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A description is given of pulsed gradient spin echo (PGSE) tion (around 108 m) is not obvious. At gradients in excess of
NMR experiments in which large pulsed magnetic field gradients 10 T m™* and especially when one wishes to probe the distanc
may be required. The design contraints are discussed a_nd,_ in scale below 107 m, a number of problems emerge, some of
particular, the problem of the use of large pulsed magnetic field —\\ich are exacerbated when a superconducting magnet is us:
gradients in conjunction with large pola_trlzmg fields is considered. In particular, the problem of eddy current induction become:
Issues addressed concern probe mechanical assembly, current sup- S - .
ply requirements, and pulse shape design. We describe a quadru- more significant and the result of thg large polarizing fle_zld
polar coil with a gradient amplitude of 1.65 T m~* A= which has M€ans that Lorentz forces on the wires are consequential
been used successfully up to a maximum gradient of around 40 increased. One of us has carried out high spatial resolutic
T m~1 A diffusion coefficent of 7.5 x 10~ m2 s~ has been €Xperiments over several years using a coil capable of 20
measured using this system, the lowest yet achieved by PGSE m™ ! gradient amplitude which was incorporated in the 60 MHz
NMR methods. © 1998 Academic Press IH-NMR probe of an electromagnet?). Recently, we have
developed a PGSE system capable of pulsed gradients
excess of this value, using a coil which is incorporated in the

INTRODUCTION 300-MHz probe of a wide-bore superconducting magnet. Thi
paper reports on the use of that apparatus and some of t

The use of pulsed magnetic field gradients to measure molésues involved in the design of very high magnetic field
ular self-diffusion was first demonstrated by Stejskal and Tanr@iadient coils for use in superconducting magnet environ
in 1965 (). In this technique two identical gradient pulses ofents.
amplitude g, duration 8, and separatiol\ are applied in the  There exist a number of experiment classes where very larg
dephasing and rephasing segments of a spin echo or stimulagagnetic field gradients (in excess of 10 T thare important.
echo sequence. Since then the pulsed gradient spin echo (PGS}, there is the case of very slow diffusion where the meal
NMR method has been widely applied and extended to studiessgliared displacements of the spins may be very small over tf
restricted diffusion and flow. One of the more intriguing aspectigne scale available to the spin echig)or the stimulated echo
of this method has been its analysis in terms of a scatterifiy). A well-known example of such an application concerns
formalism @), where the magnitude of the scattering wave vectthe measurement of internal translation modes of a high mc
q is proportional to the area under the pulses. Tdpspace lecular weight polymer random coil, whose end-to-end dis-
approach has been widely used to describe restricted diffusion &uace may be on the order of 1000 A. In particular, to reliably
flow in terms of the physics of diffractiorB¢8). Furthermore, detect motion on the order of 100 A, one requiges 10’ m™*
PGSE NMR has been used in a number of multidimensiorial order to obtain a measurable echo attenuation. Giyen
experiments including dynamic NMR imaging)( velocity ex- (2m)~'8g and constraining to be no longer than a few tens of
change spectroscop9)(and diffusion ordered spectroscofyl milliseconds, we find that we requig > 10 T . Second,
and recently the use of multiple gradient pulses has been showmwttere the spin relaxation is very fast, the need to limit the
provide access to the spectrum of translational motion in th@ration of the gradient pulse to times less than or on the ord
frequency domaini). of T, places a severe constraint on the availapEmplitude.

Most PGSE NMR experiments are performed using gradielRor example, a limitation to 1 ms meags* < (3 um)~* for
amplitudes on the order of a few teslas per meter, with a vegy= 10 T . Third, in experiments where there exists a char-
few researchers reporting work carried out at around 10 ¥ macteristic time scale for molecular motion, for example, the
(12-19. In most cases, however, the mean squared displateie for diffusion across the pore in the case of restrictec
ments being measured are quite largelQ ' m) so that diffusion, it is often important to restrict the duration of the
sensitivity to artifacts which become apparent at high resolgradient pulse in order to satisfy the so-called “narrow pulse”
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condition @). This condition permits the echo amplitude to bgradient amplitudey is proportional tolNr~2 while the resis-
simply described in terms of an ensemble average of phdaace of the coil, which is both proportional to the length of
shifts arising from displacements over the timeelapsing wire (Nr) and inversely proportional to cross-sectional aree
between the sharply defined gradient pulses. This tempofie/N), scales apN?r %, wherep is the wire resistivity. Thus,
restriction again calls upon the availability of large gradierthe power dissipated per unit volume of the coil (and hence th
amplitude in order to access as large as possible a valge ofissociated temperature rise) variep@s independent of turn
Finally, the use of multiple gradient pulses in the so-callesumber or coil size. The maximum gradient amplitude is thu
frequency domain modulated gradient spin echo (FG-MGSHited solely by the permissible power density and the wire
NMR method has a need for very large gradient pulses becaussistivity.
of the well-known reduction in sensitivity to translational mo- In consequence, there is no particular advantage in makir
tion which occurs when magnetic field gradients are insertgdadient coils large or small as regards the power density limi
between closely spaced 180° RF pulses in a repetitive CPNH&wever, there are other reasons why small coils offer signif
train (11). icant advantages, not the least of which are the reduced indu
One solution to the problem of how to generate large matance, the reduced power supply requirements, the reduc
netic field gradients is offered by the stray field method dforentz torque on the coil array, and the reduced induction ¢
Kimmich and co-workers13). When a steady gradient is usededdy currents in the surrounding magnet due to stray pulse
in combination with a stimulated echo RF pulse sequence, timagnetic fields. We note, in particular, that because a gradie
effect is to cause the effective gradient to be nonzero ontpil comprises an opposed pair of dipoles it represents a
during the periods of transverse magnetization evolution (i.ectopole term and its stray fields therefore attenuate as
single quantum coherence) and zero during periodsstdrage
(i.e., polarization). By utilizing the stray field in the outer bore APPARATUS DESCRIPTION
of a superconducting magnet it is possible to achieve 20 ¥ m
without difficulty, and in the case of a specially constructed We have designed and built a gradient coil set which is a
Maxwell pair superconductorld), around 200 T m*. How- small as possible, consistent with an interior sample space al
ever, the stray field method suffers from three principal defec8F coil. This coil system is designed to be used in a standar
First, there is a loss of spectral resolution due to the needwide (89 mm) bore 7-T magnet and, in particular, to plug
acquire the signal in the presence of the gradient. Second, trectly on the RF tuning stage of a Bruker microimaging
RF excitation of the spins and subsequent acquisition in theobe. However, the design is quite general and could be us
presence of the gradient implies that only a narrow slice wfith other probe configurations. The schematic layout of the
sample will participate and that the signal must be detectedcail is shown in Fig. 1a, and the schematic layout of the wire
wide spectral width, both effects causing a severe reductiondaondle in relation to the sample space is shown in Fig. 2a. /
available signal-to noise ratio. Finally, the inability to contropbhotograph of the coil assembly is shown in Fig. 1b. It com-
the magnitude off except by varying the duration of transvers@rises a quadrupolar array with 23 turns per bundle, eac
magnetization evolution makes it difficult to separate the ifbundle being wound between two holes drilled in supporting
fluences of relaxation, dipolar dephasing, and gradient dephpests. The 0.36-mm diameter enameled copper wires, whil
ing, thus leading to some ambiguity in data interpretatiaimder tension, are initially free standing, but subsequentl
unless special steps are taken to elucidate these effects. potted in epoxy (Araldite, Ciba-Geigy) which penetrates the
It has been shown recently that very large pulsed magnebiendle and, once set, provides mechanical support. At the arr:
field gradients are possible by utilizing the stray fields in theenter a three-turn 4-mm diameter solenoidal RF coil is woun
vicinity of a current-carrying single wirel@). Such arrange- around a horizontal glass supporting tube, thus providing
ments are somewhat unusual in that it is possible to place Swnm diameter sample space. The 90° pulse time of this coil :
sample in close proximity to the wire and thus gain advantag® W and 300 MHz is 4us. The gradient coil has an induc-
of the divergence in gradient strength which occurs in the witance of 15.3uH and a resistance of 08.
vicinity. In the present article we shall be concerned with the Figure 2b—d shows the calculated gradient distribution ove
generation of large magnetic field gradient pulses using mdree 2.0-mm inner diameter of the sample tube space. Th
conventional current/coil techniques. Before describing ouniformity is very good, with a standard deviation of 2.5% and
system, it is appropriate to consider the factors which limit tremean gradient strength of 1.65 T A ~*. By comparison,
magnitude of gradient which can be achieved using currenite uniformity is somewhat poorer over a 3-mm diameter a
pulsed in wires. In particular it may be shown that this limit ishown in Fig. 3b—d, the standard deviation being 8%.
determined entirely by the heating of the gradient coil by the For PGSE NMR measurementsgt= 10’ m~* the coil is
current, and, more specifically, the allowed ohmic power dedriven using current pulses with up to 40-A amplitude, thus
sity. The scaling laws are as follows. Consider any given cgitoviding a maximum gradient of 48 T m. However, the
configuration ofN turns whose linear dimensions scaleras requirements for stability at such amplitude are very stringen
Suppose further that the coil is carrying a curréntThe and we have found that several precautions are needed in orc
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(a) Schematic diagram of the gradient coil assembly. (b) Photograph of coil assembly and mechanical cowling.

to achieve the desired 100-A resolution. There is a genefattual attenuation exceeds diffusive attenuatitm.conse-

maxim concerning PGSE NMR which can be summarized gsence, the diagnostics to be used in testing a PGSE NM
follows. All artifacts cause excess echo attenuation, neveystem should be based on the use of a sample for which tl
reduced echo attenuation. All PGSE NMR systems havemaan squared displacements of the spins are as small as p
lower limit of mean squared displacement below which artsible. We use a very high molecular weight semidilute polyme

- N W

FIG. 2.
mm diameter shown in cross-section. (b) Stackplot profile of gradient acr£ . . . . .
sample space. (c) Contour map of gradient distribution across sample spé&o"& .resolutlon the matching required in the gradient pulse
(d) Histograph of gradient distribution across 2-mm diameter sample spacareas is on the order of 10 ppm, a level below that normall
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(a) Layout of the wire bundle in relation to the sample space of 2

sample (5% w/v 20< 10° Da polystyrene in deutero-toluene)
in which the segmental mean squared displacements over t
PGSE timeA are exceedingly small~100 A) for A on the
order of T, (around 20 ms). Because the echo attenuation du
to diffusive motion is small, attenuation due to spurious effect:
become dramatically obvious. By this means we are able t
progressively improve the system.

The first problem to be overcome concerned that due t
mechanical motion of the coil set, an effect not obvious at 1.-
T but very important in a 7-T environment. To this end we
designed a Teflon cowling with locking screws which sits
tightly around the gradient coil assembly. The cowling is
shown in the photograph in Fig. 1b. The cowling is then helc
firmly inside the bore of the Bruker microimaging gradient coil
assembly by means of two rubber O-rings. The current leac
which enter the bore from above are well supported in the
vicinity of the coil so that no whiplash motion is transferred.
Finally, the sample tube is securely located in the bore of th
RF tube by means of Teflon tape. Each of the these steps w
found to be crucial to the operation of the system at the
required spatial resolution.

The second problem concerned the choice of power suj
Q/. All active current sources have noise and hum. At
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E(q) = expf(—47°qXZ?). [2]

An example of such Gaussian behavior is shown in Fig. 4 fo
the a 5% solution of 1.5 10° dalton polystyrene in per-
deuterated toluene. This experiment was performed With
1000 ms andy = 14.85 T m * and withq varied by changing
the pulse durationy. The mean squared displacemé&at), is
on the order of 5000 A for this example.

We have been interested in using this gradient coil system 1
proble smaller mean squared displacements, and in particul
c d the internal modes of higgh polymers. Here the motion i

1 M non-Fickian and Eg. [2] cannot be used. In general, for an
stochastic displacement distribution, the Taylor expansion fo
05 E gives
mm 0
-0.5 E(Q)=1-47°gXZ% + ... [3]
X d 1%
. 5 ; 0 0 ; e ,  so that the semilogarithmic plot IB) vs g* will be approxi-
mm ' Tm ' mately linear down to attenuation values of around 0.8, an

yield the mean squared displacemérfty directly.
There are a number of theories concerning the tempor:
dependence ofZ?) in the case of random polymers, all of

measurable by electronic means, but easily detectable in tHgich predict a linear dependence arfor (Z%) in excess of
diagnostic PGSE NMR signal. Of a range of well-knowf® Polymer dimension and a weaker dependence belo
commercial power supplies which we have compared, orifjat: An effective test of the ZPGSE NMR measuremen
the Bruker BAFPA series proved of sufficient quality. Thesivolves the determination ofZ%) for polymer segments
systems are unusual in their use of toroidally wound tran@V€r & wide time scale foh. For the purpose of this article
formers whose stray mains frequency fields are very smalf¢ Show data obtained using the semidilute system of 59
We have found, however, that these supplies respond b&&Y 4 X 10° Da polystyrene in deutero-toluene. The poly-
when the current pulse is ramped on the leading and trailifgf" Was obtained from Polymer Laboratories (Church Stret
edges using around 20 steps, each of a few microsecof@fd Shropshire, UK) and had a polydispersity indéy/Mp,
duration, thus giving a controlled rise and fall time on the *

order of 50us. We achieve this by means of the gradient F19ure 5 shows the dependence(@f) on A from A = 6

waveform memory control in the Bruker AMX-300 micro-MS t0A = 3 s. Clear transitional behavior is apparen{zt
imaging accessory. ~ 800 A. We note that this is quite consistent with the

FIG. 3. As for Fig. 2, but for a 3-mm diameter sample space.

Finally, we note that the use of a few dummy gradient pulses
applied just before the PGSE pair significantly improved the
performance of the system at the highest spatial resolution

09 |
limit. We attributed this effect to the settling of the power 08 |
supply into a steady-state mode of current delivery. 07
06 |

RESULTS e %7

04 |

In the narrow gradient pulse limit, the normalized echo
amplitude in the PGSE NMR experiment is given by the 03 |
ensemble average

E(q) = (expi2mqZ)), 11] 5 4 8 12

4n2q2A; (10125 m2)

whereZ is the displacement of a given spin over the tihe )
FIG. 4. Echo attenuation plot for a sample of 5% w/v 1.¥510° Da

For an ensemble of molecules undergomg unrestricted I:I(Hf)'lystyrene ind-toluene for a diffusion time\ = 1000 ms. The experiment

ian Self'qifoSiona the_ distribution of mean-squared displac@mas performed by keeping constant at 14.75 T fit and varying the pulse
ments will be Gaussian and so durations.
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predicted end-to-end distance of>4 10° Da polystyrene 1
under these solution conditiongQ). The scaling behavior

below this transition is consistent witZ? ~ A2 We are :
not concerned in this paper with discussing this scaling in
detail, but we note that such an exponent would be predicted
by most theoretical treatments. The quality of the data is
sufficiently good to permit comparative tests of rival theo-
ries concerning polymer dynamics. An extensive investiga-
tion of (Z% vs A behavior over a range of polystyrene
molecular weight and concentrations will be published else- 08, 1 >
where. For the purpose of the present exercise it is sufficient

to show that the data are well behaved and that the spin 4Ang2A; (1014 s m2)
displacements measured here are reliable. At the shortest

. . . FIG. 6. Echo attenuation plot for a sample of 20% w/v 3010° Da
duration, A, the rms displacement is 270 A A Center'of'polystyrene ind-toluene for a diffusion time\ = 1000 ms. The experiment

mass diffusion coefficient for the polymer may defined ijas performed by keeping constant at 24.75 T it and varying the pulse
the long time limit. For this polymer system the value isurations. Note that the diffusion coefficient thus obtained is %510
(8.0+ 0.1) X 10 *m? s, m? st

As an example of how small a diffusion coefficient may be
measured using our apparatus, we shown in Fig. 6 the echo
attenuation plot for a 20% solution of3 10° Da polystyrene stable power supply using ramped current switching and prece
in the same deutero-toluene solvent. The value obtainedirig dummy pulses, can give excellent results when used in col
7.5x 107 **m? s To our knowledge this value is lower byjunction with a 7-T superconducting magnet. The results pre
a factor of 3 than any published value obtained using NMsented here show that resolution on the scale of a few hundre
field gradient methods. angstroms is possible and that one may certainly measure diff

sion coefficents below I3° m? s™.

In(E/Eo)
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