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Toroid Cavity Detectors for High-Resolution NMR Spectroscopy and
Rotating Frame Imaging: Capabilities and Limitations
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The capabilities of toroid cavity detectors for simultaneous
rotating frame imaging and NMR spectroscopy have been inves-
tigated by means of experiments and computer simulations. The
following problems are described: (a) magnetic field inhomogene-
ity and subsequent loss of chemical shift resolution resulting from
bulk magnetic susceptibility effects, (b) image distortions resulting
from off-resonance excitation and saturation effects, and (c) dis-
tortion of lineshapes and images resulting from radiation damp-
ing. Also, special features of signal analysis including truncation
effects and the propagation of noise are discussed. B, inhomoge-
neity resulting from susceptibility mismatch is a serious problem
for applications requiring high spectral resolution. Image distor-
tions resulting from off-resonance excitation are not serious within
the rather narrow spectral range permitted by the RF pulse
lengths required to read out the image. Incomplete relaxation
effects are easily recognized and can be avoided. Also, radiation
damping produces unexpectedly small effects because of self-
cancellation of magnetization and short free induction decay
times. The results are encouraging, but with present designs only
modest spectral resolution can be achieved. © 2000 Academic Press
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toroid coil than can efficiently trap the flux and provide rea:
sonableB, homogeneity. In fact, toroid coils have been showt
to give S/N enhancements of a factor of 4 or better relative t
saddle coils, but at the cost of sample handling inconvenien
and a small flux cross-section compared with the horizont:
space required for the coi2(3).

There are, of course, very different requirements for RF fiel
gradient spectroscopy. Imaging applications and diffusio
measurements require const8atgradients or at least that the
amplitude of the RF field be simply related to the spatia
position @). The combination of RF gradients with high-
resolution NMR typically involves the use of a single-loop
transmitter coil to provide the RF gradient, with a saddle coi
for homogeneouB, pulses and for detectiod), This arrange
ment has been successfully used for NMR microscopy and f
diffusion measurements but is limited in the magnitude o
gradients that can be produced and the extent of the regi
where the gradient is approximately constant.

Cylindrical NMR detectors similar to that illustrated in Fig.
1 have some of the properties of toroid coils and provid
well-characterized RF gradient§)( These devices, known as
toroid cavity detectors (TCDs), behave as a continuous array
single loops connected in parallel in contrast to the toroid coi
where the loops are in series. The TCD is, thus, a low

Radiofrequency (RF) fields for NMR spectroscopy are usinductance device that can be tuned to relatively high freque

ally provided by solenoid or saddle coils. In high-resolutiogies. Furthermore, the amplitude of the RF field is inversel
applications, uniformity oB, fields and sensitivity are highly proportional to the distance from the symmetry axis of th
desirable, but the choice of coil type is usually dictated by thewity. It is interesting to note that the first successful NMF
magnet geometry and spatial restrictions. For example, NMfxperiment on bulk matter made use of a TCD§).
in superconducting magnets requires that the RF field be po-The following advantages of TCDs have been emphasize
larized perpendicular to the vertical symmetry axis of thg) sensitivity is inversely proportional to(reciprocity prin-
magnet. Saddle coils that can accommodate vertical samgiigle) (1) thus permitting the detection of signals from thin
tubes are often chosen in spite of the fact that the signal|tgers close to the central rogl)( (b) rotating frame imaging of
noise &N) ratio is expected to be a factor of 3 lower than fogpin densities and displacements with respect i® practical
solenoid coils :(.) The S/N difference results Iargely from the and pro\/ides h|gh reso|uti0n~QO Mm) for small values of
lower fiIIing factors for samples in saddle coils that is assooq'io), (C) TCDs can serve as cells for high-pressure NMR, an
ated with the inefficient use of the flux density. A way aroungj) the central rod can be electrically isolated from ground s
this problem, when high sensitivity is required, is to use i@ can serve as an electrode in electrochemistry experimer
(6). What has not been demonstrated or even claimed is tf

1 To whom correspondence should be addressed. Fax: (919) 962-23gating frame imaging with TCDs is compatible with high-
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roos<e T portional tor? (11). It should be noted that the oscillating RF
: field is tangential to the circular field lines shown in Fig. 1. At
any point we choose the laboratory coordinate frame so that t

X axis is also tangential to the field lines and taxis is in the
radial direction. As with conventional RF coils, the oscillating
field is resolved into counterrotating components and only th
one rotating with the same sense as the nuclei of interest

retained. The rotatin@®, field then defines the axis in the
: rotating frame. Only the rotating coordinate systems with ori
L gins in the same radial direction have the same orientatic
: relative to the laboratory frame at a given time. Fortunately, th
array of orientations does not introduce any complications i
FIG. 1. lllustration of a TCD in which the dotted circles represent magthe analysis since the relative orientations of fields and is
netic field lines. chromats are identical in all rotating coordinate systems wit
origins at the same distance from the symmetry axis, i.e., tt

same value of.

Since we are interested in chemical applications of TCDSImaging with TCDs. The rotating frame imaging (RFI)

that require poth chemical shift resolutllon apd determination R{ethod makes use of RF field gradients to encode nucle
molecular displacement by means of imaging, we have under-

. . . . ) ositions &). Woelket al. have applied this technique to obtain
taken experiments and computer simulations to investigate ¢ PP N

L . dial images of samples in TCD8)( They have also demon-
charapterlstlcs of these detectors. In th|s paper we explore Ec"Fated thg use of thepmagnetizati)o(n gri>cli rotating frame ima
following problems: (a) reduced chemical shift resolution 1. '\ A GROFI) method 12) to image diffusion in TCDsX0).
sulting from bulk magnetic susceptibility effects, (b) 'Ma%The situation with RFI and MAGROFI differs from pulsed

distortions resulting from off-resonance excitation and saturﬁl-ld gradient NMR because the RF pulses both excite the spi

tion effects, and (c) distortion of Ineshapes and images 1eSUy provide the radial gradient for imaging. In MAGROF
g from radiation damping. 10 anticipate the resuits, we ig. 2) the first pulse, of lengtty,, generates a-magnetiza

itg?;géézhgr;:r?:&e'%J&Zf:'?ﬁ;f;ﬁgf gipéll?r:'gartgljr\?ﬁtﬁ c;ciL?n pattern (after transverse components are eliminated) tha
P [E)portional to cogj(r)r] whereq(r) = yAts/r?, thus cov

cha_nging the geometry of the TC.D or possi.bly b_y using sP ring all g space in a single shot. The second RF pulse |
cialized shim stacks. Characteristic image distortions resulting, - oo %0 Steps OfAt,y, i.€.,t, = NAty, With n = 0 to

from off-resonance excitation have been obtained both eXPRI_ 1 in order to obtain NMR signals with information that

:/r\Ii]tiri]rtlalE/e ?Z?hé?ic;ﬁgﬁnsy ei??alf?;?n:tele{rﬁ{tee dn%t stﬁgos aracterizes the magnetization pattern or grid present at t
. P 9€ p Y e Rehd of the diffusion period-. If tp, is set equal to zero, the
pulse lengths required to read out the image. Also, saturation_Qr

: . : ) . .sécond pulse simply images the spin density of the sample
incomplete relaxation effects produce image distortions Wlﬁﬁl the RFI experiment.

an easily recognized signature that can be avoided by reducin he free induction decay (FID) obtained for each valugsof

the.re.petition “”?‘e O.f the exp.eriment'. The.predicted e'ffec.t %f Fourier transformed with respect to time to obtain the an
radlgtlon da".‘p'”g n gxpenmgnt_s mvoIvmg magnetlzatloB"tude of the (absorption mode) signal of interest. The sign:
gratings consists primarily of winding or unwinding the rnagé\mplitude versus pulse length, i.e., the interferogram, can |
netization helix after the RF preparation pulse; however, the'z%pressed asi@) ' ’ '
effect was too small to be detected experimentally. In genera

the results are encouraging, but with the present technology
one must be satisfied with modest spectral resolution. " max )
S(tp) = M(r,tp; + 7)Sin

'min

Aty 1
Y P2)-r-zmholr. [1]

BACKGROUND

RF fields inside TCDs. The TCD is essentially a small Here M,(r, tey + 7) is magnitude of thez component of
copper can with a central conductor insulated from one end and
making contact with the other as shown in Fig. 1, i.e., a coaxial

detector. The RF field amplitude in the cavity is givengy= Aoy [«
Alr whereA is the toroid constant, sometimes called the RF ’/ T AQ
factor, andr is the distance from the symmetry axis. This

ymmetry S, < g, 1

permits precisely known phase encoding of the radial position,
i.e., an RF pulse produces a Saarinen helix with a pitch pro-  FIG. 2. Pulse sequence for RFI and MAGROFI (see text).
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magnetization of the nuclei of interest at the beginning of the NMR samples and spectra!H spectra were obtained with
pulse P2. Equation [1] represents the transverse componentg®/D,0 samples having compositions ranging from 1 to 509
magnetization integrated over the volume of the sample, héi#gO. D,O (99.9 atom% D) was obtained from Aldrich Chem-
assumed to fill the TCD, taking into account the inverse deal Co., and distilled water was added to prepare the require
pendence of sensitivity on the radius. Since the precessiatios of HO/D,0.

frequency of spins in the RF field is given ly = yA/r, the Image acquisition rates were severely limited by The of
transformation of variablesr (to w,) permits Eq. [1] to be the HDO proton, and relaxation delays of 30 to 60 s wer
recognized as the sine Fourier transformr &¥1,(r, t,, + 7). typically required. Copper sulfate (1 mM) was sometime
The image oM ,(r, ts; + 7) can thus be obtained by dividingadded to the solutions as a relaxation agent to shorteh,tbé
the inverse sine transform &t;,) by r>. HDO to approximatsi 1 s (16).

Effects of radial diffusion and flow.The magnetization = Spectrometer requirementsFor imaging applications it is
grid, that a simple cosinusoidal function ofr Ht the end of the required that the toroid constaftbe of the order of 1 mTmm
first RF pulse, is modified by diffusion, flow, and longitudinafnd that the RF pulse amplitudes remain constant up to 5 n
relaxation during the diffusion interval At time t,, + 7 the All spectra in this work were acquired on a Bruker AC25(
magnetization at position is described by ¥4) spectrometer with a Tecmag computer upgrade. The origin

RF amplifier provided a maximum of only 30 W and the powe
output drooped significantly after about 108. These limita-
M,(r) = Mg[1 — {1 — exp( — Dq(r)?7) tions were circumvented by using the low-power output (80
. mW) from the Bruker amplifier through a set of attenuators t
x cogq(r)(r + v(r)ﬂ]}exp( _T> ] [2] drive a 150-W power amplifier (AMT M3135). This arrange-
1 ment provided power stability of better than 1% for 10 ms. Th
input to the power amplifier was limited to 0.1 mW with a
In Eq. [2] D is the tracer diffusion coefficieny(r) is the maximum duration of 20 ms by a homemade protection circu

position-dependent radial velocity, aid is the longitudinal which in turn limited the output power of the amplifier to 40 W
relaxation time. We note thaf(r) = 2x/A(r) whereA(r) is to avoid overloading the Bruker RF preamplifier. Fortunately
the local period or wavelength of the grid. Therefore, thifiS level was sufficient to provide an averagefactor of 1
scattering vectoq(r) is the local tightness of the grid and jsmT - mm.

responsible for sensitizing the sample to diffusion and flow. EXperimental parameters and data analysi®F imaging
places severe restrictions on the choices of pulse lengtt

Consider the problem of imaging amagnetization pattern
EXPERIMENTAL created by an RF pulse of duratiop and having the form
cos[q(r)r]. We must consider both foldover and digital reso-

_Probes for TCD experiments.The basic principles of de- | tjon (17). According to the Nyquist theorem we must sample
sign of TCDs have been described in the literate The ¢ |east two times in each period in the pattern to avoi
TCD used in this work was made of berylllum—copper aI!OYoIdover. Therefore, we require that
except for the central rod which was copper. The dimensions
defined in Fig. 1 were as follows;,, = 0.8 mm;r .= 7.4 —

mm; h = 24 mm, wall thickness= 2 mm, and outside Atp, < —20. [3]
height= 30 mm. In anticipation of future use of the TCD in YA
electrophoresis experiments, all interior surfaces were electro- ) ) )
plated with silver and the copper rod was isolated from grour® calculate the spatial resolution, we note that in the fre
by placing two chip capacitors (that were part of the resonangg€ncy domaidy = 1/te, wherzev = w,/(2m). Then by using
circuit) on top of the TCD. It was found that the arrangemefif€ refationshippy = (yA/2ar=)ér, we find that the resolu-
of these capacitors affects the lineshape and achievable shi{ IS given by
ming quality. Trimmers, required for tuning and matching,
were placed as close to the TCD as possible to minimize the Sr = 2mr [4]
stray inductance. YANAtp,

To reduce the effects of susceptibility mismatch, top/bottom
inserts were placed inside the cavity. The inserts were 3-migquations [3] and [4] can be combined with= r ,, to obtain
thick disks machined from PEEKy(= —9.3 ppm) (5). In a lower limit on digital resolution close to the rody =
some of the test experiments, sample inserts were also int2o;;,/n. If the resolution is selected to b&(r)/2, Eq. [4]
duced to constrain the sample volume (concentric inserts). Tihdicates that,, = 2t,,. Digital resolution can, of course, be
inserts were machined of Tefloy & —10.5 ppm) or PEEK improved by means of “zero filling” the interferogram prior to
and typically the radial thickness was 2 to 5 mm. the Fourier transformatiorly).

2
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Taking into account these restrictions, a typical experimenbise (8) was added to the simulated interferogram. The RM:!
with A = 1.0 mT- mm might haveAt,, = 4 us andN = 256. noise, defined as a percentage of the maximum interferogre
This combination yields,,(max) = 1 ms which yields an intensity, was typically 0.5 to 1%. In the image, the noise
effective spectral width of the order of 1 kHz. The effects aimplitude is proportional to t7 because of the required divi-
resonance offset on images are presented under Results siod byr? after Fourier transformation. It should be noted tha
Discussion. 0.5% noise in the interferogram noise transforms to 10-20

The experimental toroid fact@k can be determined from animage noise at ., and negligible noise at,., in agreement
interferogram obtained with,, = 0. A satisfactory procedure with experimentally observed images.
is to use the Levenberg-Marquardt algorithb)(to obtain & ntrinsic B, inhomogeneity. When a sample with nonzero
least-squares fit of the experimental interferogram to the righfagnetic susceptibility is placed in a homogeneous magne
hand side of Eq. [1] withr = 0. The amplitude and baseline offie|q, the field inside the sample is inhomogeneous for mo:
the interferogram can be included in the fitted parametegample geometries. This “intrinsic” inhomogeneity is thus -
However, the least-squares determinationr gf and rn. IS characteristic of the sample and its enclosure. For samples
unstable. These parameters should be measured independefitiys we have computed the internal distribution of fields b
and not determined by the fitting procedure. means of the magnetization surface currents apprdgght.

Another experimental problem is that interferograms often if the TCD and sample are represented by a number
must be truncated, and the way this is done affects the qualifipcks of uniform materials (sample, metal, susceptibilit
of the image. As a general rule, truncating the interferogram@gtching plugs), the induced component of the magnetic fie

a node §(tz;") = 0, is beneficial to the image quality. Also,can pe calculated with Biot—Savart law as shown in Eq. [5]:
twofold zero filling of a nonzero terminated interferogram

produces significant “beats” in image amplitude, while analo-

gous zero filling of a zero-terminated interferogram preserves [Bo(AX)i ex(r—r’)

the overall quality of the image. Truncation effects are usually (r) = Mo Mo ' a5

less severe in cases where interferograms rapidly decay to zero, T4 4 r—r’|? 18]
! S

e.g., imaging of gratings.
The simulations reported here were performed on a Dell 350
MHz Pentium Il PC using the software packages Digital FowhereS, is the surface of interfade (Ay); is the susceptibility

tran, Mathcad, and Mathematica. difference at interface, e is a unit vector tangential to the
surface of interfaceé and perpendicular t8,, andd’r’ spans
RESULTS AND DISCUSSION S.. In cylindrical coordinates the surface elemdft’ takes the

form R (z)d¢$dz where R(2) is the radius of interface in

In RFI the “ideal” interferogram described by Eq. [1] iscylindrical coordinates and specifies the pointRi(2), ¢, z].
obtained when RF excitation is the only factor considere@omputationally, various geometries of susceptibility match
However, in real NMR experiments, factors that distort thiag plugs can be incorporated in a modular fashion by creatir
interferogram must be taken into account, e.g., inhomogeneity each interface a subroutine defining its geometry (“surfac
of the static field inside the sample, resonance offset, relaefinition subroutine”) and later calling the surface curren
ation, and radiation damping. The effects of these factors ortegration subroutine with the name of the respective surfa
the image and their experimental “signatures” are discusseddigfinition subroutine as a parameter. This approach h
this section. been implemented in a Digital FORTRAN program name

The simulations presented here are based on the Bldobroid MAP.
equations. Unless noted otherwise, NMR experiments wereNumerical integration of Eq. [5] for the TCD described
simulated in the following way. The rotating frame @xis under Experimental yields the field map for a grid of points ir
defined byB,) was on resonance and the RF pulses wetke (r, z) plane that is illustrated in Fig. 3. An analysis of the
simulated by simple rotations. During the pulses relaxatioB(r) components shows an inhomogeneous distribution
radiation damping, and diffusion were neglected. The fregadial and axial components throughout the sample volum
evolution periods were modeled by solving Bloch equatiofr a DO sample, representative values of the quantitie
that included any or all of the following: precession in thelescribing the induced part &{r) are the followingB,) =
effective local field, relaxation, diffusion, and radiation dampt850 Hz relative standard deviatian((B,)) = 0.12,absolute
ing. Diffusion was modeled using the diffusion propagatstandard deviatiowr({B,)) = 1400 Hz,with B expressed in
(10). Each point of the FID was obtained by integrating thterms of the'H precession frequency at 5.87 T. The axia
transverse magnetization over the volume of the toroid cavigomponent®B,(r) can be neglected in the presence of a larg
and in the construction of an interferogram, only the absorptiapplied field, even though their magnitude has the same orc
part of the Fourier transformed FID was used. as inhomogeneity of the axial component.

In some of the simulations uniform uncorrelated GaussianWhen a TCD is used to obtain an NMR spectrum, an R
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z comparable linewidths, although direct comparison is problen
atic because of uncertainty as to what set of shims produce:
Y Y YT T rrTY “perfectly homogeneous external field.” Unfortunately, the
\ i lineshape deteriorates markedly with increasing pulse lengtl
In view of the successful fitting dB,(r) with an extensive
set of gradients, we undertook the determination of the limit
of shimming with known shim functions. The “simulated shim-
ming” procedure is similar to the least-squares expansion of
TCD field map with the following differences. Since the avail-
able shim gradients are not cylindrically symmetric, a 3D fielc
map must be constructed from the original 2D field map. Axia
symmetry is maintained in the shimmed field distribution only
through the effect of combinations of gradients on the 3D maj
The map of the “shimmed” field is given by the residues o
the least-squares fitting procedure. This procedure determir
) o _ the best possible shimming with our spectrometer because t
FIG. 3. Map of the static magnetic field inside a TCD placed in basis set contains only the standard set of shim gradients o
homogeneous magnetic fie). The external field is parallel to the cylindrical . . ;
symmetry axis of the TCD. Bruker AC250 instrument (which includes all except the las
four gradients listed in Table 2.1, ReR@)). The unshimmed

e
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—-——
—-———
==
- -
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-
-
-
Bt

pulse first generates a pattern of transverse magnetization com-

ponents throughout the sample. In the presence of intrinsic a
inhomogeneity the FID depends on the amount of transverse
magnetization associated with each value of the local magnetic 15 ~
field. Therefore, the FID and the resulting lineshape depend on
both the duration of the RF pulse and the distribution of static
fields. The simulations presented here permit the NMR line-
shape for a particular TCD and sample to be obtained as a
function of the RF pulse length. The complete simulation
requires the convolution of the weighted frequency distribution
with a Lorentzian function having the appropridtgvalue. In

the interest of computational efficiency we have chosen to
approximate the distribution of local frequencies with a poly- 0
nomial expansion prior to the convolution.

We note that the cylindrically symmetr,(r) distribution
can be represented analytically by a set of gradients containing v—v, (Hz)
even powers of and all powers of. Such an expansion can
be performed using, among other methods, the generalized Shimmed
least-squares approachg|. In this work, we used the direct 15 7
product of {1,r, .. r*}and {1, Z%, .. z*°} as the basis set for
expanding the TCD field maps. This basis set provides good
numerical accuracy (RMS: 0.7 Hz) and is sufficiently com-
pact to be practical in lineshape calculations. The expansion of
B,(r) shows that the most important gradients describing its
inhomogeneity are+r? and —z°.

The simulated lineshape is essentially a histogram of local 1 at
magnetic fields weighted by the local transverse magnetization S )\
density and convoluted with a Lorentzian shape function. Fig- | . | . '
ure 4a shows the lineshape simulated for an unshimmed H 700 800 900
D,0O (1:99) sample acquired with ais RF pulse A = 1.0
mT - mm, T, = 1.0 s). The inhomogeneity &,(r) gives rise
to _an unsymmetric lineshape with widths at half'helght_ and 0':I'FIG. 4. Lineshape of the TCD sample: (a) without shimming; (b) after
height of Avys = 20 Hz andAw,, = 330 Hz, respectively. perfect shimming (solid line) and with slightly mismatched shims (dashed line
Experimentally recorded spectra of unshimmed samples havi t, = 4 ps.

Unshimmed

Amplitude
o
1

[4)]
|

T T T T T
400 800 1200

o

Amplitude

v=v, (Hz)



TOROID CAVITY DETECTORS 353

M, = Msin(26,)sin’(wet/ 2)
M, = Mocog 6¢)sin(wet)
M, = Mo[1 — 2 cog(6,)sin*(wet)], [6]

where tanf, = 8/w,, w, = (0 + %)% w, = yB,, 8 =
vBy — o, and o is the angular frequency of the rotating
coordinate system. For a sample in a TCD, Eq. [6] describe
the precession of the magnetization (at a particular radi
positionr) in a cone around the effective magnetic field, =
s (A/r)i + (8/vy)k. Since the angle betweédt,.; and thez axis
__J decreases as increases, there are nonlinear changes in tf
amplitude and phase d¥l, and a resulting distortion in the
FIG. 5. Lineshape of the TCD sample in the presence of slightly misimage.
matched shims for a series tfvalues. An interferogram obtained off-resonance is given by

AT RTE R ——

DT S
b

“~
5

Y
—
)
—_
o
=)
as
S

ty =4 ps —

'max 1

and shimmed lineshapes are shown in Figs. 4a and 4b, respec- S,(tp) = 2mh e —
1+ (rd/yA)?

tively, with different frequency scales. The solid line in Fig. 4b oV

shows the theoretical limit of the shimming corresponding to

the global minimum ofy” in the least-squares procedure. This X sin [ YAl 1+ (rélyA)?|dr. 7]
lineshape has the width at half-height ®f,; = 8 Hz and at ro\

0.1 height of Avy; = 20 Hz. The dashed line is a result _ _ o . _
obtained with slightly mismatched shims. The latter spectrufflis equation permits the criteria for off-resonance distortio
features a narrow central component with wide inhomogened@d2€ established. In the limit of small offset, the radical in the
“wings’—an observation described previously in the literaturdenominator can be expanded to obtain the following conditic
(13). for accurate amplitude:,.,8/(yA) < 1. The second criterion,
Figure 5 shows the simulated lineshape of a TCD Sammer@sult.ing from_the expansion of the radical in th_e argument ¢
the presence of small static field inhomogeneities for a seriegg Sine function, reduces @ < 2m/ty,, a criterion already
values of RF pulse lengtt,. These lineshapes were obtainedMPosed by spectral width restrictions. _ _
by integrating the Bloch equations followed by Fourier trans- EXPerimental and simulated images obtained with offse
formation. The inhomogeneity of the static magnetic field w4teduencies ranging from 0 to 5 kHz are shown in Figs. 6a ar
defined analytically as r® — B z°, wherea and B were set 6b, respectively. There is good agreement _bfatween these
so that the range of the values of the two terms were from 034/tS: and we note that the parabolically rising roof of the
72 Hz and from 0 to-56 Hz, respectively. These gradientdMage and the underestimationmf, are experimental signa-
qualitatively describe the field map distortions that remain fires O_f oﬁ-regonance irradiation. The retraction or shrlnkag
the sample after a “perfect” or “near-perfect” shimming. of the image is a consequence of the increase in precess

As can be seen from Fig. 5, the lineshape closely resembﬁ uency that results from the contribution of the offset tern
a Lorentzian function at a sm,aﬂl, (4 us). However, ag, is to He. An inspection of the phase angle in Eq. [7] shows tha

1/2
increased, the signal first appears to be dephased and

éaneffective value of ., becomes . /[1 + (I mad/YA)?] 2.
breaks up. This behavior, which has been observed in all of t ac fractional increase is significant for larger values ahd

RFI experiments performed in this laboratory, presents a Srg_sults in mapping of the intensity to lowervalues in the

vere problem for high-resolution NMR with the TCD. A signa 22%2;2"86 ?f?;?fi?fg?; z?gfr;]t(;oedvﬁtjnfti? ntehv; w;s\gr
with an acceptable linewidth (several Hz for HDO) at sma ' Y ' g

| ) ol 2 < . . .
values oft, may broaden by an order of magnitude or morggfhegsggaalls ?r(rfgl/z,ﬁ))z 1, the intensity of the image

when larget,, values are used. The breakup of the signal doesA hidden danger regarding determination of the toroid cor

not affect the interferogram obtained by integration of th?tantA from off-resonance images should be noted. Phe

S|gngl |nt.en5|ty,- however, accurate integration may not I?gctor serves as a scaling factor for thdomain. Because the
possible in all circumstances.

apparent .. is underestimated in off-resonance images,Ahe
Effects of off-resonance excitation on the imag@nalyti- factor based on such images will be overestimated in tt
cal solutions are easily obtained for the Bloch equations whiyast-squares procedure mentioned under Experimental. The
relaxation and diffusion are neglected during the RF puldg ( fore, interferograms obtained on or near resonance must
In the notation of Madhu and Kumar the solutions &2)(  used to determiné unless the analysis is based on Eq. [7].
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FIG. 6. (a) Experimental and (b) simulated images of a uniform TCD FIG. 7

) - Experimental (a—c) and simulated images (d—f) of a uniform TCC
sample for various resonance offset frequencies.

sample with varioud/T, ratios.

Effect of incomplete longitudinal relaxation on the imagen this experiment on a sample with uniform magnetizatibn
Thus far we have assumed that the relaxation delay after #&n be described by the following iterative scherh@, 29:
FID is acquired in imaging experiments is much longer than
T,. When that is not the case, nonlinear effects lead to severe fo(r) = Mg
d|stort|or_15 of image. An_e>_<treme example is shown |n_F|g. 7c. C.(r) = codq,(r) - rlexd —Dg2(r)T]
The obvious steps in this image occurrgt/n wheren = 1,
2, 3, ... In the frequency domain prior to transformingrto foia(r) = Mo+ [fo(r)Cpya(r) — Molexp( — T/Ty).  [8]
we find that the steps are evenly spaced, suggesting the intro-
duction of harmonics. We interpret Egs. [8] as follows. The first RF pulse prepare
We have simulated the following on-resonance imagiry magnetization helix, the transverse components of whic
experiment witht,;, 7 = 0. The FID is acquired in a single
transient, the delay between RF pulsed,jsaand the RF pulse
lengtht;, is incremented byt,, as illustrated in Fig. 8. We le f3¢ fni
neglect relaxation and diffusion during the RF pulses, and
during the delayl we assume that only longitudinal relaxation A2
and diffusion are important. Theth RF pulse (P2) has the
durationnAtg,, and we define the-dependent wavevector at AQ
the end of thenth pulse asy,(r) = yAnAt.J/r® so that the

phase angle resulting from timth pulse isq,(r)r. The cumu-  Fig. 8. The pulse sequence for RFI with pulse spadirand incremented
lative effect of relaxation and diffusion on the acquired signats, values.

fo

—

T
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contribute to an FID that provides the first point in the intemntil the FID() reaches the node of the interferogram neare:
ferogram. Az-magnetization pattern is also prepared, and, if to the starting point in the indicated direction.

is not much larger thaif,, a residual pattern remains at the In a saddle coil detector, where the RF power is approx

beginning of the second RF pulse. The residual pattern nmately uniform, radiation damping drives magnetization to th

propagated by successive RF pulses as shown by the functieermal equilibrium at every point in the sample. The unifor:

f.(r), and the points of the interferogram are given by mity of magnetization allows one to view radiation damping a

being driven by locatransverse magnetizatiamther than by

. the FID. This approximation is reflected in the commonly citec

s, = 2mh £, ,(r)sin[g,(r) - r]dr. 9] form of rad|.at|.on Qamplng terms of the Bloch .equfamons

(25, 29, but is invalid for TCDs because the RF field is not

uniform. As a result, the magnetization at any given point o
o ) _ the TCD can be drivepastthermal equilibrium.

.The_ resulyng interferogram suffers nonllnea_r byt periodic Another particularity of radiation damping in the TCD con-
distortions since the rate of recovery of magnetization after @8, the stability of Eq. [10] with a vanishing initial FID. With
RF pulse depends on the deviation from the equilibrium valug. s54dle coil or solenoid coil radiation damping is preser
An image simulated with recursive scheme [8] WIAT, = {qowing a “perfect”  pulse because of the FID generated by

1.0 is shown in Fig. 7. In .general the.effects of diffusi.on.a}nmermm noise 26, 28. Therefore, inverted magnetization is
transverse relaxation (during) on the image are not signifi- \nstaple in the presence of radiation damping. This situatic

cant. _ . _ o with the TCD is somewhat analogous since every other node
The experimental signature of incomplete longitudinal rgne FID constitutes a stable point. Finally, with the sam

laxation is the appearance of descending “steps” in the imaggmnpje and the same detector, a tight grating will be affecte

At T/T, = 5, the steps are negligibly small compared to thg, radiation damping to a lesser extent than a loose gratir
image intensity while al/T, < 1, the steps are profound. Wepacause the FID is essentially self-canceling for tight grating

find that the number of distinguishable steps ranges fromre the “tightness” of a grating refers to the number o
(2<TT, <5)t03 (T, <1). periods of oscillation occurring betweeg, andr .., a number
Radiation damping. Effects of radiation damping on NMR proportional toyAt,,. These observations apply not only to the
signal have been studied extensively for the solenoid am¢Ds, but to any RFI detectob(29.
saddle coil detector®28-27. The essence of the effect is that In order to assess the effects of radiation damping on spec
the FID current in the detector coil induces the feedbacihd images obtained with TCDs, we have performed tw
magnetic field,B,4, which oscillates with the precession freexperiments. In the first experiment, spectra were recorded f
quency of the spins but has7a2 phase delay. Interaction ofa series of HO/D,O mixtures with compositions ranging from
the magnetic moment of the spins with the feedback field leatiso 50% HO in D,O. Each spectrum was recorded with &
to the radiation damping term in the Bloch equations: 4-us RF pulse A ~ 1 mT - mm), and the linewidth of the
HDO signal was measured. All widths were in the range 7
dm 1 Hz and no significant correlation was found between th
(dt) = y[M X B]. [10] linewidth and conceqtration of JO. .
rd The second experiment was designed to test the effect
radiation damping on a loose grating prepared in a sample of 1C
The explicit form of the damping term can be derived by the,O in D,O that completely filled the cavity. In this experiment
approach of BloomZ4). After a RF pulse of length,,, the the grating was wound with an RF (winding) pulse of lengtt
current induced in the circuit is proportional to the precessirgjghtly greater than that required to produce the maximum inte
magnetization or FID. On resonance and considering orgity FID. Since the FID immediately after the pulse was positive

I'min

radiation damping effects we have: radiation damping should cause the grating to unwind. The contt
image was acquired following a very short evolution period (2
oo us) to ensure that no significant unwinding could occur. Th
Jrsin6(r,H)dr : : g
FID(t) = kM, ——————, [11] experiment was then repeated with the same length winding pu
2= but with a much longer evolution period (220 ms). The large:

effects are expected at small values,and if radiation damping
wherek is a proportionality constant antl(r, 0) = yAt./r. was present, the grating observed in the latter experiment sho
The effective B, field resulting from radiation damping isnot be as tight as the control.
proportional to —FID(t)/r; and since FID(0) can be either The imaging experiment may be more sensitive to RI
positive or negative this field acts to wind or unwind theffects than the linewidths, since the unwinding experimer
magnetization helix created by the winding pulse (P1) in thhequires only that the grating be driven a few percent of th
MAGROFI experiment. The winding or unwinding proceedsternode distance during the longer diffusion delay. Our use ¢
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3 CONCLUSIONS
=20 pus

— — 1=220ms

In evaluating TCD NMR we have investigated static fielc
inhomogeneities, off-resonance irradiation, saturation (incon
plete relaxation) during imaging, and radiation damping. O
these factors, static field inhomogeneity, which causes tf
NMR signal to “break up” under the long RF pulses, present
the biggest challenge to the use of TCD in imaging applicatior
requiring high spectral resolution. The breakup adversely a
fects spectral resolution through line broadening and appare
dephasing. Potential ways of handling this problem includ
susceptibility matching, changing the geometry of the samp
in the direction of either a long cylinder or a sphe)(
developing specialized shim coils, or application of referenc
r (mm) deconvolution 80). Off-resonance behavior of magnetization

FIG. 9. Grating images for a sample containing 10%0#0% D,O. does .nOI present a_serlpus probler_n f.OI’ Imaging, becau;e I
Unwinding of magnetization grating with = 20 us (solid line) and 220 ms eﬁfactlve spectral width is alrea_dy limited by the. Ior?gest Im
(dashed line) in a MAGROFI experiment. aging pulse. Incomplete relaxation can lead to significant in

age distortions, but is easily identified and avoided. Radiatic

a concentrated water sample and a winding pulse that produg@gping is not a significant problem with current TCDs bu

close to the maximum intensity FID ensures larger RD effedigay become severe as the static field homogeneity and the

than would be encountered in typical diffusion measurementgctor are improved. In this case, radiation damping can ha

In addition, loose gratings which coexist with large FIDs havadverse effects on diffusion measurements since it affects t

smallq(r) values and are not affected by diffusion even durinégghtness of magnetization grating.

a long evolution delay. It should be noted that the imaging partWith current technology, we were able to obtain good

of this experiment is not affected by radiation damping becaugeality images from species separated by 400 to 500 H

the points in the interferogram are acquired by integrating ovdpwever, imaging species separated by less than 200 Hz

the signal after Fourier transformatioj. problematic because of overlap of distorted signals. Efficiel
The detector used in the unwinding experiment hadAan procedures for data collection and analysis in TCD diffusiol

factor of 0.861 mT mm and aQ value of 120, both typical of experiments and a detailed derivation of radiation damping f

currently available TCDs. As can be seen from Fig. 9, the twid=Ds will be presented elsewhere.

acquired gratings have the same tightness, indicating that ra-

diation damping was negligible. The offset of the baselines of ACKNOWLEDGMENTS

the gratings is a consequence Tof relaxation duringr. The
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and Q is fairly large. We invoke three factors to explain th&"9 R J- Klingler (Argonne National Laboratories) and Dr. K. Woelk (Uni-
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absence of observable radiation damping in TCD experiments.

The first factor is the self-cancellation of the FID resulting

from a helix of magnetization. The maximum FID amplitude

relative to that Obtai.ned with a hypOthetiCal unifom’® p_U|Se 1. D. I. Hoult and R. E. Richards, The signal-to-noise ratio of the

depends on the ratio,/r, but was approximately 0.6 in our nuclear magnetic resonance experiment, J. Magn. Reson. 24, 71

experiments, and we note that self-cancellation becomes more(197s).

complete as the RF pulse length is increased. The second factorr. E. Glass and H. C. Dorn, B, and B, homogeneity considerations

is stray inductance in the RF circuit that reduces the feedback for a toroid-shaped sample and detector, J. Magn. Reson. 51, 527

field inside the TCD, and the third factor is the rapid dephasing (1983):

of transverse magnetization caused by inhomogeneities in tRe T- E: Glass and H. C. Dorn, A high sensitivity toroid detector for 0

static magnetic field. Figure 4 demonstrates that the longest VMR J- Magn. Reson. 52, 518 (1983).

achievabIeTZ with our TCD is of the order of 100 ms. 4. D. |. Hoult, Rotating frame zeugmatography, J. Magn. Reson. 33,

Therefore, only radiation damping with shorter characteristic 183 (1979) . ) . .

times can be observed. Improvements in TCD design Wiﬁ' D. Canet, Radiofrequency field gradient experiments, Prog. NMR

. o - . Spectrosc. 30, 101 (1997).

“kely lead to-stronger radiation dgmplr)g eﬁeCtS as mcrga%sed 6. J. W. Rathke, R. J. Klingler, R. E. Gerald, Il, K. W. Kramarz, and K.

factors and improved homogeneity give rise to more intense woelk, Toroids in NMR spectroscopy, Prog. NMR Spectrosc. 30,

and slower decaying FIDs. 209 (1997).
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