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A novel method is proposed for automated magnetic field a combination of a relatively small number of shim currents.
homogeneity adjustment in high-resolution NMR. The method  Sych methods were slow, showed poor convergence, and h
uses measurements of the edge frequencies of slice profiles 4 strong tendency to be seduced by local optima. The new:
recorded under static gradients to obtain three-dimensional methods based on field mapping enjoy a much greater volur
magnetic field maps and does not require significant extra . . . . . )

g P q g of information, typically using either a 1D or a 3D map of field

spectrometer hardware. Results are presented for the ‘‘cold” T
shimming of 5- and 10-mm-diameter probes in a 400-MHz distribution, and hence can be faster, more accurate, and mc

narrow bore magnet. © 1998 Academic Press rapidly and more reliably convergemt-{7). These methods are
Key Words: automated shimming; 3D shimming; field mapping; descendants of those which have been used successfully 1
profile shimming; gradient shimming. some time in magnetic resonance imagiBy The most pow-

erful approach demonstrated so far uses triple axis pulsed fie

gradients to provide a 3D field map based on the spatic
The process of optimizing the homogeneity of the statgependence of the phase shifts generated by adding an ex

magnetic fieldB, in high-resolution NMR spectroscopy waste$recession period to a proton spin echo pulse sequéndeut

a great deal of instrument and operator time. This processifis requires expensive extra hardware, is best suited to sal

shimming is conventionally performed by manually aldjustlngleS with a strong single proton resonance, and requires sef

the currents through a set Nfappropriately shaped correction, oo manning for each probe used. For practical high-resolutio

shim coils placed strategically about the field centr The spectroscopy it is greatly preferable to use the deuterium loc

object of the exercise is to find the .combination pf §him Collgsonance, since almost all samples can provide such a sign
currents that generates the most uniform magnetic field acr S most samples it is also sufficient to shim only alongzhe

the volume of interest, a relatively straightforward problem 0a]:xis since this is the direction along which most of the sample
optimization inN dimensions. Despite the simple formulatioq '

of the problem, efficient automation of the shimming proce o-sample variation in field homogeneity is concentrated, an

: . : e effects of field variation orthogonal mcan be efficiently
has proved intractable until comparatively recently. One efr'ﬁ'nimized by sample Spinningz axis shimming using the
cient general solution is to use a triple axis pulsed field gradienf y pi€ Sp ¥ 9 9

system to generate three-dimensional maps of the field impg?_utenum lock signal fo_r S|ngle_a_x|s spin e_cho phase mappin
fections and of the field shapes produced by each of the sfﬁ'r%s been s.hown to be, highly efﬂment both n systems equippe
coils, and then to use iterative fitting to determine the set Bfth @z axis puised field gradien(6) and in systems with
shim coil currents that best correct the observed field inhom@ly the slow “homospoil” facility to pulse the current
geneity @). This essentially requires that a high-resolutiof"rough thez, shim coil €).
spectrometer be turned into a magnetic resonance imaging'ndle-axis automated shimming methods are adequate f
system, at considerable cost. This paper describes one posdJHi§t Purposes in routine high-resolution NMR spectroscopy
method for performing full three-dimensional shimming withbut there are two situations where full 3D shimming is essentic
out the need for additional hardware, using pulse sequené®l which typically lead to disproportionate amounts of time
that do not require rapid switching of field gradients. being spent on manual shimming. These two cases are whe
Until recently, most methods for automated shimming ifixcellent instrumental lineshape is required for a static sampl
high-resolution NMR relied on a single parameter as a criterié@ example, where an J© resonance must be suppressed, an
of field homogeneity, usually either the amplitude of a contirwhere a new probe or magnet is to be commissioned. Since tl
uous wave lock signal or the integrated power of a free indugrmer case is generally less difficult than the latter, it is the
tion decay 8). A typical approach would be to use simplexase of cold 3D shimming that will be concentrated on here
optimization to seek the strongest lock signal achievable usifie purpose of the present paper is to examine the possibiliti¢
for automated cold 3D shimming without expensive extra
1 To whom correspondence should be addressed. hardwares and to demonstrate one method that can allo
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automatic 3D shimming on many instruments with no signif- Sample Profile
icant hardware changes.

Field mapping by measuring the spatial dependence of T _____F_ o __.__.___,
spin echo phase shifts is highly effective, and with a suitable
pulse sequence could be applied in three dimensions without
the need for rapid field gradient switching. Unfortunately
few modern spectrometers offer real-time control of any

shim other tharz,, partly because of the modern tendency to

rely on microprocessor-controlled shimming hardware. It is —m*
arguable that this enthusiasm for distributed intelligence has , '

spread its intelligence too thinly: it would be possible to i i
perform 3D phase mapping on older systems with real-time ST
control of shim currents, despite the long settling times Position Frequency

required. Without the ability to switch transverse field gra- g 1. Relationship between the integral of the sample spin density ane
dients during the course of a pulse sequence, an alternativgintegral of a spectrum measured under a strong linear gradient. A profi
strategy is required. One obvious approach is to use thas measured through a 5-mm sample of CHGICDCI; on a 300-MHz
information contained not in the phase but in the amp”tud@rian INOVA instrument, using the pulse sequence of Fig. 2 wighadient

. . . - ! ses provided by the homospoil facility and a constemtadient of approx-
of a 5|gnal proflle measured in the presence of a linear fleﬁn&ately 0.04 G cm™. A time shift of approximately 4 ms was used to allow

gra'dient. Th? idea of “profile shimming” hasl b'een d€for the slow rise and fall of the homospoil pulse. Other experimental param
scribed previously, notably by Conove®)( and is in es- eters were similar to those given in the main text for Figs. 4 and 5.

sence very simple. If a sufficiently large field gradient is
applied that the net magnetic field changes monotonically as
a function of distance along the gradient axis, then theln principle, by measuring profiles along a range of direc-
frequency at which the integral of the signal reaches a givéions q for different z positions it should be possible to con-
fraction of its total will correspond to the position at whichstruct a 3D map of sample frequency as a function of positior
the same fraction of the sample volume has been travers&te process of analysis would not be straightforward, howeve
halfway up the integral corresponds to halfway across thecause of the difficulty of extracting unambiguously the re-
sample. quired information about the signal frequency in the absence c
Applied toz axis shimming in high-resolution spectroscopyan applied field gradient from the profiles measured in the
the quantitative implementation of amplitude profile shimmingresence of such a gradient. Problems arise because for a
is not straightforward, since the signal measured as a functiodividual directionqg there are many possible field distribu-
of zwill depend in a complicated fashion on the choice of pulgens that would give rise to the same amplitude profile; only
sequence and on the variation of radiofrequency field strengthen a complete set of profiles sampling all directions
B, along the sample. In the transverse plane, however, tailable can the ambiguities be resolved, a process analogc
signal profile as a function of position is defined very accue the use of projection—reconstruction algorithms in magneti
rately by the use of a precision cylindrical sample tube. Forrasonance imaging. Rather than proceed to try to extract all «
sample of radius, and mapping along a read gradient axet the information potentially available from the profile ampli-
right angles ta, if the small transversB, inhomogeneity can tudes, it is sufficient to note that no ambiguity arises at the
be neglected then the relative signal integral as a function eftreme edges of the spectrum: the frequency at the edge of t

position is given by spectrum is the frequency at the edge of the sample. B
recording the frequencies of the edges of the profiles as
1(q) = q V,fqz + r2sini(q/r) + wr2l2 [1] function of gradient direction and afposition, it is possible to

build up a 3D map of frequencies at points on a cylinder aroun

. . the inside surface of the sample.
whereq is the displacement from the sample center. Thus by _. . .
Figure 2 shows a practical pulse sequence for acquiring

measuring the signal profilf(z) under a transverse field 9" colective profiles in the presence of a small constant transver

dient G, the ! elatlc_)nsh|p betwegn position and frequency C3id gradientG,, chosen to give a profile at least 10 times wider
be found by inverting the functioh a X
than the unshimmed lin&, may be large or small compared to
the final required shim gradients, depending on the quality of th
L raw By field. The selectivity needed in tredirection can be
q(v) =1 S(v)dv [21  achieved by applying a selective refocussing pulse undéiei
gradient in a spin echo sequence; theosition of the slice
through which the profile is to be taken is determined by the
Figure 1 illustrates this process diagrammatically, for a@requency offsetAv of the 180° pulse. A typical slice width
experimental signal profile across a 5-mm NMR tube. corresponds to about 10% of the active signal volume; much les
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FIG. 2. Pulse sequence for measuring-selective signal profile in the presence of a weak transverse field gradient. Normal EXORCYCLE phase cyc
(10) is used; the delayA are sufficient to ensure that perturbations of the static Bgldy the gradient pulses have died away. Whereztheadient pulses have
a slow response (e.g., shim homospoil pulses are used), the central gradient pulse must be moved backward in time to allow for finite rise and fall t
The exact timing of the onset of data acquisition is adjusted to minimize frequency-dependent phase shifts, and the timing of the change in transmitter fr
is chosen to minimize the dependence of signal phase on the dfiset

would impair sensitivity, much more would slow convergencsignals measured. The former issue is best dealt with by usir
and degrade the accuracy of mapping for higher order axibe signal integral as a criterion: the “edges” of the signal
gradients. As with any spin echo pulse sequence, reasonable papoéile are taken to be where the signal integral crosses (sa
should be exercised in calibrating both pulses. Provided that the 5% and the 95% thresholds. The closer the thresholds a
pulsedz gradient is much larger than the small transverse gradiesgtt to 0 and 100%, the closer the frequencies determine
G, applied, the tilt of the selected slice away from thyeplane become to the true edge frequencies, but the more susceptil
because of the presence ®f may be neglected. Because goothe measured frequencies are to systematic errors. The lat
signal-to-noise ratio is needed if the edge frequencies of the sigimallude phase variation with read gradient orientatipand
profile are to be determined accurately, this type of amplitug@sitionz, baseline offsets, and lineshape disturbances caus
mapping is best applied to samples with a strong proton sigriay. spurious echoes. Phase variations can be reduced (but r
Problems with radiation damping can be avoided by using tvaiminated) in practice by adjusting the timing of data acqui-
extra gradient pulses to ensure that the full proton magnetizatiition and of the frequency shifty, and the effects of residual
only remains transverse for a short time. Whergeadient with phase errors can be suppressed by automatic zero-order ph
long rise and fall times (as is the case for homospoil pulses)dsrrection of the profiles. Baseline errors can again be mini
used, the timing of the field gradient pulse with respect to timized by appropriate choice of pulse sequence timing, witl
refocussing pulse will need empirical optimisation. The secomesidual errors corrected by software. In practice the phase ai
half of the spin echo is recorded and Fourier transformed to gikaseline correction can be carried out using a simultaneot
a phase-sensitive amplitude profile; long echo times may bptimization. Spurious echoes arise when the off-resonanc
necessary where slow gradient pulses are used, in order to awffdcts of the selective and nonselective pulses are part
perturbations caused by field disturbances and eddy currentrefocused by the field gradients; the echoes are generally sm
fects. EXORCYCLE phase cyclind.() is desirable where time but occasionally troublesome. These echo effects disappear
averaging is used. the field homogeneity improves and do not greatly interfere
The analysis of the experimental data in edge frequenajth the convergence of automated shimming, but a mor
mapping is much simpler than in full 3D amplitude profilelegant approach might be to use two selective refocusin
mapping. If profiles are recorded under two equal and oppogitelses rather than one, canceling the offset (and hehce
field gradientsG_ , andG_,, which are both strong compareddependence of the phase of the refocused signal.
to the field inhomogeneity, then if the lower frequency limit for Having established a viable method for sample edge frequen
the +q profile corresponds to the left-hand edge of the samplaapping, automated 3D shimming requires that sufficient mee
the same point will correspond to the upper frequency limit glurements be made to map the magnetic field adequately. T
the —q profile, and vice versa for the right-hand edge. Thus theimber of edge frequency measurements made will determine t
average of the lower frequency limit for thieq profile and the order of correction obtainable: in principle any number of shims
upper frequency limit for the-q profile will be the frequency can be optimized provided sufficient points are measured. Tc
at one edge of the sample in the absence of an applied gradiéew; measurements will fail to characterize all the gradients the
and the average of the upper frequency limit for thg profile could be corrected with a given setd&him coils, and will show
and the lower frequency limit for the-q profile will be the poor convergence to an optimum solution; too many measure
frequency at the other, as shown in Fig. 3. ments will be expensive in time. Two diametrically opposed
Two factors complicate the extraction of edge frequencigsoints are determined for each pair of experimental profiles;
the limitations imposed by noise, and systematic errors in tenple strategy for selecting mapping points is to seek a helic:
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FIG. 3. lllustration of the calculation of the frequencies at the edge of a cylindrical sample using two profiles measured using (top) a positive and (b
a negative field gradient. For linear applied gradients the frequeney the left-hand edge of the sample in the absence of an applied gradient is the aver.
of the two frequencies marked L, ang at the right-hand edge is the average of the frequencies marked R.

sampling pattern in which these pairs of points are distributéor one profile and
approximately evenly over the surface of the sample. The mini-

mum number of sampling points required to allow the settings of 2 —1—M

N shims to be determined is in princigie+ 1, but because of the G,= —G,co{ 27h (ZI\/I—Z)}

need for a compromise between approximately uniform sampling

of the sample surface (to ensure best homogeneity over all the ] 2i—-1-M

sample) and the need to sample sufficiently finely (in order to G,=-G S'”{27h<2M_2>} (5]

determine the best settings for high order shims), practical exper-
iments sample significantly more points. The helical sampli a o

pattern lends itself readily to automation, since the desired cg a;hé Zﬁ'ﬂhgﬁgi:{?&r:;?gsr\;ziitrssg dgf;)as(?ilsgtslesleogtirgr?gn
ditions can be established simply by incrementing linearly the r

. o IS G,.
?:;gﬁ;;‘;%e;ﬂ]ef;gi ;3,2 pulse and the anglknade by the Once a complete set ™M pairs of profiles has been acquired

For a set oM pairs of profiles covering a helix &fturns and for the current state of th‘? field: a further series' o sets of
length Az, theith pair of profiles will have a frequency offset.proflles can be measurgd in which each oflthehwp ccgjrrents
for the selective 180° pulse of is offset in .turn.. Extraqtlng theM edge frequencies; frqm
the 2V profiles in the first set gives a 3D map describing the
spatial dependence of the rdy field; the edge frequencieq
2i —1- M)\ [(vG,Az measured from the remaining sets of profiles describe the
V= ( 2M — 2 ) ( 27 > [3] spatial dependence 8 with each in turn of the shim currents
changed. Representing the r&yfield map as a vectde® =
(19,19, . .. W), a set ofN shim mapsS' = (v1, vl, ..., vhy)
— F°can be constructed which describe the shapes of the fiels
generated by each of the shim coils. If the starting set of shir
2i—1-M currents is represented by a vectbr= (I, I,, .. ., 1) then a
2|\/|_2)} vectorAl® = (AlS, AlS, . . . AlR) may be defined which consists
) of the changes made to each of the shim currents when co
G.,= +G sin{th<2| -1- M)} [4] structing the shim maps. The information obtained on the
Y ' 2M — 2 dependence of field shape on shim currents is then summariz

and transverse gradients

G = +Grco{ 27h (
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by the matrixB whose columns are the vectd8§divided by
the appropriate component & °: B

B; = (! — »0)/AIL. [6]

The problem of shimming then reduces to using the infor-
mation contained iiB to find a correction to the shim currents
| that will make the components of the field m&pas near
equal as possible. This is a standard problem in least squares
fitting, to which algorithms such as singular value decomposi-
tion (11) are well suited. Once a correction vecid has been
calculated from the starting field m#3, the shim currents can
be set to incorporate this change and a second Flagan be .
measured and a second correction vector calculated using the
matrix B, and so on until a sufficiently flat field map has been
obtained. In practice, any instrument on which such a scheme
can be implemented will also be capable of performing phase
profile mapping along theaxis 6), using either a rapid pulsed A
field gradient system or a homospoil. Since phase profile
mapping is both quicker and more convergent than edge fre- /
guency mapping, it is generally more efficient to interleave M 10
cycles of 3D edge profile mapping azghase mapping than
to rely purely on edge profile mapping.
The procedures described were implemented on two Varian™ N
INOVA instruments, a 400-MHz spectrometer wittpulsed
field gradient facilities, and a 300-MHz spectrometer with only FIG. 4. *H lineshape of TMS, obtained at 400 MHz using a 5-mm indirect
a homospoil, using the pulse sequence of Fig. 2. The Orﬂgection prqbe, fora_\nonspinning sample ofdio_xane and TMS in _g:mCI
hardware modifications to the two instruments were the ad I_eshape with all shm_1 cur_rents set to zero. B: !_lne:_shape after 1.7 interleave
. ) . ” ] ] ycles of 1Dz phase shimming and 3D profile shimming; full linewidth at half
tion of automatic radiofrequency switching for conveniencgignt is 0.6 Hz.
when using deuteriurephase profile shimming, and a change
to the value of one capacitor in the homospoil duration limit
circuitry of the shim current controlle6). Software for the field gradient pulse was of duratidy = 2.84 ms, and the two
analysis of the profile data was implemented in C within th&horterz gradient pulse8, for the reduction of radiation damping
Vvnmr software package, using the approach described abedfects, of equal amplitude 2.74 G crh) were both 1 ms. At the
with the singular value decomposition algorithm of Rdfl)( start of the experiment all the currents through the room tempe
Samples with strong proton signals were used, as discuss@te shim coils were set to zero, and shim maps for botlz 1D
earlier, with deuterated solvents included to allow automateghhase profile shimming and 3D proton profile edge frequenc
axis shimming using the method of Re&).(Both systems used shimming were measured. Interleaved cycles of automated 1D
a 13-channel shim set, with nominal shagész®, z°, z*, z°, shimming ¢ to Z only) and 3D shimming were carried out until
X, Y, Xy, X2—y?, xz, yz, X3, andy®. satisfactory convergence was obtained. In total, 14 cyclesod
Figure 4 shows cold shimming results obtained at 400 MH& cycles of 3D shimming were used; the final result was ¢
using a 5-mm indirect detection probe. 3D shimming was perenspinning proton linewidth of 0.6 Hz, as shown in Fig. 4A,
formed using a strong proton signal from dioxane in CP@ith  obtained in a total time of approximately 3.5 h.
TMS added as a linewidth standard. A 6-turn helical sampling Figure 5 shows results obtained at 400 MHz using a 10-mr
scheme with 29 pairs of points coveringzadisplacement of broad band probe without pulsed field gradient facilities. 3C
approximately 12 mm was used. Two transients were recorded$tbimming was performed using the proton signal from 40%
each profile, with a spectral width of 200 Hz, a data acquisitiatioxane in GDg. The same sampling scheme was used as fc
time of 5.12 s, a recycle time of 7.12 s, and a delayf 100 ms. Fig. 4, but in this case the 3D shim maps z2, X, yh, Xz,
A simple rectangular soft 180° pulse of duration §40was used, yz, xy, x?y?, x*, andy® were measured with close to optimum
with azfield gradient of 2.74 G cm* produced using the actively shim settings, in a time of approximately 12 h; using shim
shielded gradient coil of the probe and the Varian Performariaps obtained with optimized shims speeds convergenc
gradient amplifier, giving a profile slice thickness of approxislightly. Eight transients per profile were recorded, with a
mately 1.9 mm. The transverse read gradient, provided by theectral width of 400 Hz, an acquisition time of 5.12 s, a
normal shim coils, was approximately 0.06 G cmThe central recycle time of 7.12 s, and a delayof 400 ms. A longerA
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FIG. 5. *°C lineshape of gD, from a nonspinning 40% dioxane/60%

CeDs sample, measured at 400 MHz using a 10-mm broad band probe.
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to perform full automated shimming without using a triple axis
rapid pulsed field gradient system. There is considerable scope f
improving both the speed of convergence of the technique dé
scribed and the quality of the end results obtainable; in its prese
form it uses only the profile edge frequencies, which are a sms
fraction of the total information available from the profiles. The
principle of 3D shimming with modest instrumental resources
having been established, however, another attractive propositic
is to examine the minimum hardware requirements for 3D phas
profile shimming. It should be possible to perform 3D phase
mapping using pulsedandy shim coil currents, despite their low

amplitude and slow response, if hardware for their real-time
control can be implemented. This would greatly reduce the tim
and sensitivity demands of 3D automated shimming at mode:
cost. Work is now being done on the testing of such an approac
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delay than for the 5-mm probe was required since the homo-

spoil, which has long rise and fall times, was used to produce
the z field gradient for the 10-mm probe. A rectangular soft
180° pulse of duration 9 ms was used, witafield gradient of -
0.35 G cm* produced by the homospoil facility, giving a 2:
profile slice thickness of approximately 1.5 mm. The transverse
read gradient, provided by the normal shim coils, was appro>§’-'
imately 0.05 G cm*. The central field gradient pulse was of
duration 8, = 32 ms, but displaced from the center of the -
selective 180° pulse bt = 6.5 ms, to account for the
relatively long rise and fall times of the homospoil. To reduce
the effect of radiation damping the two shorter homospoip,
pulses used were of duratighh = 5 ms. Prior to cold shim-
ming, maps of shims" to 22 were obtained with optimum shim 7.
settings, using 1x shimming. At the start of the shimming
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