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Two different concepts of gradient current power supplies are in-
troduced, which are suitable for the generation of ultra-high inten-
sity pulsed magnetic field gradients of alternating polarity. The first
system consists of a directly binary coded current source (DBCCS).
It yields current pulses of up to £120 A and a maximum voltage
across the gradient coil of £2400 V. The second system consists of
two TECHRON 8606 power supplies in push—pull configuration
(PSPPC). It yields current pulses of up to 2100 A and a maximum
voltage across the gradient coil of =300 V. In combination with ac-
tively shielded anti-Helmholtz gradient coils, both systems are used
routinely in NMR diffusion studies with unipolar pulsed field gra-
dients of up to 35 T/m. Until now, alternating pulsed field gradient
experiments were successfully performed with gradient intensities
of up to 25 T/m (DBCCS) and 35 T/m (PSPPC), respectively.
Based on the observation of the NMR spin echo in the presence of a
small read gradient, procedures to test the stability and the match-
ing of such ultra-high pulsed field gradient intensities as well as
an automated routine for the compensation of possible mismatches
are introduced. The results of these procedures are reported for the
PSPPC system. © 2001 Academic Press

Key Words: PFG NMR; high-intensity pulsed field gradients;
diffusion; mismatch.

1. INTRODUCTION

means in the stray field of a superconducting mag@ef).
Though this latter technique allows the measurement of by fa
smaller diffusivities 8), the need of large accumulation numbers
and the exclusion of selective diffusion measurement of multi:
component systems by high-resolution NMR I{mit the range
of applicability of this technique. Moreover, the application of
gradients with alternating directioi@), which has turned out
to be a very efficient method for overcoming the disturbing in-
fluence of internal field gradients brought about by the sampl
heterogeneity, is excluded by the very principle of the method.
Many of the applications of the PFG NMR techniques require
the measurement of small diffusivities in systems where du
to inherent small molecular mobilities also the transveiisg (
NMR relaxation times are shor8(4). Under these conditions,
particular emphasis must be given to the generation of magnet
field gradient pulses with very high intensity and extremely shor
rise and fall times. Such field gradient pulse systems must ful
fill very stringent requirements in respect to their mechanica
and electronic stability. In particular, as a main requirement o
PFG NMR diffusion measurement, the time integral over any
pair of field gradient pulses must be identical, i.e., the pulset
field gradients must be “matchedI1-13. Any difference in
these quantities (“mismatch”) gives rise to artefacts of the mes
surementsi1-15, which may result in an additional spin echo

The measurement of molecular diffusion has become a majatenuation and, hence, may erroneously be interpreted as ti

issue of NMR spectroscopy. Among the 8174 citations of NMRirge diffusion coefficients1@, 16—-18. Recently, also the ap-
papers in the 1999 issues of current contents (Physical, Chepéarance of artefacts similar to the true “diffraction-like” effects
cal and Earth Sciences) as much as 422 papers deal with diffurestricted diffusion analysis @) were reported and correctly
sion phenomena. As a consequence of the continuously enlamgributed to the mismatch of field gradient puls&s)(

ing spectrum of systems investigateld-@), the requirements  Depending on the chosen approach to the PFG NMR exper
imposed on the measuring techniques have become more afght and its data evaluation, such artifacts manifest themselv
more complex. Besides the pulsed field gradient (PFG) NMR a phase shift of the NMR spectrum (frequency domain) anc
technique %), which is sometimes also referred to as pulseslshift of the spin echo position (time domain), which cannot be
gradient spin echo (PGSE) or diffusion ordered spectroscopympensated by subsequent signal processing (e.g., “phasing
(DOSY), in the past few years the dramatic progress in NMR5). It is well known that the presence of a small read gradien
instrumentation has permitted aremarkable renaissance of Nig&tallel to the direction of the strong pulsed gradient helps tc
diffusion measurements in static magnetic field gradients; thigevent or reduce artifacts by mismatched pulsed gradients

both gradients are generated by the same gradientldeil.

170 whom correspondence should be addressed. E-mail: stallmac@phyBikit even in such expgriments, mismatCh_ed pulsed gradiems |ef
uni-leipzig.de. always to a phase shift (frequency domain) and a shift of the spi
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echo position (time domain) of the observed NMR sigiad, ( n w2 ) % spinecho  mismatched
14, 18, respectively. N 7

In this contribution, we describe two hardware solutions 1 [\ i
generate ultra-high pulsed field gradient intensities of high st L
bility and an efficient automated experimental procedure
match the pulsed field gradient pairs. It is shown that this proc
dure works in time domain evaluation of PFG NMR measurt
ments. Using these techniques, we demonstrate experiment i i
that high-quality PFG NMR measurements are possible with - T| 5 | T|
ternating pulsed field gradients of intensities of upH86 T/m. 5 '

9
By H B H
2. PULSE SEQUENCE MODIFICATION FOR i
ULTRA-HIGH-INTENSITY PFG NMR APPLICATIONS 2 :

i start :

Generally, PFG NMR measurements are based on the st L bl B
ulated or primary (Hahn) spin echo pulse sequences. Both —} |_|
commonly used with unipolasf or, more advanced, with al- ’ | lte
ternating (bipolar) 10, 20-22 pulsed field gradients. Measure- ' tnom
ments with altematm.g .p.UIS.ed field gra.dlems. (AF.)FG? are I(nqwnFlG. 1. Thirteen-interval NMR pulse sequence with additional read gradi-
to suppress susceptibility-induced artifacts in diffusion studi€gys in the prepare and read intervals. Please note that the definitisrisof
which is especially useful for investigations of materials withiferent in comparison with Cotest al. (10).
internal field gradients (e.g., porous media or metallic powders)

(10, 20, 23. Since most APFG NMR pulse sequences requifg conrolled automatically with the procedure to match the fielc
the application of at least two pairs of pulsed field gradients Wlﬁ}adiems described below.

opposite direction in conjunction with appropriate rfpulses,t'heer“hough the presence of the read gradient during the de
demands to spectrometer hardware are larger than for unipql@tiion of the signal prevents direct multicomponent diffusior
PFG NMR sequences. studies by FT APFG NMR, in Section 6 we will introduce a

For ultra-high-intensity (alternating) pulsed field gradient?Jrocedure how even this disadvantage may be circumvented.
large current pulses must be generated, which may drive the

gradient current power supplie; up to their nomingl Iimit.' Be- 5 THE TIME SHIFT OF THE NMR SPIN ECHO WITH

_S|des _o_t_her _known effects,_ which are dlsgussed in Sectlon 3, MISMATCHED PULSED EIELD GRADIENTS

instabilities in the electronics of the gradient power supplies

may lead to a mismatch of the gradient pulses. Therefore, anThe Origin of the Time Shift of the Spin Echo

efficient procedure for matching of the pulsed field gradients is ] ] ]

indispensable. Moreover, the stability and reproducibility of the AS already mentioned in the Introduction, the advantage c

pulsed field gradient generation must be tested for successi$erving the NMR signal in the presence of a small read grad

individual scans using exactly the same measurement para/fftin the time domain is that any mismatch of the pulsed fiel

ters. gradients is transformed into a well-defined shift of the spir
In the following sections, such test and matching procedur@8N0 position, which can easily be observed on the screen of

are introduced and discussed for the 13-interval PFG NMiRectrometer computer. This shift is brought about by the fac

sequence published by Cots al. (10). However, these tests thatthe spin echo arises atthelnstantoftlmg atwhichthetimeir

and matching procedures may easily be adapted to any otifgal of the effective read and pulsed gradients over the prepa

PFG NMR sequence for diffusion measurements. Unless stafétfl réad period is a minimum (in ideal case equal to zero). Thu

otherwise, the results represented were obtained using ph&l#& to the presence of the read gradigis, a mismatcham

alternating pulse schemes and quadrature detection in ordePk&he effective pulsed gradiengs’, which (for the 13-interval

remove signal distortions due to unwanted coherences. pulse sequence) is given by
In order to assist the matching of ultra-high-intensity alternat-

ing pulsed field gradients, this 13-interval PFG NMR sequence x

was modified by incorporating a small read gradient into the pre- Am= / gsf(t) dt — / g5t dit. (1]

pare and read interval of the sequence as reported by Stallmach 0

et al. (20). This pulse sequence is plotted in Fig. 1. In addition

to Ref. 0), the duration of the read gradient in the prepare iris compensated by a well-defined time shitt of the spin echo

tervaltp + t is kept variable via the adjustable time intert@l maximum. Ift,om denotes the instant of time where the spin

Whilet, is determined by the desired acquisition parametgrs,echo maximum arises without any mismatch of the pulsed fiel

raad

thom

thom—27
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gradients, the time shifht is given by or shaped gradient current puls&S8) (ii) Stochastic influences
caused by high- or low-frequency noise of the gradient curren
v thom+At power supply as well as by the residual hum of its DC powel
0=Am+ Oreagdt — / Oreagdt, [2] supply are much more difficult to handle. However, as for the

reproducible instabilities, their influence is also visible in the
shift of the spin echo position.

wheret* denotes the end of the read gradient in the prepare interBecause of the special relevance of the stochastic instabilitie
val. For rectangular read gradient pulses of the pulse sequeffehigh-power gradient current power supplies, the influence

tr—tp—tc thom—tp

in Fig. 1 andt, = 0, Eq. [2] transforms into of the noise and of the hum will be considered in particular.
Such instabilities with frequency components large compared t
At — Am the inverse width of a single pulsed field gradieht$ 1kHz)

[3] are averaged to zero during each single pulsed field gradier
Therefore, itis not expected that a residual high frequency nois
Thus in the presence of a well-defined small read gradie(if, present at all) influences the spin echo position. However
the time shiftAt of the spin echo can be used to measure tlad signals with frequency components in the order of the in-

Oread

mismatch of the pulsed field gradients. verse distances between two succeeding pulses in the APF
o o _ _ NMR sequence may result in unwanted small differences in th
b. Estimation of the Sensitivity of the Time Shift pulsed gradient intensities. In the 13-interval sequence, the:

time scales are the timebetween the 90and the 180rf pulses,

Assuming that the timing of the gradients in the pulse s&-"'~ >* i i i
hich is typically in the 0.5 to 10 ms range corresponding to

guence is perfectly correct and a mismatch is caused only b . )
small deviationAg, of the intensity of one of the four pulsed!'equencies between about 2 kHz and 100 Hz, and the ime

gradients in the 13-interval APFG NMR sequence, the obser\}é?f_"veen,the two pairs of the pulsed field gradie”ts’ Which I
time shift At as indicated in Fig. 1 is related to the intensity of/Pic@lly in the 5 msa 1 s range corresponding to frequencies
this mismatch by between 200 and 1 Hz. Obviously, the main source of noise i

these two frequency ranges is the residual hum of the DC powe
At supply generated by rectifying the AC of the lab main power.
Agp = 79read~ [4]
c. Exact Measurement of the Time Shift
In order to estimate the sensitivity of this time shift, let us
consider the following example: With a relatively strong rea . L :
gradient of 50 mT/m in the 13-interval PFG NMR sequence, ths% comparing the positions of the echo maximum for the mea

i fth . h . be determined rements with and without pulsed field gradients. This metho
position otthe spin ec 0 maximufiym can be de ErMINEA Ve s limited to sufficiently high signal-to-noise ratios and may
accurately. By applying rectangularly shaped alternating IOUISe%ld problems if samples with small initial intensities and/or

i ) . . . Ty
field gradients of a duratiohof 1 ms without any error in their high attenuations due to the pulsed field gradients are observe
owever, there is a very convenient way to calculate exactly th

timing, a shift of the spin echo byjis correspondstoa mismatchH

. . " : - .
in the intensities of the pulsed gradients ot 30 > T/m, which time shift even in cases of small signal-to-noise ratios, whict

's independent of the actually applied pulsed field gradient '(r:'?gn easily be implemented as automated routine: Consider tt

In principle, the time shifi\t of the spin echo can be measured

tensity. Inthe APFG NMR experiments described below, curren o iution of the observed signal withoni§(gs = 0, t)) and
pulses of£100 A are necessary for the generation of gradien ith (M (gé. t)) pulsed field gradients: ’

pulses ot:35 T/m. Thus, with the observation of a time shift o?N
the spin echo maximum of Ls, a mismatch of the current o
pulses on the order of 0.2 mA becomes detectable. To correct , ,
for this mismatch, the current of one of the four pulsed gradi- Alt) = / Mo(gé = 0, t — t)M(gs, t)dt. [5]
ents must be adjusted by exactly this value, which requires that o
a=+100 A current source must be driven by a 20 bit DAC. Thus, , i i o
the observation of the position of spin echo maximum in the OPViously, in the case of the cc_)nvolutlor/l Mo with itself
time domain is very sensitive to any instability in the electroni(féumcorrelat'on functhq), the maximum Aft’) whichis given
during the time scale of a single APFG NMR scan. by the necessary condition

There are two classes of possible origins of such small in-

stabilities. (i) Reproducible instabilities are caused by thermal dAt) -0 [6]
effects in the whole gradient coil circuit (including the coil and v |,

power supply) and eddy currents in the room-temperature bore

or in the sample itselfA3). They can be minimized by care-occurs att/,,, = 0. For small time shiftsAt of the spin echo

fully designing the gradient coil circuit, by using pregradientsaused by mismatched pulsed field gradients, the shape of tl
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spin echo envelope does not change significantly (this assurapme result: One can actually adjust the time of the read gradie
tion holds for arbitrary time shifts, if any field gradients perperin the prepare interval using the correction paramigtentil the
dicular to the pulsed gradient and transverse relaxation effeetho appears at the correct posittgg,. The necessary correc-
are negligible). Due to diffusion effects, only the total amplition follows from Eq. [2]. For rectangular read gradient pulses
tude of the spin echo is reduced by a facfarTherefore, the itis given by

convolution in Eq. [5] may be written as

Am
Oread

A=y / Mo(g8 = 0,t —t')Mg(gs, t + At)dt,  [7]
—o0 By comparing Eq. [9] with Eq. [3], it turns out that the amount

of the necessary correction tirhgs exactly the same as the ob-

which now has its maximum &, = —At. Thus, the position . ; . ) !
of the maximum of the convolution of the spin echo without angerved time shift of the spin echo caused by mismatched fiel

pulsed field gradients with the spin echo observed with puls Ead'ftn; pulsles! Thus, by measurlng the tgn?hshlft in the firs
field gradients yields directly the shift of the spin echo positiorr!im otthe pulse sequence one knows exactly thé necessary ¢
compared tdnom. If the result isAt = 0, no mismatch of the rection for the duration of the read gradient in the prepare in

pulsed gradients occurred and the correct amplitude of the S%iﬁr\;zlcltneaasc(telcotrr]]de’ rrn?Fs)r?*naatteé:i r:cmt Ist rIZ Sr&p’ﬁ,g ?I'r;]quIlloce-
echo is measured. At # 0, a mismatch of the pulsed gra- xactly : ' 1L1S reproducible. This p

dient affected the spin echo position. Via Eq. [3] the value gfure is easily implemented and automated, since the time sh

this mismatch can be estimated. The advantage of this con\%—the spin echo can be measured automatically and return

lution compared to the direct observation of the spin echo shﬁﬂtitgi z?w(iafft/rv%r:?)fsrecr?/ggo\l/v?i/c;hsxzoeuetg]seadersecgg‘iende:bg::/(?é
for small signal-to-noise ratios is easily rationalized if one colk: ' P ' |

siders the general property of the convolution that uncorrelat%BIe value, .the. experlmgnt was repeated using this correctic
thus abolishing the mismatch of the previous measuremer

signals (noise) do not contribute to the convolution functio w. the amolitude of th in echo is registered and df
Thus, the position of a maximum in a convolution isdetermin(?go » (N€ ampiitude of the Spin echo IS registered and used It

more accurately than the maximum of the corresponding ori gﬁ:ﬂgsgon of self-diffusion coefficients from the spin echa
nal noise-containing signal. :

The convolution and calculation of the position of the spin
echo maximum can easily be automated with a software rou- 4. HARDWARE REQUIREMENTS FOR ULTRA-HIGH
tine. We implemented it in the spectrometer with a Microsoft INTENSITY PFG NMR APPLICATIONS
Visual Basic script, which is started from the spectrometer con-
trol software. It reads the measured time domain data and retuané&radient Current Power Supplies
the time shift to the spectrometer control. The approach outlined
in Egs. [5]-[7] for time domain data works also with the Fourie
transformed spin echoes. The convolutions are then simply gi\}5
by the multiplication of the Fourier transformed spin echos:

Pulsed magnetic field gradients are generated by directin
ulses of electric current through suitably arranged coil sys
&hs. High mechanical stability of both the coi¥) and the
sample 25) are indispensable prerequisites for faultless diffu-
At) = FY{F[Mo(gs = 0, t — t')] * F[M(gé, t + At)]}. sion measurements and are mainly an issue of PFG NMR prol
design. Here, we focus on aspects of the electronics necess:
Bl to generate a high stability and reproducibility of the intensive
current pulses.

Currently used gradient power suppliesMost modern
NMR spectrometers provide the user with an interface which al

With pulsed field gradients switched on, a shift of the positidilows control of the timing (width), the shape, and the intensity o
ofthe echo maximumis observed, if and only if a mismatch of thike pulsed field gradients via the pulse programmer. The desire
effective gradient pulses occurred. The value of the shift is gopulse shapes and intensities are generated as a low-power a
erned by Eq. [3] and can be measured exactly by the procedlague outputsignal ina DAC, which drives a suitable high-powe
described above. To achieve the matching of the pulsed graclifrent source. The achieved gradient intensities reach abc
ents, one could now derive the necessary correction paramdtdi/m (22, 26, which is strong for most imaging applications,
for the pulsed field gradient width or intensity via Eqs. [2]-[4]sufficient for some diffusion applications, but not strong enougl
Due to the digitally limited resolution (16 bit) of the currenfor measuring small diffusion coefficients, or substances witl
amplifiers used, the perfect adjustment of the pulsed gradishiort spin relaxation time&7). Modern commercial systems as,
intensity is not always possible when using ultra-high intensityg., described in Reflb) provide pulsed field gradients of up
pulsed field gradients (see Section 5). However, there is a caimabout 10 T/m. However, as also pointed outlif)( care must
pletely identical and even more convenient way to achieve the taken when pushing these systems up to their nominal limit

d. A Convenient Approach to an Automated Compensation
of the Mismatch of Pulsed Field Gradients
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Only in exceptional cases, higher pulsed field gradients arePSPPC as current source for ultra-high-intensity pulsed field
reported. They are based on homebuilt power supplies andgoadients. In order to increase the output voltage of commer-
specially designed gradient coils. cially available gradient current power supplies one can con

The homebuilt PFG spectrometer in the NMR group of theect two (or more) of them in series. For two TECHRON 8606
Max-Planck-Institut @it Metallforschung in Stuttgart (as is de<(36) used in the PSPPC, the supplier recommends the so-calls
scribed in 28)) was modified in 1990 to be capable of genpush—pull configuration in which the gradient coil is wired in
erating magnetic field gradient pulses of up to 50 T28)( the middle of two power supplies (see lllustration 3—1 in Ref.
It has been used for diffusion measurements in lithium wii37)). Since each of the TECHRON power supplies is capable
field gradient pulses of up to 35 T/n3@). Recently, the sys- of generating+150 V, the effectively available voltage at the
tem was equipped with an actively shielded anti-Helmholgradient coil is+300 V. Each amplifier is rated for currents of
gradient coil (10 mm sample diameter) and with a new grap to£100 A. The push—pull configuration does not change this
dient current power supply, which consists of a directly binamaximum available output current. However, the increased volt
coded current source (DBCCS). Since the present spectrorage across the gradient coil has the advantage that the rise a
ter design is only reported in a German Ph.D. the8i§,(a fall times of the pulsed gradients are shorter than with a singl
brief description of the principles of the DBCCS may be foundmpilifier.
below. The gradient coil driven by the PSPPC is the same as that us

Since 1993, magnetic field gradient pulses of up to 25 T/far the routine unipolar pulsed field gradient applicatic2 (It
are used in routine measurements at the university of Leipzigs an ohmic resistance a#12, an inductance of 220H, and
(4, 24). The gradient coil is an actively shielded anti-Helmholta current-to-gradient conversion ratio of 0.35 (T/m)/A. With the
coil with 7.5 mm sample diameter. The power supply consistsaximum available output current of the PSPPG-AD0 A, it
of a highly stabilized and adjustable voltage source proviglields a maximum gradient af35 T/m. The gradient rise time
ing the necessary current pulses of up to 70 A by dischafgem 0to+35 T/mis 120us. To maintain the maximum current
ing as many sets of capacitors as field gradient pulses areatter the initial rise period, a voltage af140 V is required
quired. across the coil, which is about a factor of two less than the

In 1998, Callaghar?7) introduced a system which is capablenaximum output voltage of the PSPPC. This ensures that th
of generating 40 T/m gradient pulses. It uses a small quadrupgtaxver amplifiers are still well protected from overloading when
gradient coil (3 mm sample diameter) and is driven by a powttey supply their maximum output current. Moreover, it provides
supply suitable for 40 A current pulses. However, R27)@c- enough voltage gain for fast switching times required for nearly
tually reports only experiments with pulsed field gradients of ugctangularly shaped pulsed field gradients.
to 25 T/m.

b. Triggering of the Pulse Sequence to the Phase

DBCCS as current source for ultra-high-intensity pulsed field of the Lab Main AC Power Source
gradients. The DBCCS works like a conventional DAGY).
Current pulses of up te120 A with a maximum duration of
9 ms can be adjusted in steps1.875 A. Currents of 1.875,

As mentioned in Section 3b, a most prominent source fo
small mismatches of the pulsed field gradients might be th
ée_sidual hum of the gradient current power supply. In principle

3.75, 75,150,300, and 60.0 A are provided by power MO radient power supply with no hum would solve this prob-
FETs (so-called Single-Die-MOSFETs, type 10026.N, AP‘I%r% Howevper such rfpgwer supply is expensive or mostFI)ikeI
USA) in parallel connection. The 15.0, 30.0, and 60.0 A steps y P PPy b ’ Y

are produced by 2, 4, and 8 MOSFETS, respectively. An ad&\_/en impossible to produce. But there is an easy way to cir

tional MOSFET with an adjustable current between 0 and 1%1mvent this problem: The stochastic _mstabllltles of the grat_jl-
. . : ent current pulses, caused by the residual hum of the gradie
is used for the generation of small read gradients.

. ! X . . . r:urrent power supply, may be transfered into a reproducibls
This system is used in routine measurements with unipolar : o i
i : . “mismatch if the pulse sequence is triggered to the phase of Iz
pulsed field gradients of up to 25 T/m. Most of the applications . : o . .
) : o : main AC. The gain of stability is demonstrated in Section 5.
are in the field of hydrogen diffusion in metallic systems (s . . . . .
X : uch triggers are commercially available. A trigger designec
Refs. 82-34 and references therein). Recently it was used [0 o :
. A ; Resonance Instruments (GB), which is incorporated in th
accurately determine the diffusivity of hydrogenin paramagnetlé/
: . : . .~ spectrometer console of the same manufacture, was used for t
intermetallic compounds by applying alternating pulsed fie SPPC
gradients of up ta:25 T/m 35). '
Since the effort for design and construction of the DBCCS .
. . . . C. The Spectrometer Electronics
makes this system very expensive, an alternative gradient power
supply for generation of similar ultra-high alternating pulsed The spectrometer designed forthe NMR diffusion studies witt
field gradients was designed. It is based on the combinationulfra-high-intensity alternating pulsed field gradients is home:
two (or more) commercially available gradient current powesuilt using commercially available electronic components for the

supplies in the so-called push—pull configuration (PSPPC). rf synthesizer (PTS 500, Programmed Test Sources, Inc., USA
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the rf-power amplifier (RF20000-150P, R.F.P.A.S.A., France), 10 , , , , , I |

and the spectrometer console (MARAN ULTRA, Resonance Ok o 8 ¢ © o 0 06 0o o o o o o ©°
Instruments, GB). The PSPPC as well as all other spectrome e,
ter components are directly controlled via the MARAN ULTRA —10 - ., T
console, which itself is controlled via a host PC running RINMR _ —20 |- . -
software (Resonance Instruments, GB) under WINDOWS op-£ _soL . i
erating software. The gradient control of the MARAN ULTRA 3 .
console offers 16-bit resolution in the gradient power channel.  —40 - 7]
This corresponds to a resolution of abdat® mA at the output -50 | * .
of the PSPPC which is sufficiently small for the generation of

. . : ; ) -60 o
read gradients. The spectrometer is equipped with a wide bor
9.4 T sc magnet (Bruker, Germany) and operates &t ges- —700 ; 1'0 1'5 2'0 2'5 3'0 3'5
onance frequency 400 MHz. In a modification of the name of o (T/m)

the previous systefREGRIS 40(24), this new spectrometer is
calledFEGRIS 400 NTRF probe design and temperature con- FIG. 3. The dependence of the spin echo position on the intensity of th

trol of the samples are very similar to the older system and mbigolar pulsed field gradients. The uncompensated (initial) position, which i
be found in 24). caused by stable remaining mismatch, is shown by crosses. Circles show t
position after automated compensation. Residual deviations smalletthas
are permitted.
5. RESULTS AND DISCUSSION

a. Enhancement of Electronic Stability of Current Pulses successive measurements with a single scan and pulsed fit
. S i adients switched off. The read gradient is set to 53 mT/m u¢
When only small read gradients are applied, instabilities 8 9

the spin echo generated by the 13-interval sequence (Fig'l gthe PSPPC. Under these conditions, the width (FWHM) o

: spin echo in time domain is about 10@. Clearly, shifts
are observed. In the PSPPC concept (and perhaps in most o& . "
power supplies connected to the main lab AC power lines), th The spin echo position of up @35 s are not acceptable

instabilities are caused by a small ripple of the read gradien reliable diffusion measurements since they are connected
y bp g signal amplitude distortions due to inevitable inhomogeneitie:

which ariges from.the hum of the current source. The appearaileih e siatic magnetic field and transverse nuclear magnetic r
of the spin ech.o Is also contrqllgd by Eg. [2], but—due to t.hl xation (L6, 17, 20. Signal averaging in time domain is not
hum—the gradients do notexhibit well-controlled shapes, whi ossible under such conditions. Since the hum, which contro

prevents an easy prediction of the shift of the spin echo positi Rese shifts, is not a random process, the distribution of the shif

However, the influence of the hum on the spin echo POSE ot expected to be a Gaussian function.

tion can be observed experimentally. In Fig. 2, the distribution . . .
. X . . By triggering the rf pulse sequence to the phase of the mair
of the position of the spin echo maximum is plotted for 25gupply, the shifts of the spin echo positions are reduced by mo
than a factor of 10 (see Fig. 2). They are now smaller thams
for the used settings of the read gradient. Moreover, it is mos

12 remarkable that these shifts from scan to scan do not increa:s
3 i when the pulsed field gradients are switched on. Figure 2 demo
strates this for the APFG NMR experiment with the 13-interval
08 | sequence usingh =21 ms,t =3 ms,§ =0.8 ms, and an in-
. tensity of the pulsed gradients &f35 T/m. However, a stable
F06 shift of the spin echo position in respect to the observed positio
o without pulsed field gradients occurs. According to Eqg. [3] this
0 r stable and reproducible time shift must originate in slightly dif-
- ferent field gradients during the prepare and read interval of th
' pulse sequence. These differences might be caused by therr
0 ___I_I_l_l_l_.J_]_L_I_I_l_._l__ effects in the gradient coil/current source system and in resic

35 30 25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 ual eddy currents in the room temperature bore of the magne

At (ps) respectively. Because of its reproducibility this remaining time

S . _ shift can not result from any stochastic process (e.g., noise

FIG. 2. The probability distributionp(At) of the time shiftsAt of the  Thjs time shift, which was calculated using the convolution of

spin echo position due to the hum of the gradient power supply. The large . h in the ti d . ding to th d
shifts, observed without pulsed gradients and without trigger (black bars) red £ Spin echoes In the ime domain according to the procedu

significantly by using the trigger (white bars) and do not increase when applyifi§Scribed in Section 3c, was found to depend on the intensity
the bipolar pulsed field gradients (gray bar). the pulsed field gradients. It is plotted in Fig. 3.
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b. Automated Compensation of the Mismatch | | | | T T T
of Pulsed Field Gradients

According to Eq. [4], the observed time shift of Gds at
0p = £35 T/m would correspond to a necessary adjustment ir
one of the four pulsed field gradients in the order of10/m. o
This amounts to a necessary adjustment of the correspondir§
current pulse of 11 mA, which is in the order of magnitude of
the available digital resolution of the PSPPC. Thus, it is not
reasonable to adjust the amplitude of the pulsed field gradient:
However, by changing the duration of the read gradient in the
prepare interval as suggested in Section 3d, the mismatch |
compensated and the spin echo arises at the correct position. T
results of this procedure are also shown in Fig. 3. By applying 0 2 4 6 s 10 12 14 16 18
the correctiort; of the read gradient in the prepare interval in (v59)2(4A — 27 — 25) (101%s/m?)
the repeated, second experimental run, the deviation of the spin
echo position from the position without pulsed field gradientsFIG. 5. Spin echo attenuation versus gradient intensity for PEE-PDMS
is—even for the largest pulsed field gradients app"ed_sma”yrusing the 13-interval sequence at different tempeljatures (‘With the increa
than 2 pus. Trs is acceptable since i Is suficiently smaff? 365, ® 225 2909 304 3 210 € especa) s 500
compared to th_e W'(_jth of the spin echo in F'me doma”_] _and doﬁ%he origin arise from a small, much faster part of the sample.
not exceed the inevitable scatter of the spin echo position due to
the read gradient alone (see Fig. 2).

The semi-logarithmic plot shows that the observed spin ech
attenuation is single-exponentially decaying with the square o
the applied field gradient strength. The correlation coefficien

Thetestresults described above evidence that pulsed field gratained is 0.9997. Moreover, the self-diffusion coefficient of
dients with alternating polarity of an intensity of up#®5 T/m  (1.364 0.01)x 10-12m?/s determined from the slope of the spin
may be generated with high stability and reproducibility uscho attenuation is in the range expected for dry glyced8] (
ing the introduced hardware. Inevitable mismatches of su8B) at 298 K. It is most remarkable that even with the ultra-high
pulsed field gradients can be detected and compensated witksed field gradient intensities, the scatter in the experimer
a high accuracy by the proposed procedures, which were itally determined spin echo attenuation is very small althougt
plemented as software routines in the spectrometer host B NMR signal is attenuated by two orders of magnitude. Thus
This concept's ability to yield reliable spin echo attenuationtie inherent accuracy of these APFG NMR measurements |
which are needed for accurate self-diffusion measurementseipected to be very good.
demonstrated in Fig. 4. It represents the spin echo attenuatiofhe newly developed method was applied to measure th
measured with glycerol using the 13-interval pulse sequentemperature dependency of the self-diffusion coefficient of
dibloc copolymer PEE-PDMS (molar weight 10 kg/mol) in
a temperature range from 285.5 to 317.5 K. The results fo
. the applied 13-interval sequence with=1 ms, A =500 ms,
1 =25 ms andgpmax==£35 T/m are shown in Fig. 5. The
self-diffusion coefficient measured at the lowest temperature i
(3.0 4+ 0.1) x 107 m?/s. This corresponds to a mean square
displacement of/(z2) =55 nm. It is most remarkable, that
for such a small displacement the spin echo attenuation due
the pulsed field gradients is still 40%. Under consideration of the
thermal limit set by the averaged power dissipation in the prob
system, the maximum width of a single gradient pulse in the
13-interval PFG NMR sequenceds= 2 ms. Assuming, that an
attenuation of the spin echo intensity of 25 % is large enough tt
determine the slope of the echo attenuation curve, displacemer
of down to./(z2) = 20 nm become detectable theoretically.

In Fig. 6, the temperature dependence of the self-diffusior

FIG.4. Spinecho attenuation versus gradient intensity for glycerol by usin%oeffICIentS of PE_E'PDMS Ot?ta'”ed from th? PFG'NMR_mea'
the 13-interval sequence with = 21 ms,r = 3ms,8 = 0.8 ms, andgpmax=  SUrements described above, is represented in an Arrhenius pls
+35 T/m. The diffusion coefficient obtained is36 x 10712 m?/s. Considering the uncertainty of both the temperature and th

c. Self-Diffusion Measurements

10*

M (a.u.)

103

| | | | | |
05 1.0 15 20 25 3.0
(v09)%(44 — 21 — 30) (10'2s/m?)

g
o
w
o
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T | | T T since the spectrometer waits after the relaxation delay until
L 1 predefined (fixed) phase of the AC power is reached before tt
new scan is started. (i) The necessary detection of the spin ec
in the presence of a read gradient prevents multi-compone
diffusion studies with high-resolution FT APFG NMR.

A possible way to enable such high-resolution APFG NMR
diffusion studies might consist in the following procedure: Mea-
- - surement and compensation of the mismatch of the pulsed fie
- 1 gradients is performed as described with the small read gradie
in the prepare and read interval of the pulse sequence. After tl
correction timet, was determined, a third run of the pulse se-
guence is performed in which the read gradient is only switche

10-5 I ! ! L9 onduringt.. In the case that is negative, a read gradient with
3.1 3.2 3.3 3.4 35 opposite sign must be applied. Thus, the mismatch of the pulse
1000 (L) field gradients is compensated by the read gradient in the pr
pare interval, but, since during the detection of the spin ech

FIG.6. Self-diffusion coefficient of PEE-PDMS as a function of the inversgyo read gradient is applied, FT APFG NMR should allow the
temperature. separate detection of species with different chemical shifts. Th

approach is currently being tested.
diffusion coefficients, the temperature dependency of the self-
diffusion coefficient is found to follow an Arrhenius behavior ACKNOWLEDGMENTS
with an activation energy of (4& 0.5) kJ/mol.
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ing of the pulse sequence to the phase of the main AC power #1J. Karger and D. M. Ruthven, “Diffusion in Zeolites and Other Microporous
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