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Abstract

We describe a field-lock/field-sweep system for the use in superconducting magnets. The system is based on a commercially available
field mapping unit and a custom designed broad-band 1H NMR probe. The NMR signal of a small water sample is used in a feedback
loop to set and control the magnetic field to high accuracy. The current instrumental configuration allows field sweeps of ±0.4 T and a
resolution of up to 10�5 T (0.1 G) and the performance of the system is demonstrated in a high-field electron paramagnetic resonance
(EPR) application. The system should also be of utility in other experiments requiring precise and reproducible sweeps of the magnetic
field such as DNP, ENDOR or PELDOR.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The last two decades has witnessed substantial progress
in microwave (mw) technology that has in turn facilitated
the development of several high-field/high-frequency elec-
tron paramagnetic resonance (HF-EPR) spectrometers in
laboratories around the world. As a consequence, commer-
cial spectrometers are available up to 95 GHz and custom
designed high-field EPR spectrometers are currently oper-
ating from 95 up to 360 GHz [1–6] and the applications
of high-field EPR are manifold and expanding rapidly [7,8].

The breadth of high field EPR spectra can easily exceed
several hundred MHz and it is therefore customary to per-
form high field EPR experiments by monitoring the signal
at a fixed mw frequency, while the magnetic field is swept in
order to record the complete spectrum. Both echo detected
and continuous wave (CW) schemes are used for this pur-
pose. The magnetic field sweep is performed by changing
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the current in a sweep coil or in the main coil and the field
position is typically calibrated using Mn2+ [9] or Cr5+ [10]
standards. Unfortunately, signals from these field calibra-
tion species sometimes interfere with the analysis of the
spectra. Furthermore, In order to compensate for hystere-
sis effects, the sweep of the magnetic field has to start at
much lower (or higher) field position than the first reso-
nance appears. Many other experiments, such as ENDOR
[11,12], PELDOR [11] or DNP [13] require fixed, reproduc-
ible and stable magnetic field values, which are difficult to
achieve at high magnetic fields using only control of the
magnet or sweep coil current without any feedback loops.

Primarily for these reasons we developed a field control
based on an analog NMR field lock system that we
described in a previous publication [14] and has some sim-
ilarities to a field-frequency lock system based on a 19F sig-
nal used in previous Bruker systems. However, those
systems are not readily available to the EPR community
since our NMR spectrometer was a custom design, con-
structed in-house.

Here we describe and demonstrate the use of a state-of-
the-art field control system that is based on a commercially
available field mapping unit (FMU) that controls the
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magnetic field to high accuracy. In particular, the proton
signal of a small water sample is used in a feedback loop
to control and set the magnetic field. This field-lock system
replaces the analog system described previously [14].

2. Instrumentation

The field-lock system we have assembled consists of a
superconducting magnet, a bipolar power supply, a field-
mapping unit and a custom designed broadband NMR
probe. A PC running LabView (National Instruments,
Austin, TX, USA) controls all of these components. A
schematic overview of the field-lock system is shown in
Fig. 1. The detailed specifications of the EPR spectrometer
and related components is described elsewhere [12].

The superconducting magnet (Magnex Scientific Limit-
ed, Oxford, UK) consists of two superconducting coils—
a main coil that provides a static magnetic field of 5 T
and a small sweep coil, on the outside of the main coil,
to sweep the magnetic field by ±0.4 T (g = 1.84–2.16), with
a current of ±14 A. Due to the lower inductance and
design of the sweep coil, there is reduced hysteresis in the
sweep, rapid stabilization of the magnetic field, and con-
currently the He boil-off rate is reduced in comparison with
sweeps involving the main coil. The current to drive the
sweep coil is provided by a bipolar power supply (KEPCO,
Model BOP 20-20M, Flushing, NY, USA), and an analog
input voltage to the supply provides remote control of the
current. In order to perform low temperature experiments
the system is equipped with a SpectrostatCF cryostat
(Oxford Instruments, Abingdon, UK).

The field-mapping unit (FMU 1200, Resonance
Research, Billerica, MA, USA) is a commercially available
device originally intended for use in the shimming of super-
conducting magnets. The unit records a pseudo-continuous
wave NMR spectrum by measuring the intensity of a free
Fig. 1. Schematic representation of the sweep control system. The system
consists of a superconducting magnet, a bipolar power supply, a field-
mapping unit and a home-built broadband NMR probe. All components
are controlled by a PC, running LabView. Communication between the
computer and the FMU is accomplished via TCP/IP. The sweep-coil
current is controlled by an analog voltage supplied by the DAC-card of
the FMU.
induction decay following an rf-pulse at a given acquisition
delay, while sweeping the rf-frequency of the transmitter.
In a typical field scan, 1000 points are recorded, with a
dwell time of 1 ms and the entire sweep is performed in
1 s. However, if the expected frequency is known approxi-
mately, it is possible to reduce the number of points in the
scan and shorten the acquisition time. Furthermore, a
16 bit digital analog converter (DAC) whose output is
under user control was added to the FMU 1200. The out-
put of this card is used in our application to remotely con-
trol the current of the BOP power supply.

In order to measure the 1H NMR signal over a range of
±0.4 T a special broad-band 1H NMR probe is required.
The design and characteristics of the probe are shown in
Fig. 2A and B. The source of the proton signal is a small
water sample in a 2.2 mm (o.d.) quartz capillary of 12 mm
length located outside, below the cryostat but still in the
homogenous region of the magnetic field. For the sample
tap water was used since the paramagnetic impurities short-
en the nuclear spin–lattice relaxation times and increase the
NMR line width. Reasonable sweep rates require that the
line width is not too narrow and the large inductance and
the small resistance of the sweep coil act as a low-pass filter
to filter out any high-frequency power fluctuations.

The capillary is sealed with epoxy resin, to prevent evap-
oration and the sample is held by the rf-coil and oriented
transversely in the magnetic field. The proton spectrum at
B0 = 5 T is shown in Fig. 2C and has a constant line width
of 440 Hz over the entire sweep range of the sweep coil. In
contrast to the system described previously [14], variable
Fig. 2. Design of the field lock probe. (A) Reflected power of the tuned
probe over a range of 110 MHz. (B) Circuit design of the lock probe
consisting of a rf-coil L (7 turns, copper, AWG 16), resistor R1 (1.8 kX) in
parallel with the rf-coil, resistor R2 (50 X) and two variable capacitors C1

and C2 (each 2–8 pF). (C) Proton signal of the water sample.
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tuning is not required in order to cover the complete sweep
range (corresponding to �40 MHz) (gray area in Fig. 2A).
The low-Q of the resonance circuit was achieved by using a
resistor (R1) in parallel with the rf-coil (see Fig. 2B), the
second resistor (R2) is used to match the impedance.

The initial locking procedure as well as the sweep of the
magnetic field is under control of a LabView program.
Instead of a detailed description of the LabView programs,
which are used to control the field lock system, a more gen-
eral description of the routines is given in the Appendix A,
since nowadays the hard- and software which are used to
control home-built spectrometers quickly become out-of-
date.

3. Results and discussion

To demonstrate the performance of our system we chose
three different paramagnetic samples that exhibit represen-
tative spectral widths in high-field EPR experiments.
Fig. 3A shows an echo-detected field-sweep EPR spectrum
Fig. 3. 140 GHz Echo-detected field-sweep EPR spectra. (A) 1 mM Mn-
acetate in glycerol/water (60:40, w/w), T = 10 K, tp = 40 ns, s = 400 ns,
the mw-power was adjusted by monitoring the shape of the two-pulse
echo. Magnetic field scan in both directions (up/down) over 600 G, field
resolution: 2 G. (B) 2% 2H-BDPA/PS, T = RT, tp = 48 ns, s = 400 ns.
Magnetic field scan in both directions (up/down) over 60 G, field
resolution: 0.5 G. Integration two-pulse echo was performed using a
BoxCar integrator.
of 1 mM manganese acetate diluted in glycerol/water and
recorded at a temperature of 10 K. This first example
demonstrates the case of a broad EPR spectrum, which is
typical for (high-spin) transition metals having a large
g-anisotropy or large hyperfine interactions. The spectrum
shows six sharp lines, a pattern which is typical for octahe-
dral coordinated Mn2+ ions [15] and is often used to cali-
brate the magnetic field in high-field EPR experiments
[9]. No difference in line shapes or peak positions are
observed in the spectrum when the magnetic field is swept
either up or down.

The second example represents the case of an intermedi-
ate to small EPR line width, which is typically found for
organic radicals with small g-anisotropies and hyperfine
interactions hidden by the inhomogeneous EPR linewidth.
Fig. 3B shows the echo-detected field-sweep EPR spectrum
of a sample of 2% perdeuterated BDPA in polystyrene
recorded at room temperature. The spectrum has a peak-
to-peak width of 8 G and shows some structure due to
the small anisotropy of the g-tensor. The spectrum was
recorded with a field resolution of 0.5 G per point and
the spectrum recorded with the scan direction upward is
identical to that recorded with the opposite direction of
the magnetic field sweep.

For the third example a perylene single crystal sample
was chosen in order to demonstrate the resolution at high
field, which can be achieved using the field mapping unit.
A series of free induction decays (FIDs) were recorded
for different offsets of the magnetic field with respect to
the field provided by the main magnet coil. Fig. 4 shows
a two-dimensional representation of the complex Fourier
ig. 4. Series of Fourier transformed FIDs of a perylene single crystal
ecorded at different magnetic field positions. The magnetic field offset
ordinate) was stepped in steps of 0.5 G over a range of 9 G. For better
epresentation, the static field was subtracted. Other parameters: T = RT,

p = 80 ns. The complex time trace was acquired using a LeCroy
averunner 6200 digital oscilloscope. 2500 points were taken in the time

omain, with a dwell-time of 2 ns. DC-correction, apodization by a
amming window and zero filling to 4096 points was performed prior to
ourier transformation. Absolute value spectra are shown in the figure.
he low-intensity features are due to the large carrier offset of the mw-
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transform time domain traces with respect to the magnetic
field offset. It can be seen that the resonance position of the
FID shifts linearly with the magnetic field offset. A linear
regression analysis of the resonance frequency of the peryl-
ene sample versus the magnetic field offset gives a slope of 1
(R2 = 0.9998) indicating that the steps of the magnetic field
are highly accurate. By increasing the number of refine-
ment steps the field resolution can be increased to 0.1 G
corresponding to a field resolution of 2 ppm. While this
increases the time required to set a specific field position,
it nevertheless allows a highly accurate determination of
g-values. For standard applications a field resolution of
0.5 G (10 ppm) is usually sufficient. A good indicator for
the field stability is the frequency noise of a perylene FID
measured in two consecutive shots. From that a field jitter
of about 50 kHz (0.4 ppm) was determined, a rather small
value which is mainly due to the large inductance of the
superconducting sweep coil.

4. Conclusion

We have designed and constructed a system for control-
ling and sweeping the magnetic field in high-field EPR
experiments that is based on a commercially available
field-mapping unit and a home-built 1H NMR probe.
The system can be used to control the entire sweep range
of ±0.4 T with a stability of up to 2 ppm. The major advan-
tages of the present system are that no additional g-stan-
dards are necessary to calibrate the magnetic field and
that the magnetic field can be set with a high degree of
reproducibility, which is required for experiments per-
formed at a fixed field position such as PELDOR, ENDOR
or DNP.
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Appendix A

A.1. Initial calibration

After the initial setup of the system, the output of the
DAC-card is calibrated with respect to the magnetic
field. Accordingly we measured the 1H frequency for
several different values of the DAC-card output and
the proportionality constant between the DAC-card
output and the magnetic field was obtained by linear
regression. This procedure has to be performed only
once, and the constant is used later in order to calculate
the corresponding change of the magnetic field with
respect to the DAC-card output.

A.2. Field-frequency lock

After switching on the spectrometer, the actual field
position and therefore the lock-frequency is determined
by several (usually 5) scans with decreasing spectral widths.
This procedure is repeated, each time the spectrometer is
activated.
A.3. Magnetic field sweep

In order to perform a sweep of the magnetic field, the
sweep coil current is first stepped in coarse steps (correspond-
ing to 5 G) to a region close to the desired field value. After-
wards the magnetic field is changed by the smallest value of
the DAC-card approaching the desired field position. This
is done using a PI-routine (P-Proportional, I-Integration),
which compensates the difference between the actual and
the desired field value. This routine is looped and is stopped
if the difference between actual and desired field position is
within a predefined error-boundary. Usually three cycles of
refinement are sufficient to set the magnetic field to high
accuracy; however, the loop will be terminated if the loop-
counter exceeds a predefined number.

During large sweeps of the magnetic field, it is necessary
to keep track of the lock signal. Therefore the actual field is
determined in an additional sweep every 50 G. This inter-
mediate frequency is used to correct the field position cal-
culated from the output of the DAC-card.
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