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The generation of phase-based artifacts resulting from mis-
atch in the effective areas (i.e., the time integrals) of sequential

radient pulses is discussed in the context of large gradient pulsed-
radient spin-echo (PGSE) NMR diffusion measurements. Such
ffects result in artifactual attenuation and distortion in the spec-
ra which, in the first instance, are similar to (and commonly
istaken for) the effects of eddy currents. Small degrees of mis-
atch cause “unphysical” concave downward curvature in PGSE

ttenuation plots of freely diffusing species. However, larger mis-
atches can result in artifactual diffraction peaks in the plots
hich could easily be confused for true restricted diffusion effects.
lthough “rectangular” gradient pulses are preferable from a

heoretical viewpoint, we found that shaped gradient (e.g., half-
ine) pulses, which due to their slower rise and fall times were
ore tractable for the current amplifier, were more sequentially

eproducible. As well as generating fewer phase-based artifacts
uch shaped pulses also decrease the likelihood of vibration
roblems. © 1999 Academic Press

Key Words: artifact; diffraction; diffusion; gradient; mismatch;
ulsed-gradient spin echo.

INTRODUCTION

Pulsed-gradient spin-echo (PGSE) NMR diffusion meas
ents (also sometimes referred to as DOSY) of species
ave any of the following characteristics, a small diffus
oefficient (D), small gyromagnetic ratio (g), or short spin–
pin relaxation time, necessitate the use of large magnetic
radients (1–6). Large gradients are also advantageou
robing restricted diffusion (i.e.,q-space imaging). A majo
nd widely recognized problem with gradient pulses in PG
easurements is that the gradient pulses can generate

urrents although their effects have been greatly reduced b
dvent of shielded gradient coils; this and other technique
inimizing their effects have recently been reviewed (6). The

ime required for the dissipation of eddy currents defines
inimum delay that must be left after a gradient pulse prio

1 To whom correspondence should be addressed. Fax: (81-298) 58
-mail: wprice@wri.co.jp.
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ignal acquisition or the application of a refocussing RF pu
or example, a spectrum acquired in the presence of
urrents will have a combination of phase and amplitude
ortions (see, for example Fig. 6 in Ref. (6)).

Two other serious problems, although less widely discu
n the literature, are that of mismatch between seque
radient pulses and vibration/sample movement with resp

he gradient coils. The effects of both of these problems ca
onfused with eddy currents. In the PGSE experiment
ffective area (i.e., the time integral) of the first (i.e., dep

ng) gradient pulse must exactly match that of the second
ephasing) gradient pulse. An extremely small mismatch o
radient pulses, while too small to measure using convent

echniques (e.g., by oscilloscope), will result in a resid
hase-twist which causes a severe loss in echo signal int
7). On the other hand vibration/sample movement results
et phase-shift through the spectrum similar to the case of
see Ref. (4)). In fact Callaghan (7) has noted that curre
nstability of the order of 1 ppm and/or sample movemen
he order of 10 nm restricts self-diffusion measuremen

$ 10215 m2s21.
Recently, while characterizing our newly installed hi

mplitude gradient systems, we encountered artifactual di
ion peaks in samples that contained only freely diffus
pecies. In the present work we describe our investigatio
hese effects. We first show that these are not due to
urrents and then investigate the effects of residual ph
wists due to gradient pulse mismatch (1, 7–9) and residua
hase-shifts due to vibration/sample movement (1, 7, 10) using

arge (freely diffusing) monodisperse polymer samples.
hough some of the problems and their solutions have
reviously mentioned in the literature (N.B., appropriate
rences are given throughout this paper), in the present
e are particularly concerned with problems in the contex
ery-high-amplitude gradient pulses.
The major findings are that residual phase effects not

ause “unphysical” downward curvature in PGSE attenua
lots but also in extreme cases can even produce artifa

44.
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206 PRICE ET AL.
diffraction” peaks. It was found that rectangular grad
ulses are particularly difficult to sequentially reproduce
bly. The reproducibility was also sensitive to the inte
etween successive gradient pulses which is probably re

o the pulses causing gradient coil heating which will prod
corresponding time-dependence in the coil resistance d

he pulse sequence in addition to changes in amplifier pe
ance. Thus, the degree of mismatch is also likely to incr
s either the magnitude or the duration of the gradient puls

ncreased. It was found that by using shaped gradient p
half-sine in the present instance) such that the pulse ris
all times are decreased, the current amplifier was more a
enerate reproducible gradient pulses. Slowing the rise an

imes also appears to reduce vibration problems. Altho
hase-based artifacts can also be reduced by prefixing gr
ulses before the PGSE sequence (e.g., (11)), this solution may
nly have limited applicability at high-gradient duty cycl
hese results have extreme significance for high-gra
GSE NMR diffusion measurements.

MATERIALS AND METHODS

Two reasonably monodisperse polystyrene samples
repared in 5-mm (od) NMR tubes: (1) a solution of
xtremely high-molecular-weight polystyrene was prep
ontaining 8 mg polystyrene MW 20,000,000, MW/Mn5 1.3
Cat. No. 16244, Polysciences, Inc., PA) in 0.1 ml CCl4 and (2)

solution containing 10 mg of a lower molecular wei
olystyrene MW 28,500, MW/Mn5 1.03 (Batch No. 20132-3
olymer Laboratories, MA) in 0.1 ml CCl4. In both cases, th
MR sample heights were limited to about 5 mm so that
ntire sample was well inside the constant region of the m
etic field gradient. These polystyrene samples, although

ng high molecular weights and low diffusion coefficien
ave reasonably narrow linewidths favorable for use in P
MR experiments.
Two NMR spectrometers were used: (1) a Bru

Karlsruhe, Germany) DRX 300 (standard bore) spectrom
perating at a1H frequency of 300 MHz using a pro
quipped with a Diff30 (actively shielded) gradient set p
red by a BAFPA-40 current amplifier (max. output curren5
0 A) with preemphasis capability. The spectrometer also
0 compensation powered by an additional BAFPA-40 am
er. This system can provide gradient strengths,g, up to abou
1.5 T m21; (2) a modified JEOL (Tokyo) GSH 200 (wid
ore) spectrometer controlled by a TecMag (Houston) G
XY system operating at a1H frequency of 200 MHz. Th
EOL spectrometer was equipped with an actively shie
radient probe and a current amplifier supplied by JEOL
iding gradient strengths up to 9.5 T m21. Both spectromete
ere able to produce rectangular or sine-shaped gra
ulses. All PGSE measurements were performed using a

fied Hahn spin-echo sequence (i.e., the Stejskal and Ta
equence) containing two identical rectangular or half-s
t
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haped gradient pulses (i.e., one pulse in eacht period). The
econd half of the echo was acquired using quadrature d
ion and used as the FID (i.e., sampling was started fromt 5
t). The FID was Fourier transformed and displayed in ei
hase-sensitive or absolute value mode. All measurem
ere conducted at ambient temperature.

RESULTS AND DISCUSSION

nitial System Characterization Using a Rectangular
Gradient Pulse

The eddy current settling time on the Bruker system af
radient pulse was characterized using the high-molec
eight polystyrene (MW 20,000,000) in the standard

6, 9). The eddy current effects were found to have decaye
negligible level by 3 ms after a rectangular gradient puls

uration d 5 2 ms and strengthg 5 10.4 T m21. Similar
erformance was obtained for the JEOL spectrometer.
For the Stejskal and Tanner sequence using rectan

radient pulses the echo signal attenuation due to free diff
s given by (4, 12)

Erectangular~ g,D! 5 exp~ 2 g 2g2Dd 2~D 2 d/3!!, [1]

here D is the separation between the start of the grad
ulses. Thus for the same polymer sample using the ex
ental parameters ofD 5 20 ms andd 5 2 ms andg values
p to 10.4 T m21, it can be realized that only very small sig
ttenuation should be achieved due to this polymer’s
mall diffusion coefficient (D ; 1 3 10213 to 1 3 10214

2s21; e.g., see Ref. (13)). However, even though dela
onsiderably longer than 3 ms were allowed after the gra
ulses for the eddy currents to dissipate, significant attenu
nd phase distortion were observed in the PGSE measure
nd these effects were observed to increase dramatically
(see Fig. 1A). Thus, the observed attenuation is neither

iffusion-based attenuation nor artifactual attenuation du
ddy currents. This distortion results in an unphysical do
ard concave curvature in the corresponding attenuation
hown in Fig. 1B (N.B., free diffusion should result in
traight line when the PGSE data are plotted on these a
urther, the attenuation plot is different depending u
hether the integrals of the polymer resonances were

rom the phase-sensitive or absolute value spectra (not sh
It is well-known that any gradient mismatch, that is,

ntegral over all gradients (i.e., applied including resid
pikes and ringing or residual) present in the firstt period doe
ot equal that in the secondt period, will result in the echo no
efocussing att 5 2t (e.g., see Ref. (8)). Unfortunately this
ehavior is generally not obvious on modern spectrom
ecause of how the acquired signal is displayed and if
ssumed (as is normally the case) thatt 5 2t defines the to
f the echo and sampling is begun at this point (i.e., the se
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207ARTIFACTUAL ATTENUATION ASSOCIATED WITH LARGE GRADIENT PULSES
alf of the echo is used as the FID) the spectrum will be p
nd amplitude distorted. Von Meerwall and Kamat (11) have
hown that residual gradients such as eddy currents can
he twot periods to be imbalanced and, if the residual gr
nts are a function of the amplitude of the gradient puls
ownward curvature in the PGSE attenuation plot will res
hey noted that this effect is generally only operative for s
values where the residual gradients generated by the

radient pulse have not totally decayed by the time of a
ation of the (refocussing)p pulse and “feed through” into th
econd t period creating the imbalance. However, in
resent experiments the delay after the gradient pulses

FIG. 1. (A) 1H PGSE NMR spectra of the extremely slowly diffu
xperimental parameters wereD 5 20 ms,d 5 2 ms, andg ranging in equa
re presented in phase-sensitive mode. No attempt was made to accura
owever, similar results were found using only one scan. Within experim
boveg 5 5 T m21 there was severe phase-shifts/distortion and it was no
rtifactual attenuation (i.e., not diffusion related) of the signal was ob
hase-sensitive spectra (■) and integrals of the corresponding absolute v
bsolute value spectra give the same result (the data points are overlapp
nd in fact become negative after the seventh point (N.B., this negative

s the unphysical concave downward nature of the attenuation data.

FIG. 2. 1H PGSE NMR spectra of the slowly diffusing MW 28,500 po
ectangular gradient pulses. The duration of the first gradient pulse (i.ed1) w
pectra were acquired withg 5 9.2 T m21, D 5 12 ms,t 5 20 ms,d1 5 1.00
s. All of the spectra are plotted on the same scale and are presented in

o the degree of matching of the two sequential gradient pulses. Clearly
ncreasing the duration of the second pulse by only 0.4ms (0.04%) a better ma
argely removed.
se

use
i-
a

t.
ll
rst
i-

as

ore than sufficient to allow all of the eddy currents to de
e then attempted to find the source of the artifactual att

tion/phase-based artifacts starting with the knowledge t
as not due to eddy currents.

ntentional Residual Phase-Shift

We modified the Hahn spin-echo sequence so that the
f the two gradient pulses could be independently varied. S
xamples of spectra obtained with very slightly duration m
atched high-amplitude (9.2 T m21) rectangular gradien
ulses are shown in Fig. 2. It has been previously shown

MW 20,000,000 polystyrene sample using rectangular gradient pu
crements from 0 to 10.4 T m21. The spectra are plotted on the same scale
y reference the chemical shift values. Each of the spectra is the averagr scans
tal error, the signal shows little attenuation or phase distortion up tog 5 4 T m21.
ssible to phase the spectra into purely absorption lineshapes. Above 7 T m21 severe

ved. The corresponding echo signal attenuation calculated using integrals of the
e spectra (h) are plotted in (B). For smaller values ofg the phase-sensitive a
on the graph). However at larger values the phase-sensitive data attenuae more rapidly
ursion of the data is hidden if absolute value spectra are used). Of partlar interes

tyrene sample obtained using varying degrees of intentional duration m
fixed and the duration of the second gradient pulse (i.e.,d2) was varied. Th
ms, andd2 5 (A) 0.9990 ms, (B) 1.0000 , (C) 1.0004, (D) 1.0010, (E) 1.0
ase-sensitive mode. These spectra show that the signal intensity is extry sensitive
apparently matched pulses (i.e., spectrum B) are in reality not well maed and by
is obtained and much of the signal intensity is recovered and the phase
sing
l in
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208 PRICE ET AL.
small duration mismatch of the gradient pulses has an a
egligible effect on the attenuation of the signal due to d
ion (8, 14). For example, if the first and second gradient pu
ave durationsd1 5 d andd2 5 d 1 «, respectively, then th
ttenuation function for free diffusion now becomes (14)

Erectangular~ g,D! 5 exp(2g2g2Dd2~D 2 d/3!

1 « 2~2t 2 t1 2 D 2 d 2 2«/3!), [2]

heret 1 is the time between thep/2 pulse and the start of th
rst gradient pulse. We found that a small increase in
uration of the second gradient pulse considerably impr

he phase and intensity of the observed spectrum (see Fig
he results in Fig. 2 show that with gradient strengths of
rder of 9 T m21, extreme accuracy in the matching of
radient pulses is required (i.e., to considerably better
9.996%) if the spectra are not to be distorted. Clearly t

ntentionally duration mismatched spectra are very simila
hose observed using (apparently) equal gradient pulses
ee Fig. 1A). This shows that the true cause of the attenu
nd spectral disturbances is not eddy currents but in re
ery small gradient pulse mismatch. To further illustrate
ffect we acquired more PGSE spectra with intentionally
ation mismatched sine-shaped gradient pulses and incr
he gradient magnitude, the results are shown in Fig. 3.
eason for using the sine-shaped gradient pulses, as s
elow, is that they are easier to reproducibly generate.
lear that the degree of spectral disturbance increases d
ally with gradient strength. Put another way, to obtain un
orted spectra the precision required of the gradient p
atch expressed as a fraction of the integral of the gra
ulses must increase withg.

FIG. 3. 1H PGSE NMR spectra of the slowly diffusing MW 28,500 p
ulses with various gradient strengths. The sine-shaped gradient pulse
cquired withD 5 12 ms andt 5 20 ms, using apparently matched (i.e.,d1 5

1 5 1.000 ms,d2 5 0.999 ms) gradient pulses withg 5 (B) 1.2, (C) 5.8, and
n phase-sensitive mode. Spectrum (A) shows the maximum attenuat

ismatched gradient pulses becomes much more severe as the gradie
ulses increases withg).
st
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heoretical Analysis of Residual Phase-Twist and Residu
Phase-Shift Effects

It is interesting to theoretically consider the effects of
radient pulse mismatch and vibration/sample movement
efine

q 5
1

2p
ggd~m21! [3]

nd perform an analysis similar to that of Callaghan7).
tarting from the average propagator representation (15) of the
hort gradient pulse approximation, but including the effec
phase-shift,f, due to the effects of a gradient mismatch,Dq,
nd sample movement,Dr, between the first and second g
ient pulses in the PGSE sequence (N.B., inDq and Dr “D”
enotes differential and is not to be confused with the inte
between the gradient pulses). Thus we have (7)

E~q,D! 5 E r~r 0!EP~R,D!ei @2pqzR1f#dRdr 0, [4]

herer(r 0) is the spin density,R is the dynamic displaceme
efined byr 12r 0 (the starting and finishing positions of a s
ith respect to the first and second gradient pulses),P(R,D) is

he average propagator (i.e., the probability that a spin
ove by a displacementR during the time intervalD), and the
hase term can be expressed as

2pq ? R 1 f 5 2p@~q 1 Dq! z ~r 0 1 R 1 Dr ! 2 q ? r 0#.

[5]

or simplicity the gradient (and thereforeq) is taken to be
riented along thez-direction and it is assumed thatDq is
arallel toq (i.e., a magnitude mismatch). Thus we are o

mer using matched and intentionally duration mismatched sine-shape
ere approximated by changing the gradient through 64 increments. Thetra were
5 1.000 ms) gradient pulses withg 5 10.4 T m21 (A) and mismatched (i.e
) 10.4 T m21. All of the spectra are plotted on the same scale and are pres
due to diffusion. From spectra B, C, and D, it can be seen that the
trength increases (conversely the required precision of the match of thdient
oly
s w

d2

(D
ion
nt s
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209ARTIFACTUAL ATTENUATION ASSOCIATED WITH LARGE GRADIENT PULSES
oncerned with thez-components ofr 0, R, andDr (i.e., z0, Z,
ndDz, respectively) and so Eq. [5] becomes

2pq ? R 1 f 5 2p@qZ 1 ~q 1 Dq!Dz 1 Dqz1#, [6]

nd thus, Eq. [4] can be rewritten as

E~q,D!

5 E P~Z,D!ei2pqZdZ$ei2p~q1Dq!Dz%E r~ z1!e
i2pDqz1dz1.

Ediff (q,D) f(Dz) Ephase(Dq)

[7]

he first term (i.e.,Ediff (q,D)) is the attenuation due to diff
ion and it is what is really sought in a PGSE measurem
diff (q,D) is a real valued function. In the case of free diffus

t is given by Eq. [1] (N.B., strictly the2d/3 correction term
hould be removed in the short gradient pulse approxima
The second term (i.e.,f(Dz)) is the residual phase-shift d

o vibration/sample movement (or flow). This term is a co
lex valued function and produces net-phase-shifts an

ikely to produce complicated phase behavior through
eries of spectra in a PGSE measurement sinceDz is likely to
e a function ofq. Note that this term depends onDz and no
n z (i.e., it is position-independent). As noted by Callag
7), the effects off(Dz) can be removed by individually pha
orrecting each spectrum or by computing the absolute v
or magnitude) spectrum (recall,uexp(i2p(q 1 Dq)Dz)u 5 1),
lthough this entails a loss of signal resolution and makes

he noise in the spectrum positive. If the degree of sam
ovement is not constant for a givenq and if a number o

cans are averaged, this term has the potential to produce
ignal attenuation. Nevertheless, this problem can still b
oved by individual phasing or computing the absolute v

pectrum after each scan and then adding the spectra.
The third term (i.e.,Ephase(Dq)) is the residual phase-tw

esulting from the gradient pulse mismatch. It is the integr
he position (i.e.,z)-dependent phase-shifts (this has c
imilarity to k-space encoding in imaging, e.g., Refs. (2, 16)),
nd is independent ofD and the intervalD. This term can resu

n severe artifactual signal attenuation.Ephase(Dq) contributes a
ample shape (relative to the gradient orientation) -depe
ignature toE(q,D) and thusEphase(Dq) is different for differ-
nt sample/gradient geometries. For a cylindrical samp

ength l centered in the gradient we obtain

Ephase~Dq! 5

E
2l / 2

l / 2

ei2pDqz0dz0

l
[8]

5 sinc~pDql !.
t.
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ome example plots ofEphase(Dq) are shown in Fig. 4, whe
t has been simplistically assumed thatDq is a fixed proportion
f q. Ephase(Dq) is a damped oscillation with the degree
amping and the periodicity being exquisitely sensitive to
egree of mismatch. Note that theEphase(Dq) term cannot b
emoved by phase correction or by computing absolute v
pectra. However, computing absolute value spectra will m
egative attenuations positive. Further, if the sample is
entered in the gradient,Ephase(Dq) will be a complex value
unction.

iagnosing the Presence of Phase-Based Artifacts in PG
NMR Data

We now consider the case of signal attenuation includin
ffects of attenuation due to diffusion and phase-twist arti

or the case of a gradient oriented along the long axis
ylindrical sample. In addition to the aforementioned reas
hase-sensitive Fourier transformed spectra are preferred
bsolute value spectra when analyzing PGSE spectra be

hey are more informative about the presence of phase-
rtifacts. Further, as pointed out by Stilbs (1), the individua
andshapes of absolute value Fourier transformed spect
ot additive in overlapping regions. Some example plot

n(uE(q,D)u) are presented in Fig. 5. It can be clearly seen
s the mismatch increases, the measured (i.e., apparent)
ion coefficient increases; this is in agreement with “C
aghan’s law” (5) that any error in the PGSE sequence res
n a larger apparent diffusion coefficient. At larger values oq,
rtifactual diffractive minima occur and these move to lo
alues ofq as the degree of mismatch (i.e.,Dq) increases
enerally such artifactual diffraction peaks would not be

ble in measurements of a small freely diffusing species s

FIG. 4. Plots ofEphase(Dq) calculated using Eq. [8] withl 5 5 mm and
q 5 q 3 2 3 1024 (– – –) which corresponds to, for example, a 0.4-ms error
ismatch between a pair of 2-ms gradient pulses andDq 5 q 3 1023 (—)
hich corresponds, for example, to a 2-ms mismatch between a pair of 2-
radient pulses. The plots show that increasing pulse mismatch cau
normous loss of signal intensity.



t atio
( e
c ers
s icte
d ar-
t is
e re
d y d
n ted

ed
p ith
v the
s e
i atio
a can
a urv
t sen
o y a
s b
t it
l no
s the
w ten
a olu
v we
r bu
s
w rep

s ay
p arti-
f

M

ion/
s , gra-
d rigid
( can
a ectra
o

lting
f dern
c e re-
p and
W e of
p rate
g
m users
a atch
p pairs
b t the
m ch is
t ded,
e tion

W
2 e data
w ues of
D
T bances.
T esting
a y
s tion
b poly-
m ,
2 t was
s file was
a ll
a

1
n
D n
s al
p fac
a ficie
( erv
a
a ong
i eak
a

210 PRICE ET AL.
he signal would already have decayed by diffusive attenu
E(q,D) is dominated byEdiff (Dq)). However, this is not th
ase for very slowly diffusing species (e.g., large polym
ee, for example, Fig. 6) or species undergoing restr
iffusion. The origin of the diffraction effects would be p

icularly confusing in systems where restricted diffusion
xpected. A significant difference between artifactual and
iffraction peaks is that the real diffraction peaks generall
ot appear until the signal has more significantly attenua
The presence of phase-based artifacts can be detect

erforming measurements on a freely diffusing sample w
ery small diffusion coefficient (e.g., large polymer) using
ame experimental parameters (i.e.,q andD) to be used in th
ntended experiment. Thus there should be little attenu
nd true diffraction peaks cannot occur. If there is signifi
ttenuation, especially unphysical concave downward c

ure in the attenuation plots and phase distortion, the pre
f gradient pulse mismatch can be assumed and possibl
ample movement/vibration. If a phase-shift is observed
here is little attenuation after taking absolute value spectra
ikely to result from sample movement/vibration. If there is
ample vibration/movement or gradient pulse mismatch
ould be noq-dependent phase change and the signal at
tion determined from either phase-sensitive data or abs
alue data would be the same. We note that if the sample
epositioned slightly away from the center of the gradient,
till within the constant region of the gradient, thenEphase(Dq)
ould become a complex valued function, whereas such

FIG. 5. Plots of ln(uE(q,D)u) calculated using Eqs. [7] and [8] withD 5
3 10214 m2s21, D 5 20 ms,l 5 5 mm,Dz 5 0 mm, andDq 5 0 (—) (i.e.,
o mismatch, this corresponds toEdiff (q,D)), Dq 5 q 3 2 3 1024 (. . .) and
q 5 q 3 1023 (– – –). With such a low value ofD the diffusive attenuatio
hould be negligible as shown for the case ofDq 5 0, however, the residu
hase-shift resulting from gradient pulse mismatch causes enormous arti
ttenuation resulting in a huge increase in the apparent diffusion coef
i.e., if the attenuation data are interpreted assuming that all of the obs
ttenuation resulted fromEdiff (q,D)). At larger q values (and thereforeDq)
rtifactual diffraction peaks are evident. The degree of mismatch str

nfluences the position of the diffraction peaks with the diffractive p
ppearing at smaller values ofq as the degree of mismatch increases.
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itioning would leavef(Dz) unchanged. This procedure m
rovide further information on the source of phase-based

acts.

eans for Reducing Phase-Based Artifacts

It is well-known that residual phase-shifts due to vibrat
ample movement can be reduced by making the probe
ient coil, sample, and means of holding the sample more
5, 10). In any case, as mentioned above, this problem
lways be removed by individual phasing of the PGSE sp
r by computing absolute value spectra.
The means for removing the residual phase-twist resu

rom gradient pulse mismatch are more troublesome. Mo
urrent amplifier designs have considerably improved th
roducibility of the current pulses, for example, Boerner
oodward (17) have developed a current amplifier capabl

roviding rectangular pulses of up to 15 A, which can gene
radient pulses with amplitudes of up to 3.1 T m21 which are
atched apparently to within 10 ppm. Nevertheless most
re limited to nonhardware solutions to the gradient mism
roblem such as empirically matching the gradient pulse
y finely adjusting the duration of one of the pulses so tha
aximum echo signal is obtained. However, this approa

edious and difficult due to the very high precision nee
specially with very large gradients. Further, the correc

FIG. 6. 1H PGSE attenuation data of the extremely slowly diffusing M
0,000,000 polystyrene sample acquired on the JEOL spectrometer. Th
ere acquired using rectangular gradient pulses with three different val
(F, 20 ms;}, 30 ms, and■, 40 ms) withg set to 6.5 T m21 and varyingd.

he phase-sensitive spectra (not shown) had noticeable phase distur
he integrals were taken from absolute value spectra. Particularly inter
re the large changes in the attenuation curves withD. Due to the relativel
mall range ofD used, it is unlikely that the large difference in attenua
etween the three plots results from different time-dependencies of the
er reptational motion and entanglement. At the smallest value ofD used (i.e.
0 ms) artifactual diffraction peaks are clearly apparent. A measuremen
ubsequently performed using sine-shaped gradient pulses (the sine-pro
pproximated by dividingd into 90 increments ofg) and only very sma
ttenuation was observed.
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ime depends ong, d, andD and above all, for a given set
xperimental conditions, the degree of mismatch may not
onstant.
Another approach is the MASSEY sequence (7) which uses

n imaging approach to remove the phase-twist. A limita
ith this approach is that it is not suitable for spectra con

ng more than one resonance since the free induction de
cquired in the presence of a read gradient. Similarly

mposition of a background gradient in the PGSE experim
ncreases the likelihood of attaining the refocusing conditio
hat the echo maximum occurs close to the ideal case oft 5 2t
8, 11, 12), but again at the expense of spectral resolution

Two simpler solutions for reducing the phase-twist prob
ut which retain spectral information are: (i) to use a num
f dummy gradient pulses (“prepulses”) prior to the PG
equence (5, 11) to increase the reproducibility of the pulses
ii) to use shaped gradient pulses with slower rise times
amped or sine-shaped (14)) that are easier to generate rep
ucibly by the amplifier electronics (i.e., slew rate and fe
ack circuits). We tried a series of prepulses spaced byD and
ept the interval between the last of the dummy gradient p
nd thep/2 pulse and the first gradient pulse in the PG
equence and thep pulse the same. The rationale beh
eeping the gradient pulses equally spaced byD is that the
mplifier response and gradient coil temperature might m
losely attain a steady state, whereas by keeping the sepa
f the gradient pulses with respect to thep/2 andp pulses the
ame, (any) eddy current contributions should be the sam
otht periods (11). We found that while one gradient prepu

FIG. 7. (A) A 1H PGSE NMR diffusion measurement similar to that
ample except that now sine-shaped gradient pulses are used. The sin
4 increments. The spectra are plotted on the same scale and are prese

he rectangular gradient pulse; nevertheless even using the sine-shape
or the same duration and gradient amplitude a sine gradient pulse has
an be made via the corresponding attenuation plots given in (B) wher
he abscissa. The integrals of the phase-sensitive spectra are denoted■) a
mall values ofg the phase-sensitive and absolute value data points are
f the diffusion coefficient, linear regression of Eq. [9] on the data (deno
0213 m2s21 using the phase-sensitive data and 1.56 0.6 3 10214 m2s21 usin
a
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as a significant improvement over no prepulses and
repulses were much better than one, there was little fu

mprovement by using three prepulses. We note, however
uch prepulses add significantly to the duty cycle of the
ients and thus for very high gradients their implementa
ay be dangerous to the gradient coil. Comparable, if
etter, results were obtained using shaped gradient pulse
ig. 7). The attenuation due to free diffusion in the Stejskal
anner sequence using half-sine-shaped gradient puls
iven by (14)

Esine~ g,D! 5 exp~ 2 g 2g2Dd 2~4D 2 d!/p 2!. [9]

ectangular gradient pulses are the ideal shape since
aximize the degree of dephasing in a given time, the
iving the closest correspondence with the short gradient
pproximation which allows considerable mathematical
lification in modeling the echo attenuation in complica
ystems (e.g., (18)). Further, on older spectrometers it w
enerally easier to design gradient generation systems th

east theoretically, produced rectangular pulses. By using
haped gradient pulses the sequential reproducibility o
radient pulses is greatly increased even if the gradient str

s very large. Of course for the same duration, the rectan
radient pulses produce greater attenuation but by comp
qs. [1] and [9], we can see that at a gradient strength of
m21, d 5 2 ms,D 5 20 ms, andD 5 1 3 10213 m2s21, the

ttenuation of the echo signal produced by the rectan

own in Fig. 1 using the extremely slowly diffusing MW 20,000,000 poly
aped gradient pulses were approximated by changing the gradient amhrough
d in phase-sensitive mode. There is much less artifactual attenuation thserved fo
adient pulses there is evidence of slight phase distortion at higherg values. Note tha
integral of only;0.64 of its rectangular counterpart and an alternative compa

e same ordinate scale has been used as in Fig. 1B together with the s
(integrals of the corresponding absolute value spectra are denoted byh). At
rlapped. Although the small degree of attenuation precludes an accura
by the solid lines) gives the diffusion coefficient of the polymer to be 2.9 6 0.3 3
e absolute value data.
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212 PRICE ET AL.
radient pulses should only be a little more than double
roduced by the sine-shaped gradient pulses (i.e.,Erectangular5
.94 andEsine 5 0.98).However, by comparing Figs. 1 and
e can see that the attenuation produced by the rectan
ulses is much more than physically possible due to diffu
nd clearly results from the effects of gradient pulse mism
lightly better results were obtained by using sine-sh
radient pulses and prepulses.
With modern spectrometers and sophisticated software

rol, almost any conceivable gradient pulse shape is pos
owever, starting from the Bloch–Torrey equations only s
radient pulse shapes lead to compact solutions akin to Eq
r [9]; other possibilities are given elsewhere (e.g., (6, 14). The
lower rise times associated with not-quite-rectangular gra
ulses also have the advantage of decreasing eddy c
eneration (e.g., (6, 12)). Also, we found that application

arge-magnitude rectangular pulses caused a “clicking” s
rom the probe indicative of some form of physical movem
owever, such clicking was not audible with sine-shaped
ient pulses. Thus the sine-shaped pulses are less like
ause vibrations. Further, “ringing” was observed on the to
he rectangular gradient pulses when observed using an
oscope. Such ringing was not observed with sine-shaped
ient pulses.

CONCLUSIONS

This work has shown that while eddy currents are undo
dly a major problem in very-high-gradient PGSE, phase

acts, especially the residual phase-twist due to mismat
radient pulses, are very troublesome. Even extremely
radient pulse mismatch results in an increase in the mea
iffusion coefficient. Importantly mismatch can even gene
rtifactual diffraction peaks which can be confused with g
ine diffractive phenomena. When using rectangular gra
ulses, mismatch effects increase drastically with grad
trength. Although gradient prepulses can be used to redu
ismatch their use may be restricted by the allowable

ycle of the gradient system. A more generally practic
olution is to use gradient pulses with slower rise and fall ti
e.g., half-sine-shaped gradient pulses). Ideally both of t
pproaches would be used in the PGSE sequence. P
ensitive spectra are preferable to absolute value spect
etermining the presence of phase-based artifacts.
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