degrees

31p j_

B1S
dipolar forward reverse
time mixing mixing
__acquire
FIG. 1. Pulse sequence for ADRF differential cross polarization using

a step RF to remagnetize the phosphorus.

cycle, with spin-temperature alternation, was used to remove
the nutation signal due to the *'P RF and detect the CP signal.
No proton decoupling was used during signal acquisition.

In the first series of experiments the phosphorus RF was
suddenly turned on to initiate cross polarization. Differential
cross polarization was performed by shifting the phase of
the 3P RF by 180° to invert the temperature of the phospho-
russpinsasillustrated in Fig. 1. Experiments were performed
on samples of hydroxyapatite, brushite, and bone under the
conditions shown in Table 1. Each spectrum obtained repre-
sents a unique combination of forward and reverse cross
polarization times.

In the second series of experiments, a slow RF ramp was
used to adiabatically remagnetize the phosphorus spins, fol-
lowing the ADRF of the protons. After the remagnetization,
the phase of the RF was shifted by 180° and the evolution of
the spin system observed. Spectra were collected for varying
reverse cross polarization times ranging from zero to 10 ms,
and different Bys field strengths. The pul se sequenceis shown
in Fig. 2 and the experimental parameters are given in Table
2. The experiment was performed on samples of hydroxyap-
atite and brushite. The duration of the remagnetization ramp
was kept fixed at 2 ms for hydroxyapatite and 1.5 ms for
brushite.

All the step RF experiments and the hydroxyapatite ramp

TABLE 1
Experimental Conditions for Step ADRF-DCP Spectra

Synthetic calcium Bone
phosphates specimen
Number of acquisitions 64 128
'H 90° pulse 64 us 64 us
Demagnetization ramp time 80 us 80 us
Dipolar time 300 us 300 us
Recycle time 2s 17s

90° pulse

H
|—(\spin lock and demagnetize B,

change rf phase
by 180 degrees

31p adiabatic
remagnetization

reverse
mixing

forward
mixing

dipolar
time
Signal

. acquire

FIG. 2. Pulse sequence for ADRF differential cross polarization using
aramp RF to remagnetize the phosphorus.

RF experiment were performed using a two-port double-
resonance *H—3'P 4.8-cm diameter single-loop surface coil.
A two-port double-resonance *H—3'P 2.5-cm diameter 7.6-
cm-long cylindrical resonator was used in the brushite ramp
RF experiment.

RESULTS

Each FID was basdline corrected and apodized with a
750-Hz exponential before being Fourier transformed. An
isochromat of spins 3 kHz wide centered around the peak
was integrated to calculate the signa intensity in the figures
illustrating the differential cross polarization. In order to
perform the curve fitting to Eq. [16], the spectra were fitted
with a Gaussian lineshape, and the peak intensity was re-
corded. The spectral processing and analysis were performed
with the routines of NMR1 (formerly New Methods Re-
search, now Tripos, St. Louis, MO). The curve fitting was
performed using the Levenberg—Marquardt method and the
Numerical Recipes C programming routines described in
Press et al. (22).

Sep RF

In the experiments with the step RF, anumber of combina-
tions of forward and reverse cross polarization times were

TABLE 2
Experimental Conditions for Ramp ADRF-DCP Spectra

Brushite  Hydroxyapatite
Number of acquisitions 64 64
'H 90° pulse 100 us 64 us
Demagnetization ramp time 100 us 80 us
Dipolar time 100 ps 300 us
Remagnetization ramp time 15ms 20 ms
Duration of constant RF before phase shift 100 us 500 us
Recycle time 2s 2s
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(a) The effect of inverting the *'P phosphorus temperature at 20 us, 150 us, 750 s, and 2 ms after the initiation of cross polari-

zation in a sample of brushite. The magnitude of the RF field is ~200 uT. The noise level is less than 0.5 units in the figure. (b) The early part of the
curve is expanded to show the effect of inverting the phase during the transient oscillation, before the system can be described by a temperature.

used to study the dynamics of the spins under this pulse
sequence. The results for brushite are shown in Fig. 3. The
usual forward cross polarization signal (solid line) is shown
extending out to a contact time of 5 ms. The figure aso
shows the effect of inverting the 3'P phase at 20 s, 150 us,
750 ps, and 2 ms after the RF isfirst turned on. It is observed
that the inversion of the signa is stronger if the phase is
shifted early in the cross polarization process, before the
3P and *H can equilibrate completely. Transient oscillations
were observed immediately following the phase inversion
in every experiment.

At 20 and 150 us, the transient oscillations due to the
sudden application of the RF field have not damped out,

a 100,

Hydroxyapatite — step RF

Relative signal strength

0 1 2 3 4 5 6
Total contact time, ms

FIG. 4.

and the system cannot be described by a spin temperature.
At 750 us and 2 ms, it appears that the spin temperature
description should be valid for this spin system. When
the temperature is inverted at 750 us and 2 ms, the zero
crossings are observed to occur after the new transient
oscillations have decayed, at approximately 1.6 and 4 ms
of total contact time, respectively, and should be deter-
mined only by the cross polarization times. When the
temperature was inverted at 2 ms, the asymptotic value
of the curve was small and negative, indicating that mag-
nitude of the Bys field (=200 uT) is slightly smaller than
the magnitude of the equivalent S-spin local field as de-
scribed by Eqg. [16].

Hydroxyapatite — step RF

Relative signal strength

expanded time scale 1

0 02 04 06 08 1 12 14 16 18 2
Total contact time, ms

(a) The effect of inverting the *'P phosphorus temperature at 40 us, 125 us, 400 us, and 2 ms after the initiation of cross polarization in a

sample of hydroxyapatite. The magnitude of the RF field is ~200 uT. The noise level is less than 0.35 units in the figure. (b) The early part of the
curve is expanded to show the effect of inverting the phase during the transient oscillation, before the system can be described by a temperature.
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FIG.5. The effect of inverting the *P phosphorus temperature at various times during the cross polarization process in the bone specimen. The three
RF field strengths are (a) 130 uT, (b) 200 uT, and (c) 320 uT. The noise level is less than 0.8 units in the scale displayed.

The response of the hydroxyapatite spin system to the
step RF experiment is illustrated in Fig. 4. It shows the
effect of inverting the temperature at 40 us, 125 us, 400
us, and 2 ms after the RF is first turned on. Once again
the inversion of the signal is stronger if the phase is
shifted early in the cross polarization process before
equilibration proceeds very far. The signal was observed
to pass through zero only if the phase was shifted during
the early part of the transient oscillation, indicating that
the value of the By field (=200 uT) is greater than that
of the equivalent S-spin local field. The slope of the oscil-
lation immediately after the inversion of the phase is the
negative of the slope just before the inversion, as can be
seen in Fig. 4b.

The response of the bone specimen to the step RF field
is shown in Fig. 5 for three different field intensities of
130, 200, and 320 uT. The strongest cross polarization
takes place at the lowest field. The response of the 3P
spins to the temperature inversion is also the greatest in

the 130-uT field, indicating strong thermal contact be-
tween the two systems. However, even the 130-uT field
islarger than the equivalent S-spin local field of the bone
specimen. At 320 uT there was a very small response to
the phase change after the initial oscillation.

Figure 6 shows the series of spectra obtained when the
phase is inverted 60 us after the RF is turned on. There
is a strong oscillation before the asymptotic signal can
be observed. Note the change in shape of the spectra at
1, 2.5, and 5 ms. The linewidths obtained from a Gaussian
curve fitted to the spectra at these times are 4450, 3400,
and 3000 Hz respectively. Thisis expected as the broader
protonated spectral components cross polarize faster than
the nonprotonated components, and hence invert faster.
The broad spectrum at a 1-ms reverse cross polarization
timeisindicative of the presence of HPO3™ groupsin the
bone. Figure 7 allows direct comparison of the spectra
just before the phase shift (lw = 2300 Hz) and after 1
ms of reverse cross polarization (Iw = 4450 Hz).
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5ms

2.5ms

W

400 300 200 100 ©
PPM

FIG. 6. The spectra of porcine bone obtained at different reverse cross polarization times—indicated in the figure—after a forward cross polarization

time of 60 us. The RF field strength is 130 uT.

Ramp RF

In these experiments a linear ramp remagnetization was
performed on the phosphorus spins to different maximum
RF field strengths. After a brief interval during which the
RF was kept constant, the RF phase was shifted by 180°
while the magnitude was kept fixed.

The results obtained with brushite are shown in Fig. 8 for
B,s field strengths of 63, 260, 385, and 430 uT. The 63-uT
curve is seen to invert rapidly, while the 260-4T curve in-
verts much more slowly, at approximately 1.8—2 ms contact
time, after the initial oscillations have decayed. The 385-
and 430-uT curves do not change significantly after a large

(@

(b)

400 300 200 100 0
PPM

FIG. 7. The spectrum of porcine bone obtained at (a) a forward cross
polarization time of 60 us, and (b) after an additional 1 ms reverse cross
polarization. The linewidth of the best Gaussian fit is 2300 Hz for spectrum
(a) and 4450 Hz for spectrum (b). The RF field strength is 130 uT.

initial transient oscillation. The transient oscillations are ob-
served in all cases.

The results of the ramp remagnetization experiment on
hydroxyapatite are shown in Fig. 9, and closely parallel
those of brushite. For B, = 73 uT there is a strong re-
sponse to the change in the RF phase. The cross polariza-
tion rate is comparatively the fastest at this field, and the
magnetization is seen to slowly invert at approximately 6
ms of reverse cross polarization time. The 130- and 220-
uT curves indicate some contact between the dipolar field
and the Zeeman field with slower cross polarization times,
whilethe 515- and 630-u T fieldsindicate almost no contact

Brushite — ramp RF

c
5 60r
c
e
@
E 40
2 ¥ - x---x -k
[} b
203! o 385 uT
2 T Y e,
] i oo _g 260 uT
g:') OB ..,..\..T.en—.e.—..'..eﬁm.e._<

~40% 05 1 15 2 25

Reverse contact time, ms

FIG.8. Theeffect of inverting the phase after an adiabatic remagnetiza-

tion of the 3'P spins of brushite to maximum fields of 63, 260, 385, and
430 uT. The noise level is less than 0.5 units in the displayed scale.
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(a) The effect of inverting the phase after an adiabatic remagnetization of the *'P spins of hydroxyapatite to maximum fields of 73, 130,

220, 515, and 630 uT. The noise level is less than 0.2 units in the displayed scale. Note the change in the cross polarization rate with the magnitude of
the Bys field. (b) The early part of the curve is shown expanded in time to illustrate the transient response of the system.

between the two systems. Note that the amplitude of the
transient oscillation also decreases as the Bys field strength
is increased. The small initial value of the 630-uT curve
is due to the nonadiabaticity of the ramp remagnetization
tothisfield. A slower ramp is needed in this case to achieve
an adiabatic remagnetization.

The ratio of the final magnetization after 5 ms of reverse
cross polarization to that when the phase is changed is
plotted as a function of By field strength in Figs. 10 and
11. The points have been fitted to the expected functional
form of Eq. [16] using F as the only adjustable parameter.

0.8 . . T T . T

Brushite 1
0.4
0.2

-0.2
-0.4+
-0.6r
-0.8

Ratio of final to initial magnetization

-1

_120

300 400 500 600

field strength, uT

X
100 200 700
FIG. 10. The ratio of the final magnetization (after 5 ms of reverse
cross polarization) to the initial magnetization (at the start of the reverse
cross polarization) as a function of RF field strength for brushite. The
smooth curve is the best fit of Eq. [16] to the data points, yielding an
equivalent S-spin loca field value of 256 + 13 uT.

The best fits to the brushite and hydroxyapatite data yield
equivalent S-spin local fields of 256 + 13 and 89 + 3 uT,
respectively.

DISCUSSION

Spectral Editing

The sudden disequilibrium between the *H and *'P spins
produced transient Strombotne—Hahn oscillations in al our
experiments. These oscillations occur at the effective Larmor
frequency w.s of the 3P spins, and therefore depend on the

0.6 R
0.4} .
02} .

Ratio of final to initial magnetization
o

_0_2_

—0.4k

0.6+ Hydroxyapatite 1

-0.8F B
19 100 200 300 400 500 600 700

field strength, pT

FIG. 11. The ratio of the fina magnetization (after 5 ms of reverse
cross polarization) to the initial magnetization (at the start of the reverse
cross polarization) as a function of RF field strength for hydroxyapatite.
The smooth curve is the best fit of Eq. [16] to the data points, yielding an
equivalent S-spin local field value of 89 + 3 uT.
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amplitude of the RF field applied. The presence of these
transient oscillations makes it complicated to predict the zero
crossing of the signal based on the cross polarization time T,g
alone, as is usually done in conventional DCP experiments.

In the step RF case, only the brushite spectra in which
the phase reversal was performed at 750 us and 2 ms pro-
duced zero crossings after the initial transient oscillations
had decayed. In the ramp remagnetization study, the 73-uT
hydroxyapatite spectrum was observed to slowly invert at
about 6 ms, and the 260-u. T brushite spectrum was observed
to invert a about 1.8—2 ms. In the case of the adiabatic
remagnetization, the magnitude of the RF field should be
smaller than the equivalent S-spin local field; otherwise, no
zero crossing will be observed as described by Eq. [16]. If
the magnitude of the RF field is too small there is no clear
zero crossing as the magnetization remains negative after
the oscillations have damped out. It is necessary to choose
the amplitude of the RF field to be smaller than the equiva-
lent S-spin local field, yet sufficiently large so as to ensure
that the cross polarization time T,s, which is also dependent
on the RF field strength (13), is long enough that the zero
crossing occurs after the oscillations have decayed. In the
case of the step RF field, the phase change should be per-
formed only after the initial oscillations have decayed, and
the phosphorus spins can be described by a spin temperature.

It is interesting to note from Eq. [16] that it should aso
be possible to suppress one component of a multicomponent
system by using an RF field whose magnitude is equal to
the equivalent S-spin local field of the component to be
suppressed (B;s = F).

Spin Calorimetry

As long as the experiments are conducted in a time short
compared to the spin—lattice relaxation times T, and Ty,
of the sample, it is possible to perform simple calorimetry
with the two spin systems. In addition, as the heat capacity
of the 3'P spins depends on the magnitude of the RF field,
it is also possible to find the strength of the equivalent S-
spinlocal dipolar field of the sample. We obtained equivalent
S-spin local field values of 256 + 13 uT for brushite and
89 + 3 uT for hydroxyapatite. Incomplete equilibration of
the spin systems before and after the temperature inversion
as well as T,, effects have been neglected in the current
model. Incorporating these considerations could improve the
theoretical fit to the data, although it will lead to the introduc-
tion of a number of additional parameters. It should also be
possible to combine the results of these experiments with
those of proton-observe experiments to calculate the effec-
tive ratio of the Curie constants of the two spins, indicating
the number of proton spinsin effective dipolar contact with
each phosphorus spin.

The ramp remagnetization experiments show that it is
possible to effectively break thermal contact between the

Zeeman and dipolar reservoirs by increasing the strength of
the RF sufficiently. By varying the size of the applied RF
field the interaction of these reservoirs can be examined over
different regimes.

CONCLUSIONS

We have presented an ADRF-CP variant of the DCP tech-
nique. The presence of transient oscillations made it difficult
to select a specific set of forward and reverse cross polariza-
tion times to achieve spectra selection based on Ts differ-
ences. It is necessary to carefully select the magnitude of
the RF field used, as well as the time at which the 3P spin
temperatureisinverted in order to be able to perform spectral
selection. However, it should be possible to find an appro-
priate set of parametersin order to achieve a particular selec-
tivity, if the values of T,s and the various T, times are suffi-
ciently different from each other. Alternately, the ADRF
DCP technique can also be used to provide spectral selection
on the basis of the equivalent S-spin local field. It was possi-
ble to perform spin calorimetry experiments and obtain the
value of the equivalent S-spin local fields of brushite and
hydroxyapatite.
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