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Powered resistive and resistive-superconductive hybrid magnets can reach fields higher than supercon-
ducting NMR magnets but lack the field homogeneity and temporal stability needed for high resolution
NMR. Due to field fluctuations in powered magnets, commercially available mapping systems fail to pro-
duce maps of these magnets with sufficient reproducibility, thus hampering attempts to improve homo-
geneity of the field they generate. Starting with a commercial mapper, we built a mapping system which
uses a two-channel (measurement + reference) mapper probe. We used this system to map and then to
shim two magnets of Florida Bitter type at the National High Magnetic Field Laboratory in Tallahassee, FL.
With a combination of passive (ferromagnetic) and active shims we achieved 2.3 ppm homogeneity in
1 cm diameter spherical volume (dsv) at 25.0 T in the Keck resistive magnet, and 0.9 ppm homogeneity
in 1 cm dsv at 23.5, 28.2, and 35.2 T in the series-connected resistive-superconductive hybrid (SCH)
magnet.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

In areas such as high-resolution NMR where high magnetic field
homogeneity is critical, homogeneity of an as-built magnet rarely
satisfies the end user. Before the magnet is put to service, the field
is corrected using electric currents and/or pieces of magnetic mate-
rials. The art of magnet shimming dates back to the early days of
NMR itself [1].

A systematic approach to shimming starts with a field map,
often expanded in a series of spherical harmonics [2]. In a typical
NMR mapper a single NMR sample is advanced step-wise along a
certain trajectory, and the resonance frequency of the NMR sample
is recorded at each stop. The trajectory can be helical [3] or heli-
spherical [4]; some mappers use a 3-dimesional grid of points
[5]. Variants of this method include multiplexed systems where
several samples are positioned on a circle [6] which moves axially,
or a semicircle [7] or an arm [8] which makes a radial sweep. Using
such arrays reduces the number of stops on the trajectory and
shortens acquisition time. Since the field of persistent supercon-
ducting NMR magnets is virtually time-independent, such sequen-
tial or parallel-sequential acquisition does not introduce significant
errors. In comparison, water-cooled DC-powered magnets produce
relatively large temporal magnetic field fluctuations from noise in
the power supply and changes in the temperature and rate of the
magnet cooling water [9]. Unless special arrangements are made,
the amplitude of these fluctuations sets the floor to mapping
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precision: when fluctuations exceed the spatial field distribution
across the volume of interest, sequentially-acquired map data gets
buried under variations in the NMR Larmor frequency.

Most modern high-resolution NMR spectrometers use persis-
tent superconducting magnets. However, there are no such mag-
nets capable of producing more than 23.5 T, while powered
resistive magnets and resistive-superconductive hybrid magnets
routinely achieve sustained fields up to 45 T [10]. Although pow-
ered resistive magnets can reach extremely high fields, they have
not typically been designed to achieve field homogeneity better
than about 1 part per thousand. Consequently, until recently rou-
tine use of ultra-high field powered magnets for NMR spectroscopy
was limited primarily to ultra-wide line experiments [11,12] due
to both insufficient homogeneity and strong temporal fluctuations
of the magnetic field. NMR spectroscopy at ultra-high magnetic
field promises increased sensitivity and resolution, especially for
half-integer quadrupolar isotopes [13–15], and is expected to pro-
vide new insights into the structure of materials and biological
samples. For that purpose it is important to improve the homo-
geneity and stability of fields in powered magnets.

Several reports on high-resolution NMR in resistive magnets
focus on innovative techniques to circumvent shortcomings of
these systems. Sigmund proposed using a conductive cylindrical
shield to reduce the decoherence effect of fluctuating fields
[16,17]. Li proposed using feedback control based on an inductive
sensor to reduce high frequency fluctuations [18]. Additionally,
several investigators introduced experimental techniques to mini-
mize the effect of field fluctuations and inhomogeneity [19,20]. In a
pioneering project, Van Bentum and co-workers addressed both
the spatial and temporal limitations of a 24 T Bitter-type magnet
[15]. They carried out field mapping first by a rapidly moving
inductive sensor to determine the axial inhomogeneity, then can-
celed the Z2 and Z4 terms with a ferromagnetic cylinder. They then
carried out a helical NMR field map to determine other low order
inhomogeneity. A two-stage system based on inductive sensors
and an integrating preamplifier was used to correct for drift and
noise during the map. Small amounts of material were removed
from the ferromagnetic cylinder to correct for radial inhomogene-
ity. As will be the case in our study, ultimate homogeneity was lim-
ited by the reproducibility of the position of the Bitter coils during
magnet maintenance. Similar issues with field stability have been
encountered with low-field electromagnets used for MRI. A sta-
tionary reference NMR channel as a part of a multiplexed NMR
mapper probe was successfully used to shim a 0.15 T water-
cooled resistive whole body imaging magnet [8].

A number of Bitter-type powered resistive magnets with
improved homogeneity have been built at the NHMFL to be used
for high demanding applications such as magnetic resonance. The
series-connected hybrid (SCH) magnet with superconducting out-
sert and Florida-Bitter type resistive insert reached 36.1 T field in
November 2016 [21,22]. Prior to the completion of the SCH mag-
net, NHMFL users could choose between two resistive magnets
with higher field uniformity than a standard high field magnet.
The 25-tesla, 52 mm bore all-resistive magnet funded by the W.
M. Keck Foundation (Keck magnet) was completed in 2000 [23]
and was the first magnet to produce high resolution 1H spectra
above 1.0 GHz [19]. The other magnet generated up to 29 T in a
32 mm bore [24,25]. In the current project we used passive and
active field correction elements to further improve the fields of
the SCH and Keck magnets, while the 29 T magnet did not provide
enough room for such correction. Recently, the Keck magnet was
used as a test bed for developing technologies necessary for NMR
on the SCH magnet. Both resistive magnets were decommissioned
shortly after the SCH magnet reached its target field.

In this paper we report using a differential mapping technique
based on reference mapper hardware for successful acquisition of
NMR maps in the Keck and SCH powered magnets at the NHMFL,
and convergence of the two magnets with a combination of passive
and active shims to 2.3 and 0.9 ppm respectively. In order to
improve the precision of maps beyond the field fluctuation limit
of powered magnets we added a stationary (fixed) reference chan-
nel to a commercial mapper probe connected to the second recei-
ver of the spectrometer. This channel provides simultaneous
measurement of the time-dependent background field for each
point of the sequentially acquired map. The homogeneity achieved
is sufficient for a broad range of experiments in solid state NMR
and NMR of quadrupolar nuclei. This result is also a significant
improvement over 20 ppm [15], 12 ppm [23], and 5.6 ppm [26]
reported previously for shimming Bitter-type resistive magnets.
With this work we complete the two-decades-long challenge
[23,27] to reach 1 ppm field homogeneity above 24 T.
2. Instrumentation

2.1. Shim systems

Unlike persistent superconducting NMR magnets, the Keck and
SCH were constructed without superconducting shim coils. Conse-
quently, it was necessary to provide each magnet with both coarse
and fine field corrections. After evaluating an approach of high-
current water-cooled active shims within the housing of the resis-
tive coil [28], we selected a combination of ferromagnetic inserts
[2] for rough field correction, with active shims coils carrying
0.5–1 A for fine-tuning the field homogeneity. Combining active
and passive shims has been successfully used before for ‘‘un-
shimmable” magnets [29–31]. Given the space constraints and
the necessity to remove heat dissipated by resistive shim coils,
we could correct only a small number of terms. Our resistive shim
set corrects 1st order terms (Z, X, Y), a second-order axial term
(Z2), and second order radial terms (ZX, ZY), while the passive shim
set corrects Z, Z2, Z3, X and Y.

Unlike superconducting magnets for which ramp time can be
days or even weeks, the SCH magnet ramps up to maximum field
in about a half-hour [21]. For resistive magnets like the Keck, ramp
time is typically several minutes. Short ramp times make it practi-
cal to conduct NMR experiments at different field strengths. How-
ever, for a resistive magnet the field profile of the magnet changes
with the magnetic field strength. In addition to changing the back-
ground field of the magnet, the value of magnet current also affects
temperature profile within the resistive coils. This causes a sub-
stantial dissimilarity between field profiles and calls for a separate
set of passive shims for each operating field.

For this project we generated a set of passive shims for the Keck
magnet operating at 25.0 T (1.06 GHz), and three sets for the SCH
magnet operating at 23.5, 28.2 and 35.2 T, corresponding to 1.0,
1.2, and 1.5 GHz operating frequencies of the NMR spectrometer
console dedicated to this system. Rather than mounting the pas-
sive shims to the magnet bore tube [23] or the resistive shim tube,
we incorporated them into the probe covers as shown in Fig. 1. This
arrangement makes it easy to reconfigure experimental setup for a
different magnetic field strength, which only involves retuning the
probe and changing the probe cover. Since powered magnets are
not energized when the NMR probes are inserted or removed, fer-
romagnetic shims on the probe covers do not pull into the magnets
Fig. 2.

Passive shims for the SCH and Keck magnets were constructed
in layers that correct axial terms, first order radial terms, and sec-
ond order radial terms (if present). Paper sheets with attached iron
or low-carbon steel foil cutouts were wrapped around the G10
probe cover and secured with tape (Fig. 1a, b). A trough cut into
the cover on a lathe (SCH) or formed by glued-on rings (Keck)



Fig. 1. Passive shims: (a) – SCH passive shim set mounted onto SCH NMR probe cover (42 mm OD) machined from FR4 fiberglass. The middle of the trough is aligned with the
center of field of the magnet and with the NMR sample. Iron foil pattern families (axial, radial) attached to translucent paper are mounted in layers. The black tape visible in
the middle helps to hold the patterns to the probe cover. Iron pieces (vertical rectangles for X shim, horizontal rings for axial shim) appear gray. Photo taken before wrapping
with final protective tape coat. (b) – Keck ZX shim ready to be mounted on the Keck NMR probe cover. (c) – NMR probes for the SCH magnet with interchangeable color-coded
probe caps, 35.2 T (red), 28.2 T (orange), and 23.5 T (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. Dual-channel NMR mapping setup. Tecmag Discovery NMR spectrometer in single transmit/dual receive mode is interfaced with FMU controller from Resonance
Research, Inc.
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aligns the wraps with respect to the center of field of the magnet
and protects them from rubbing against the magnet bore. The final
protective tape coat is color-coded to distinguish between shim
sets designed for different field strengths (Fig. 1c).
2.2. Setup for differential NMR mapping

The mapper system consists of a combination of commercial
and home-built hardware. NMR acquisition for the traveling and



Fig. 3. Traveling channel and reference channel of the mapper probe - photo and
cutaway rendering. The reference channel is mounted to the outer tube (not shown)
via a flange. A copper centering tube improves axial alignment of the traveling
channel and protects the reference channel from mechanical and rf interference.
The traveling channel is attached to a torque converter through several extensions
of calibrated length.
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reference channels of the mapper probe was performed using a
Tecmag Discovery console (Tecmag, Inc., Houston TX) running
NTNMR software. Probe motion was controlled by a factory cus-
tomized Field Mapping Unit (FMU) from RRI (Resonance Research,
Inc., Billerica, MA). We added TTL triggers to the one-pulse NMR
sequence for synchronization between NMR acquisition and probe
trajectory stops. Recently we updated the system to a Tecmag Red-
stone console running TNMR software, and replaced two host com-
puters with one which communicates with both the NMR
spectrometer and the mapper controller. However, the data
reported here were acquired with the Discovery system.

The console was configured in a single transmitter/dual receiver
mode. In this mode, a single rf pulse from the amplifier is relayed
to both probe channels through a power splitter and two home-
built t/r switches. Signals from the two samples are acquired by
two receivers simultaneously and independently in order to cancel
both low and high frequency fluctuations of the background field.

Acquisition and processing tasks are shared between two pieces
of software running on two computers. The proprietary RRI Unifier
software which runs on the Mapper PC sets up mapping parame-
ters such as trajectory length, step size, and number of points.
The latter parameter is transferred to the Tecmag PC. A VBScript
application (Microsoft Visual Basic Scripting Edition, Microsoft,
Redmond, WA) running on the Tecmag PC updates parameters in
a NTNMR pulse sequence and starts the pulse sequence execution.
The mapper host computer (Mapper PC) and spectrometer host
computer (Tecmag PC) communicate through the Kermit protocol
(www.kermitproject.org) with the FMU.

After the acquisition is complete, the script uses NTNMR com-
mands to sort data points from the two receivers, and to process
the FIDs. Processing includes zero-fill, exponential multiplication
(1–4 kHz, depending on the level of field inhomogeneity), and
Fourier transform. The script then searches for maximum magni-
tude point (the peak position) in each spectrum. For each pair of
spectra (traveling, reference), the script records the difference
between peak positions into a text file which is then transferred
to the Mapper PC. From this data, the RRI Unifier software gener-
ates a field map and expands the magnetic field inhomogeneity
in spherical harmonics.

2.3. Mapper probe with external reference channel

We developed a mapper probe based on the RRI field mapping
system and included an additional reference sample which
remains at the center of the magnet while the mapping sample
traces a helical path around it. Our NMR mapper probe (Fig. 3)
has two isolated rf channels tuned to the same frequency and filled
with the same or similar sample solution. The probe head of the
traveling channel (Fig. 4a) has its sample coil positioned 5 mm
off-axis of the magnet. Good control over sample location is neces-
sary in order to generate correct field maps. We use a 0.8 mm OD
capillary as a sample tube and limit the length occupied by the
solution to 1 mm so that the measurement of the magnetic field
is localized. A wax seal positions the sample in the rf coil window.

A vertical orientation of the capillary makes it easier to guaran-
tee the correct radial offset of the sample but requires a transverse
rf sample coil, of which a Helmholtz coil is probably easiest to
make. The matching network for the sample coil (Fig. 4b) can tune
from about 350 to 700 MHz. We use a removable jumper to reach
the lower portion of the tuning range. The probe head is attached
to a torque converter (‘‘drive screw”) to drive the NMR sample
on a helical path with a 2.5 mm pitch [3]. The probe circuit is con-
nected to the NMR console through interchangeable extensions
with coaxial rf interconnects. The head has a 0.25 in. hole along
its axis to allow it to pass over the reference sample as it executes
its helical trajectory. The extent of the trajectory is about 4 cm
before parts of the two channels start to mechanically interfere.
With the target field homogeneity of both SCH and Keck magnets
being specified in a 1 cm-diameter spherical volume, a ± 2 cm tra-
jectory length is more than enough to obtain sufficient data for
analysis.

The reference channel (Fig. 5) acquires the signal from the static
sample close to the center of the magnet. The reference probe uti-
lizes a toroidal cavity resonator [32] built into the end of a semi-
rigid coaxial cable to fit within the 0.25-inch hole in the traveling
probe. To form the toroidal cavity, a small copper cup with two
vent holes is soldered to both the shell and the center conductor
of a short coaxial stub. The void under the cup works as both the
resonator and the sample space. Sample is injected into the
3.6 mm OD, 2.4 mm ID, 1 mm deep cavity with a syringe through
a small hole in the cup while the air vents out through the other
hole. The holes are then sealed with putty to keep the sample
inside.

Electrically, the stub is a transmission line shorted by the toroi-
dal cavity. Such a transmission line has multiple resonance fre-
quencies corresponding to standing waves, starting with k/4 and
separated by k/2. For �350–600 MHz we use the ¾ k resonance.
We change frequency range by selecting tuning extensions of
appropriate length (Fig. 5a), and fine-tune and match to 50X with
variable capacitors on the tuning board (Fig. 5b).

http://www.kermitproject.org


Fig. 4. Traveling channel of the mapping probe: (a) – photo, (b) – circuit diagram. Aqueous LiCl NMR sample is restricted to 1 mm length in 0.8 ID glass capillary using wax. RF
matching circuit with Helmholtz sample coil tunes to 460–700 MHz. Range can be quickly extended down to � 350 MHz by soldering a jumper between two Cx capacitors.

Fig. 5. Static channel of the mapping probe: (a) – reference channel (shown here with 583 MHz tuning extension), and tuning extensions for 389, 466, and 505 MHz (top to
bottom); (b) – front and back of identical tuning boards for static reference channel; (c) – circuit diagram.

I.M. Litvak et al. / Journal of Magnetic Resonance 301 (2019) 109–118 113
2.4. NMR samples for map acquisition

A standard choice of isotope for NMR mapping is 1H due to its
high concentration (110.8 mol/L in water) and high sensitivity.
We had the appropriate rf hardware for NMR at 1064 MHz in the
Keck resistive magnet, and we used the 1H signal to map and cor-
rect this magnet. However, we found that the rf connectors in our
field mapping system perform better at lower frequency. When the
time came to map and correct the 36 T SCHmagnet we decided not
to acquire the equipment needed to operate the mapper at 1.2 and
1.5 GHz, but instead to utilize a 7Li sample similar to what we had
chosen for use as an external lock sample [33].

7Li is a high-sensitivity spin-3/2 isotope, with a natural abun-
dance of 92.5% and c7Li/c1H ratio of 0.389. Lithium salts have high
solubility in water. Our external lock sample contains 25.3%
(6.84 mol/L) LiCl solution. Assuming constant rf sample coil effi-
ciency, the 7Li signal for this solution is about 4.3% of that of 1H.
This level of signal was sufficient for the mapper channel. We
increased concentration to 38% for the reference channel to offset
the lower efficiency of the toroidal cavity. LiCl solutions were
doped with MnCl2 in order to reduce relaxation time and speed
up acquisition of FIDs.

The target operating fields of the SCH magnet (23.5, 28.2, and
35.2 T) correspond to 7Li resonance frequencies of 388, 466, and
583 MHz. At these frequencies we were able to use readily avail-
able NMR rf hardware. Reflections at connectors are reduced at
lower frequency which simplified tuning. For the same rf pulse
length, the fractional bandwidth of the excitation pulse is larger
at lower frequency. We ran most map acquisitions with �25W rf
pulse power into NMR channels. While 90 degree time for 7Li
was 8 ls (in the traveling channel), we often used shorter pulses
to gain more bandwidth due to large field variations along the
mapping trajectory of the unshimmed magnet. Having both 1H
and 7Li in the same sample, we found it practical to test the mapper
hardware immediately before use by pausing the magnet ramp
briefly at low field and acquiring the 1H signal from the solvent.
With so many benefits, the reduction in signal intensity seems to
be a good trade off.



Fig. 6. 1H (H2O) and 7Li (LiCl aq.) NMR lines in traveling channel (left) and reference channel (right) acquired at 466.6 MHz in unshimmed SCH magnet. Magnetic field
strength is 10.96 T for 1H signal from solvent (water), and 28.20 T for 7Li signal from dissolved LiCl. No line broadening was applied to better show the relative sensitivity and
linewidth. Note that homogeneity is different between the two fields due to difference in temperature profiles of the magnet. The reference sample occupies a larger volume
resulting in a broader line. For mapping purposes, artifacts and spectrometer noise would be reduced using exponential multiplication before Fourier transformation.
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3. Results

3.1. NMR signal in the SCH magnet

NMR mapping using the setup described above requires NMR
signal of sufficient strength. Here we demonstrate a single 1H res-
onance and a single 7Li resonance from our mapping NMR sample.
With the mapper probe tuned to 466.6 MHz, we observed proton
signal at 11 T and 7Li signal at 28.2 T from aqueous lithium chloride
(Fig. 6). Similarly, we observed 1H and 7Li signals at 388.6 MHz and
583.0 MHz at respective field strengths.

A typical line width without shims is 1 kHz in the traveling
channel and 1.6 kHz in the reference channel. The difference is
most likely due to the larger volume occupied by the reference
Fig. 7. Single scan 1D spectra of deuterium at 230.3 MHz (35.2 T) in the fully
shimmed SCH magnet acquired with a 2 mm MAS probe in static and spinning
modes. The sample was at room temperature, spectra were acquired following a
2 ms single pulse with an acquisition time of 160 ms and 300 ms for static and
spinning spectra, respectively. Spectra processed with 5 Hz exponential decay. The
artifacts to the right of the resonance peak are due to the fast (60 Hz) field
fluctuations in the magnet.
sample. The traveling sample is sealed in a 0.8 mm ID capillary
and restricted to 1 mm length, while the reference sample is
injected into a 2.4 mm ID � 1 mm long cavity. In preliminary mea-
surements before resistive coils in the SCH magnet were realigned
[26] we observed line widths of up to 6 kHz.

For a fully shimmed magnet, we observed a 50 Hz line width
from a D2O sample in 2.0 mm OD, 1.49 ID MAS rotor where the
sample is restricted to 5.23 mm length (Fig. 7). Spinning at the
magic angle reduced the line width to 27 Hz. The base line of the
signal is significantly distorted due to field fluctuations which were
later reduced by an active field regulation system [18].

3.2. Differential map vs. single-channel NMR map in the SCH magnet

The precision of the single-channel NMR field maps acquired in
powered magnets is limited by the level of temporal field fluctua-
tions within the time span of the acquisition. It takes about 5 min
to record a map over a ±1 cm trajectory, with about 1.4 s interval
between scans. An example data set recorded on the stationary ref-
erence channel (gray trace in Fig. 8) shows a 25 ppm field variation
during map acquisition. Field fluctuations between adjacent points
in this set reach 7 ppm – notably above the 1 ppm target homo-
Fig. 8. Reference mapping advantage: uncorrected (thin) and corrected for field
fluctuations (bold) helical map of SCH magnet at 28.2 T with a passive shim set.
Reference channel data in gray.



Fig. 9. 1-cm diameter helical maps of Keck magnet at 25.0 T; dotted – map of
background field, solid - with passive shims, solid bold - fully shimmed. Traces are
offset for clarity.
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geneity for the SCH magnet. In water-cooled DC magnets there are
several sources of fluctuations. The 60 Hz component originates in
the hum of the power line. DC power supply electronics introduce
1/f noise which produces substantial fluctuations in the 1–10 Hz
range. Both the temperature and the flow rate of the magnet cool-
ing water are subject to changes, too, and both may depend on the
mode of operation of other resistive magnets at the facility.

Temporal fluctuations make spatial field variation barely
discernable in data acquired on the traveling channel. However,
subtracting the two curves in Fig. 8 point by point reveals a smooth
Table 1
Field inhomogeneity in Keck resistive magnet at 25.0 T.

Background
field

Inhomogeneity in 1 cm long £1 cm cylinder, ppm 61.4
Shim term contribution
Z, kHz/cm [ppm/cm] �37.0 [�34.8
Z2, kHz/cm2 [ppm/cm2] 59.3 [55.7]
X and Y, kHz/cm [ppm/cm] 40.0 [37.6]
ZX and ZY, kHz/cm2 [ppm/cm2] 41.7 [39.2]

Table 2
Field inhomogeneity in SCH powered magnet.

Background field

SCH magnet at 23.5 T

Inhomogeneity in 1 cm long £1 cm cylinder, ppm 18.8
Shim term contribution
Z, kHz/cm*) [ppm/cm] �5.20 [�5.20]
Z2, kHz/cm2 [ppm/cm2] 13.8 [13.8]
X and Y, kHz/cm [ppm/cm] 15.5 [15.5]
ZX and ZY, kHz/cm2 [ppm/cm2] 4.72 [4.72]

SCH magnet at 28.2 T

Inhomogeneity in 1 cm long £1 cm cylinder, ppm 19.7
Shim term contribution
Z, kHz/cm [ppm/cm] 1.78 [1.48]
Z2, kHz/cm2 [ppm/cm2] 4.23 [3.52]
X and Y, kHz/cm [ppm/cm] 22.4 [18.7]
ZX and ZY, kHz/cm2 [ppm/cm2] 7.52 [6.25]

SCH magnet at 35.2 T

Inhomogeneity in 1 cm long £1 cm cylinder, ppm 29.2
Shim term contribution
Z, kHz/cm [ppm/cm] 8.97 [5.97]
Z2, kHz/cm2 [ppm/cm2] �4.97 [�3.31]
X and Y, kHz/cm [ppm/cm] 35.7 [23.7]
ZX and ZY, kHz/cm2 [ppm/cm2] 6.42 [4.27]

* Field inhomogeneity units are based on 1H signal frequency.
line with 7.5 ppm homogeneity across ±0.5 cm range. The resulting
clear sinusoidal component is characteristic of a linear radial term
which can be corrected with shims of appropriate strength.
4. NMR field maps of powered magnets and results of
convergence

4.1. Maps and convergence of 25 T Keck resistive magnet

In order to test both the differential field mapping approach and
the use of a combined passive/active shim system for correction of
Bitter-type magnets, we mapped and corrected the 25 T Keck resis-
tive magnet. The magnet had been previously shimmed in 2000
[23]. In this earlier attempt, a set of ferroshims was mounted on
the outside of the magnet bore and provided correction to
12 ppm in 1 cm dsv with the magnet at full field, in spite of the fact
that the Bitter coils configuration changed somewhat between the
field map and the shim installation. Because of its location, remov-
ing or replacing shim tube required partial disassembly of the mag-
net, thus making changes to ferroshims impractical. For this
project, we replaced the bore tube/ferroshim assembly with a
blank tube and mapped the magnet, measuring the field shown
in Fig. 9. Passive ferromagnetic shims installed on the NMR probe
cover provided correction from 61 ppm down to 19 ppm over a
1 cm diameter, 1 cm long cylinder. For these and all other maps
in this report, we report inhomogeneity as the maximum variation
along the 1 cm long helical trajectory. A set of low order resistive
shims installed in the bore of the magnet was adjusted to provide
further correction to 2.3 ppm. Table 1 shows the field inhomogene-
Field corrected
with passive shims

Best convergence

19.4 2.30

] �5.9 [�5.5] 0.1 [0.1]
2.2 [2.0] 1.7 [1.6]
14.2 [13.4] 0.1 [0.1]
10.7 [10.1] 1.6 [1.5]

Field corrected with passive shims Best convergence

6.28 0.88

0.44 [0.44] �0.17 [�0.17]
�3.45 [�3.45] 0.36 [0.36]
5.08 [5.07] 0.14 [0.14]
4.08 [4.07] 0.17 [0.17]

7.53 0.89

�4.00 [�3.33] �0.31 [�0.26]
3.82 [3.18] 0.21 [0.17]
5.15 [4.28] 0.20 [0.17]
6.60 [5.49] 0.09 [0.08]

4.69 0.94

�3.03 [�2.01] �0.03 [�0.02]
4.74 [3.15] 0.22 [0.15]
1.82 [1.21] 0.02 [0.02]
9.68 [6.44] 0.22 [0.15]
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ity by term for the background field, after correction with passive
shims, and corrected with both passive and active shims. Although
the final convergence in the Keck magnet was not quite 1 ppm, it
was judged to be near enough to validate the differential mapping
and combined passive/active field correction approaches.
4.2. Maps and convergence of Series-Connected Hybrid magnet at
23.5, 28.2, and 35.2 T

We used our experience in mapping and shimming the Keck
magnet to correct the newly built SCH magnet at three different
fields. To our advantage, background field inhomogeneity in the
SCH magnet is at least two-fold lower than in the Keck magnet.
The background and corrected field terms are shown in Table 2,
and the helical field maps are in Fig. 10.

Modern resistive magnets of Bitter and Florida-Bitter design are
typically constructed of several nested stacks of circular plates. The
SCH resistive insert uses four such stacks, labeled from inner to
outer as coils A, B, C, and D. The high homogeneity of the SCH resis-
Fig. 10. 1-cm diameter helical maps of SCH magnet at 35.2 T (a), 28.2 T (b), and
23.5 T (c); dotted - map of the background field, solid - with passive shims, solid
bold - fully shimmed. Traces are offset for clarity.
tive insert is achieved in part by inverting the sign of the Z2 term in
coils A and B so that the resulting second-order gradient is can-
celed [26]. This cancelation relies on the precise relative alignment
of the coils. A small radial misalignment produces a radial gradient
of the field, while axial misalignment results in a linear Z term.
Construction of the SCH magnet involved a step when the position
of the A/B coil assembly was adjusted with respect to the C/D coil
assembly based on the preliminary NMR map in order to minimize
linear axial gradient.

Axial alignment of the coils, however, slightly changes with the
temperature of the magnet cooling water. In an axially cooled mag-
net such as the SCH, outlet temperature increases with the magnet
current. We see a clear trend in the value of Z correction needed
between the three operating fields, with the lowest absolute value
at mid-field (28.2 T).

Strong low-order field inhomogeneity was corrected using fer-
romagnetic shims attached to the NMR probe covers. We gener-
ated passive shim patterns with linear and second-order axial
terms (Z and Z2), and a first-order radial term (X-type) for each
of the three fields. Unlike Keck, there was no need for a ZX term
in the passive shims for the SCH magnet. With passive shims only,
the inhomogeneity was reduced to 6.3, 7.5, and 4.7 ppm at 23.5,
28.2 and 35.2 T. Active shims were adjusted to correct the field fur-
ther to 0.9 ppm at all three field strengths thus reaching the target
specification for the SCH magnet.

5. Field profile reproducibility

With a high level of field fluctuations one should be concerned
whether scan-to-scan and day-to-day data are reproducible. We
report that consecutive differential maps acquired in the SCH mag-
net with passive shims show little to no deviation (Fig. 11a). Maps
Fig. 11. Differential maps and passive shims reproducibility in SCH magnet at
28.2 T: (a) three consecutive scans on February 3, 2017; (b) scans on three different
days: dashes – February 03, circles – February 09, solid gray – March 02. An
inadvertent shift of the magnet coils during maintenance on February 24 caused a
small change in the field profile.
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acquired six days apart (Fig. 11b, dashed line and circles) are iden-
tical except for a small deviation outside the ± 0.5 cm range. This
deviation may be caused by an uncertainty in the resonance peak
position on a significantly broadened line or due to loss of sample
from the reference channel. Good overlap between maps across
several days, with mapping hardware and shims removed and then
reinstalled in the magnet, shows that both the field of the magnet
and position of the ferroshim sets are highly reproducible. This
confirms that the SCH magnet can be used for high-resolution
NMR spectroscopy with the shimming approach reported in this
paper.

Within the time period of mapping and convergence of the SCH
magnet the flange of the resistive insert housing was opened to
replace a leaking o-ring. Even though personnel did not touch
the resistive magnet coils, this operation caused a small but notice-
able change (from 6.4 to 7.5 ppm in 1 cm dsv with the same pas-
sive shims set) in the magnetic field homogeneity (Fig. 11b, gray
line). Field inhomogeneity was still within the range of correction
by the resistive shims. The largest changes were in terms Z2 (from
2.7 to 3.2 ppm/cm2) and X(Y) (from 2.6 to 4.3 ppm/cm). This level
of sensitivity of the magnetic field profile to maintenance opera-
tions validates our decision to make passive shims easily replace-
able by building them on the covers for the NMR probes.
6. Conclusions

We demonstrated successful operation of the field mapping
apparatus equipped with a reference NMR channel, based on a sin-
gle transmitter, dual receiver NMR acquisition. Using this system
in differential mode we acquired NMR maps of two powered
high-field magnets of Florida-Bitter design despite the amplitude
of the magnetic field fluctuations being comparable to the spatial
variations in the unshimmed field of these magnets across the vol-
ume of interest. Moreover, we achieved record convergence of
these magnets, to 2.3 and 0.9 ppm in 1 cm dsv, which is signifi-
cantly below the level of temporal fluctuations.

Homogeneity of 0.9 ppm reached on the Series-Connected
Hybrid magnet enables high-resolution solid-state NMR spec-
troscopy for studies of the structure of materials and oriented bio-
logical samples at 35.2 T (1.5 GHz 1H frequency) – 1.5 times as high
as on the next highest field available to NMR scientists. The SCH
magnet with the shim setup described here has produced a num-
ber of publications in just two years since reaching its target field
[33–38].

With the current state of magnet technology limiting the max-
imum field available on persistent superconducting NMR magnets
to 23.5 T, it is anticipated that powered high-temperature super-
conducting magnets [39–41] will be used for ultra-high field
NMR spectroscopy along with resistive-superconductive hybrid
magnets. The hardware and techniques presented here will be
applicable for mapping and correction of such systems as well.
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