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ABSTRACT
We present the architecture of the versatile nuclear magnetic resonance (NMR) spectrometer with software-defined radio technology and
its application to the dynamically controlled pulsed magnetic fields. The pulse-field technology is the only solution to access magnetic fields
greater than 50 T, but the NMR experiment in the pulsed magnetic field was difficult because of the continuously changing field strength. The
dynamically controlled field pulse allows us to perform NMR experiment in a quasi-steady field condition by creating a constant magnetic
field for a short time around the peak of the field pulse. We confirmed the reproducibility of the field pulses using the NMR spectroscopy as
a high precision magnetometer. With the highly reproducible field strength, we succeeded in measuring the nuclear spin-lattice relaxation
rate 1/T1, which had never been measured by the pulse-field NMR experiment without dynamic field control. We also implement the NMR
spectrum measurement with both the frequency-sweep and field-sweep modes and discuss the appropriate choices of these modes depending
on the magnetic properties of the sample to be measured. This development, with further improvement at a long-duration field pulse, will
innovate the microscopic measurement in extremely high magnetic fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067821

I. INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy is a powerful

technique to explore the electronic state in materials from a micro-
scopic viewpoint. By using nuclear spins as a local magnetic probe,
we can observe the microscopic magnetism of electrons around the
nuclear sites through the hyperfine interactions between the nuclear
and electronic spins. Despite the microscopic nature of the probing
method, the experimental setup around the sample is as simple as
just mounting a sample in a radio frequency (RF) coil. This simple
geometry allows us to perform NMR experiments in extreme condi-
tions such as at low temperatures of a few mK1 and at high pressures
up to 9 GPa2 A high magnetic field is another extreme condition of
our interest. In high magnetic fields, an increase in the nuclear mag-
netization improves the NMR signal intensity and an increase in the
electronic magnetization contributes to a large NMR frequency shift
by creating larger internal fields at the nuclear site, which results in
a better frequency resolution of the NMR spectrum. To take these
advantages, the NMR spectrometer for high fields has been inten-
sively developed, and the magnetic field available for high-resolution
NMR spectroscopy is now stronger than 20 T.3,4

The NMR experiment in higher magnetic fields is crucial for
the study of material science and fundamental solid-state physics
because extremely high fields often bring the electronic spins into
a nontrivial quantum state. The magnetic fields greater than 20 T
are generated in a steady state by the hybrid magnet technology (up
to 45.5 T)5–7 or high-Tc wire technology (up to 30.5 T).8,9 To access
much higher magnetic fields, we use the pulse-field technology, with
which fields of roughly 100 T are generated for a short duration of
less than 1 s.10 Despite the enormous field strength, the NMR mea-
surement in pulsed magnetic fields has been a challenge because the
resonant frequency changes with time following the continuously
changing magnetic fields. Nevertheless, several trials have recently
been performed11–16 and high quality results are available.17,18 So far,
only the field-sweep NMR spectrum measurement was performed
because a half-sinusoidal pulse-field profile generated by the pas-
sive resistor-inductor-capacitor (RLC) circuits does not allow other
measurement modes. To extract other physical quantities, such as
the nuclear spin-lattice relaxation rate 1/T1, from the pulse-field
NMR experiment, the field pulse should be dynamically controlled
(Fig. 1).19 Here, we report the successful measurements of the NMR
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FIG. 1. Field profile of the dynamically controlled field pulse. NMR measurements
are performed during the flat-top time, where the field strength becomes constant
by the PID control. To subtract the background voltage on the pickup coil precisely,
we took background measurement time just before the onset of the field pulse.

spectrum and 1/T1 in the dynamically controlled field pulse (flat-top
pulse) through the development of a versatile NMR spectrometer.
In this paper, we demonstrate the functionality of our spectrometer
by the NMR measurements at ∼13 T in both the pulsed and steady
fields. These apparatuses enable us to further improve the data qual-
ity and uncover novel electronic states that appear in extremely high
magnetic fields.

II. MEASUREMENT SETUP
A. Dynamic field control

In this study, we utilized for the first time the actively con-
trolled flat-top pulse19 to perform the pulse-field NMR experiment.
The field profile and time schedules for a flat-top pulse are shown
in Fig. 1. To dynamically control the field strength during the field
pulse, we insert a small feedback coil in the main magnet. The main
magnet is driven by a capacitor bank [portable 2 kV, 15 mF at
Hokkaido University or built-in 10 kV 18 mF at Institute for Solid
State Physics (ISSP)], and the small feedback coil is driven by up
to four 12 V batteries connected in series. The current on the feed-
back coil is controlled by the feedback voltage applied to the gate
input of an insulated-gate bipolar transistor (IGBT) module. The
magnetic fields at the sample space are measured by the induc-
tion voltage from the pickup coil wound at the end of the NMR
probe. The pickup voltage is read at a sample rate of 1 MS/s by the
analog-to-digital converter equipped with the multifunction recon-
figurable I/O device USB-7856R (NI-National Instruments). Then,
USB-7856R calculates the feedback voltage at the on-board field-
programmable gate array (FPGA) device following the standard pro-
portional integral derivative (PID) protocol and produces voltage
through the digital-to-analog converter. The general purpose in/out
(GPIO) of USB-7856R receives an external trigger coming from the
capacitor bank and sends a trigger signal to the NMR spectrometer
at t = 0. The NMR spectrometer should react to this field trigger to
transmit RF pulses at an appropriate time during the PID control
(flat-top time), as we will explain in Sec. II B. Alternatively, GPIO
can provide a field trigger signal to the capacitor bank together with

the one for the NMR spectrometer if the capacitor bank needs an
external trigger to generate a field pulse in the main magnet.

B. Versatile NMR spectrometer with SDR technology
We have developed an NMR spectrometer that can be flexi-

bly optimized for the NMR measurement regardless of the type of
electromagnets, i.e., steady or pulsed fields. Since the typical time
window of the flat-top time is shorter than 100 ms, NMR mea-
surements should be conducted at a precisely controlled timing and
at a high repetition rate. We also need to implement a sophisti-
cated measurement sequence such as a rapid frequency skip at each
scan. To accomplish this, we took advantage of the versatility of the
software-defined radio (SDR) technology. At the early stage of the
development of the SDR-based NMR spectrometer, the frequency
range was limited up to ∼30 MHz.20,21 After the drastic increase
in the signal sampling rate and the clock rate of the processor, the
upper frequency limit extends to a few GHz and the SDR technol-
ogy has been applied not only to NMR but also to magnetic reso-
nance imaging (MRI) and electron paramagnetic resonance (EPR)
measurements.22–24 The main SDR board used for the present study
is USRP-2901 (NI), which covers the frequency range from 70 MHz
up to 6 GHz. The broad frequency band achieved by the SDR tech-
nology is difficult to cover with an ordinary analog-type heterodyne
spectrometer. Our ultimate goal is to apply this method to the pulsed
magnetic fields greater than 20 T, which is not easily accessible with
the steady fields generated by superconducting magnets, and thus,
the frequency range required for the NMR experiment is normally
higher than 100 MHz. Therefore, we use the direct RF input/output
of the USRP-2901. We limit the lower frequency band to 100 MHz,
as the linearity of the RF signal deteriorates at lower frequencies.
To protect the SDR board from the over-voltage input, we inserted
the transmission (Tx) and reflection (Rx) buffers on which an RF
switch (HMC536, Analog Devices), a fixed gain amplifier (ADL5536,
Analog Devices), and back-to-back diodes (ESD0P, Infineon Tech-
nologies) for voltage clamping are mounted [Fig. 2(a)]. At present,
the specifications of amplifiers on the buffer boards limit the upper
frequency band to ∼1 GHz. We also placed a digital I/O (DIO) buffer
(SN74LVC16244A, Texas Instruments) to protect the SDR board
and to provide sufficient drive current to the digital output signals.

In order to enable the measurements at frequencies lower than
100 MHz, we constructed a frequency conversion interface using a
local oscillator signal (LO) of 850 MHz as shown in Fig. 2(b). For
an analog system, the quadrature detection is executed at a fixed fre-
quency to maintain the orthogonality of inphase (I) and quadrature
(Q) signals. In contrast to an analog system, our system uses a vari-
able frequency for the quadrature detection, but a fixed one for LO.
This is possible only with the broadband SDR technology, which rea-
sonably maintains the I/Q orthogonality at any frequencies. With
this low-frequency option, we can perform NMR measurement at
15–250 MHz, which covers most NMR experiments in steady fields.

The USRP-2901 is controlled through the USRP Hardware
Drive (UHD) software (Ettus Research), which is a free and open-
source software driver for USRP platform. The Tx waveform is
designed in the personal computer (PC) and sent to the USRP-2901
through USB 3.0. We can easily modulate the baseband signal by
programming the Tx waveform at PC, which enables the rapid fre-
quency skip and transmission of shaped pulse, as we will discuss
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FIG. 2. Block diagrams of the SDR-based NMR spectrometers. The main SDR
board constructs an RF network with Tx/Rx and generates/receives digital signals
at DIO. The frequency band is (a) 100 MHz–1 GHz and (b) 15–250 MHz. For the
high frequency measurement, the Tx output and Rx input are directly connected to
the buffer boards. To decrease the measurement frequency lower than 100 MHz,
frequency mixers are installed. With this option, the Tx output is downconverted
and Rx input is upconverted using the LO signal of 850 MHz.

in Sec. IV A. The timing of Tx generation is scheduled using the
internal counter of USRP-2901. Since the field trigger coming from
USB-7856R sets the counter to zero, timing for Tx generation is pre-
cisely synchronized to the pulse-field profile. The Rx signal is sam-
pled at a rate of 10 MS/s with the vertical resolution of 12 bits. As the
obtained data are continuously transferred to the PC, we can record
the Rx signal for a long time duration over 1 s. Synchronized with
the Tx and Rx time, the digital output sends the gate signals to the
power amplifier (PA) and the low-noise amplifier (LNA) to reduce
the background noise and to protect small-power devices from a
large signal, respectively. Actual devices used in the present NMR
measurements are LN-2M (Doty) or AU-114-SMA (MITEQ) as the
LNA and N146-5558A (Thamway), 116UP (Kalmus), or 3304C-LP
(AMT) as the PA.

III. NMR MEASUREMENT WITH FLAT-TOP
PULSE FIELDS
A. Reproducibility of magnetic fields and NMR signals

In a conventional field pulse generated by a passive RLC
circuit, the magnetic field strength evolves continuously. Thus, a

thermodynamic equilibrium state has never been achieved. This fea-
ture is not suitable for the measurement of thermodynamical prop-
erties, such as 1/T1, that requires to follow the relaxation process at
certain condition. In contrast, with our flat-top pulse, the magnetic
field strength is dynamically controlled and tuned to a target field for
the time duration of up to 15% of the total width of the field pulses.
The NMR relaxation processes can be obtained within this flat-top
time. Another important advantage is the high reproducibility of
the field strength during the flat-top time. Without the dynamic
control, the maximum fields change with the magnet temperature
even if the charge voltage is precisely controlled. To demonstrate the
reproducibility of the flat-top pulse, we generated ten independent
field pulses and their field profiles measured by the pickup coils are
shown in Fig. 3(a). At the beginning and the end of the flat-top time
around 57 ms and 61 ms, an oscillation in the field strength appears.
This is caused by the non-linear relationship between the gate volt-
age and the collector current for the IGBT module. The gate voltage
becomes too large for the stable PID control at the field region show-
ing the oscillation. However, the PID parameters are optimized in
the field region at the center of the flat-top time, where the good
reproducibility and flatness of the field strength are achieved within
the sensitivity of the pickup coil.

To measure the PID-controlled magnetic fields precisely, we
observed the 65Cu-NMR spectrum by using the apparatus shown
in Fig. 2(a). As the NMR frequency is proportional to the external
fields, we can determine the magnetic field precisely from the peak
frequency. The RF pulse for the 65Cu-NMR measurement was trans-
mitted at t = 60.5 ms, as pointed by a downward arrow in Fig. 3(a).
The carrier frequency is fixed to 157.95 MHz. The free induction
decay (FID) signal after the excitation RF pulse was obtained by
quadrature detection, and its I and Q components are shown in the
inset of Fig. 3(a). The Fourier transform (FT) spectra of the FID
waveforms at each field pulse are shown in Fig. 3(b). The peak fre-
quencies of each spectrum were determined by the Gaussian fitting
and displayed in Fig. 3(c), where the vertical axis is the deviation
of the peak frequency from the value for the first pulse plotted
in ppm scale. This result evidences that the field reproducibility
is better than 40 ppm. We note here that the standard deviation
of the integrated NMR intensity was calculated to be 6.7%, which
is sufficiently small for a single-scan measurement. This result is
important to measure the relaxation time, as we will discuss in
Sec. III B.

B. Nuclear spin-lattice relaxation rate measurement
To measure the relaxation profile of the nuclear magnetiza-

tion after the saturation pulse, NMR signal intensity is recorded at
each delay between the saturation and spin-echo pulses. The inset
of Fig. 4 shows the RF pulse sequence for one scan. Since the spin-
echo pulses disturb the free relaxation of the nuclear magnetization,
only one point in the relaxation profile can be measured by a single
scan. For the pulse-field NMR measurement, we need to measure the
NMR intensity for each delay at independent field pulses. Therefore,
the reproducibilities of magnetic field and NMR intensity are cru-
cially important. As we confirmed the reproducibility of NMR signal
intensity for independent field pulses, we can now measure the relax-
ation profile by repeating the NMR measurements with different
delays.
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FIG. 3. Reproducibility test of ten independent field pulses. (a) Field profiles of all
field pulses around the flat-top time. The duration of the flat-top time changes with
the variation of peak fields generated by the main magnet. Even with this vari-
ation, the magnetic fields are locked to the target value during the flat-top time.
The downward arrow represents a time when the 65Cu-NMR measurement was
performed. The inset shows the 65Cu-FID waveform after the RF pulse irradiation
at 60.5 ms. Two lines represent quadrature-detected I (black) and Q (red) com-
ponents. (b) 65Cu-NMR spectra obtained at each field pulse and at a fixed carrier
frequency. The magnetic fields are measured precisely from the peak positions of
these FT spectra. (c) The peak position of 65Cu-NMR spectra for each field pulse.
The distribution of magnetic fields with respect to the first field pulse (square) is
less than 40 ppm.

FIG. 4. Relaxation profile of the nuclear magnetization measured for an antifer-
romagnet CrB2 at T = 100 K. The 11B-NMR intensity at each delay after the
saturation pulse is recorded in pulsed fields (filled symbol) and steady fields (open
symbols). The inset shows the RF pulse sequence for the relaxation rate measure-
ment. The blue dashed line shows the result of least square fitting by the stretched
exponential function.

To demonstrate the 1/T1 measurement, we measured the relax-
ation profile of a typical antiferromagnet CrB2 at 100 K. This
compound shows an antiferromagnetic phase transition at TN =

88 K,25,26 and thus, T1 is reasonably short near the transition
temperature.27 We measured the 11B-NMR signal at a target field
of 13.0 T, which corresponds to the NMR frequency of ∼178 MHz.
In Fig. 4, the results collected in the pulsed fields are shown by the
filled symbols. We repeated the NMR scans twice for each delay to
improve the data accuracy. The longest delay was 4.0 ms, which is
limited by the width of the field pulse for the present experiment.
In order to compare the results obtained in pulsed and steady fields,
we also plotted the relaxation profile measured in a steady field of
13.0 T by the empty symbols. We confirm that the results of pulse-
field NMR measurement perfectly follow those in the steady fields
up to the maximal delay possible for the present flat-top time.

To understand the relaxation profile M(t), we fitted the result
with a stretched exponential function

M(t) =M0[1 − Aexp(−(
t

T1
)

β
)]. (1)

Here, M0 and A are the nuclear magnetization in the thermal equi-
librium and the saturation coefficient, respectively. We introduce a
stretched exponent β to better fit the experimental results. From the
fit to the results of a steady field, we obtained T1 = 8.9 ms and β = 0.7,
and the resulting relaxation curve is plotted by the blue dashed line.
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Although this experiment demonstrates the validity of the 1/T1 mea-
surement in the pulsed magnetic fields and opens a possibility to
measure 1/T1 at extremely high fields, the maximum delay is still
too short to fit the overall relaxation profile. As a next step, we
should perform the NMR measurement in a flat-top pulse with a
long-duration pulse magnet that has a pulse width exceeding 1 s.28,29

We note that the ability to measure 1/T1 is easily expanded to the
nuclear spin–spin relaxation rate 1/T2 measurement, which requires
a much less duration time, of typically a few milliseconds.

IV. NMR SPECTRUM MEASUREMENT
FOR BROAD SPECTRUM

When the NMR spectrum is narrower than the frequency win-
dow for a single RF pulse, which is typically a few hundreds of kHz,
the entire NMR spectrum can be measured at a fixed field and fre-
quency as in the case of 65Cu-NMR spectra in Fig. 3(b). For broader
NMR spectra, however, the NMR signal intensity should be recorded
during either frequency sweep at a fixed field or field sweep at a fixed
frequency. In a steady field, we choose one of these measurement
modes depending on the overall spectrum width and physical prop-
erties at the measurement fields. In the previous pulse-field NMR
studies, only the field-sweep experiments were performed.14,16–18

Here, we adopt both modes using the dynamically controlled field
pulse.

A. Frequency-sweep mode with flat-top pulse
We perform the frequency-sweep experiment during the flat-

top time period in almost the same way as in the steady field. The
only and the most different point is that we need to sweep the mea-
surement frequency in a short time, namely, less than 1 ms. If we
irradiate several RF pulses at the same frequency in one field pulse,
the signal intensity would gradually diminish because of the satura-
tion of the nuclear magnetization. To avoid this, we should irradi-
ate only one RF pulse sequence for each frequency by shifting the
Tx frequency rapidly during the flat-top time. Although high speed
frequency skip is rather difficult to execute with the ordinary ana-
log heterodyne structure, the versatility of the SDR board enables
rapid and precise frequency shifting by its digital baseband modu-
lation feature, with which the modulation of carrier frequency by
the baseband signal [Fig. 5(a)] is performed at a digital signal pro-
cessing circuitry. Then, the Tx frequency shift of Δ f is achieved
by multiplying a phase factor of ϕ(t) = exp(2πiΔ ft) to the carrier
frequency.

Moreover, as rectangular RF pulses will irradiate the RF power
in a broad frequency range, which is characterized by the sinc func-
tion with several side lobes, we employed a shaped RF pulse to fur-
ther avoid the irradiation to the unwanted frequency. The baseband-
modulation waveform of the shaped RF pulse is a convolution of the
sinc function and the hamming window (ham-flat),

w(t) = [0.54 − 0.46 cos(
π fbw

2
t)]

sin(1.5π( fbwt − 2))
1.5π( fbwt − 2)

. (2)

Here, fbw is a Tx frequency bandwidth. The waveform of the ham-
flat pulse and its FT power spectrum are displayed in Figs. 5(b) and
5(c). The FT spectrum shows that the RF power within the frequency
window of fbw is almost constant, which is characterized by the RF

FIG. 5. (a) Schematic diagram for the baseband modulation. The continuous car-
rier frequency is mixed with the baseband modulation waveform to construct a
shaped pulse. The baseband waveform of the ham-flat RF pulse (b) and its FT
power spectrum (c). The bandwidth fbw is set to 100 kHz.

power at ±0.5 fbw being −0.7 dB. The RF power decays rapidly at
lower or higher frequencies and becomes smaller than −22 dB at
± fbw. An example of actual RF pulse sequence is shown in Fig. 6(a),
where spin-echo (π/2 − τ − π) pulse sequences with fbw = 100 kHz
are transmitted with an interval of 0.3 ms. We control the ampli-
tude of π/2 and π pulses rather than their widths to irradiate the RF
power for the same frequency window. By irradiating these shaped
RF pulses at 2 fbw step, the RF power is irradiated only once for
each frequency without any overlap, as shown in Fig. 6(b). Then, the
interval between spin-echo sequences is selected to transmit a suffi-
cient number of RF pulses to cover the full frequency range within
the flat-top time. The minimum interval is determined by the pulse
separation time τ and is typically 0.1 ms. The steps between two fre-
quencies are filled by repeating the field-pulse generation with the
initial frequency shifted by fbw. The flat-top pulse field is crucially
important for the frequency-sweep mode because the field should be
fixed during the frequency sweep and also the field strength has to
be reproducible to fill the frequency steps. By repeating field-pulse
generation, we can improve the signal to noise ratio (SNR).

This frequency-sweep mode with rapid frequency skip can be
used in the steady-field experiment to accelerate the repetition rate.
When we use a single Tx frequency with a conventional NMR spec-
trometer, the repetition rate of the Tx irradiation is limited by the
time scale of material-specific 1/T1, which is much longer than the
millisecond order. By using multiple Tx frequencies, for example,
five frequencies as shown in Fig. 6(b), we can perform the NMR
experiment at five different frequencies in parallel because these
Tx frequencies do not interfere with each other. As a result, the
repetition rate of Tx irradiation will become five times faster.

As an example of the frequency-sweep spectrum measurement,
we show the 11B-NMR spectra for CrB2 obtained in steady and
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FIG. 6. (a) The Tx waveform for the frequency-sweep mode during the flat-top
time period. NMR measurements were performed at every 0.3 ms. For each
Tx frequency, two RF pulses with different amplitude were transmitted to con-
struct a spin-echo (π/2 − τ − π) pulse sequence. (b) FT power spectra of RF
pulses for each Tx frequency. The wide-range frequency sweep is realized within
a short time, while the overlap of the Tx power spectrum is minimized to avoid the
saturation of nuclear magnetization.

pulsed fields in Figs. 7(a) and 7(b). The target magnetic field is 13.0 T.
A spectrum broadening was observed below TN = 88 K because of
the appearance of internal fields generated by the ordered moments.
Since the present frequency window covered by one field pulse is
limited by ∼1 MHz by the quality factor of the RF tank circuit, we
need to repeat the field-pulse generation for many times to observe
the full spectral shape. Here, to cover a broader frequency range,
the resonant frequency of the RF tank circuit was shifted for each
field-pulse generation. The sharp spectrum above TN and the broad-
ened spectrum below TN were both consistently observed in the
pulse-field NMR measurements [Fig. 7(b)]. As the spectral width
is broadened and the signal intensity is significantly reduced below
TN , we improved the SNR by averaging the NMR signals obtained
in 40 field pulses with three RF pulses at each flat-top time. Nev-
ertheless, the SNR of the NMR spectra obtained in the pulsed fields
cannot be compared to those in steady fields, especially for the broad
spectra. This is because we averaged over more than 1000 scans for
the NMR spectra measured in steady fields. In the case of a broad
NMR spectrum, a field-sweep mode with long-duration pulse fields
is more appropriate, as we explain in Sec. IV B.

B. Field-sweep mode with slope-top pulse
As an alternative measurement mode for broad NMR spectra,

we sweep the magnetic fields during the transmission of RF pulses
at a fixed frequency. This field-sweep mode is frequently used for

FIG. 7. The frequency-sweep NMR spectra for CrB2 above and below TN . The
NMR spectra were obtained in a steady field (a) and pulsed field (b). The external
magnetic field is 13.0 T for both cases. A sharp peak in the paramagnetic state and
broadening in the ordered state were consistently observed in the pulsed field.

a very broad spectrum as the sweeping range is not limited by the
quality factor of the RF tank circuit. The field-sweep experiment has
already been realized with the field pulse without the PID feedback
control.14,16–18 However, the relative NMR intensity is modified by
continuously changing the sweep rate with the half-sinusoidal field-
pulse profile, B(t) = Bmax sin(πt/T) (T: pulse width). The sweep
rate is then written as dB/dt = (πBmax/T) cos(πt/T). When the RF
pulses are transmitted at a constant repetition rate, data density at a
given field step is proportional to (dB/dT)−1 and it becomes larger
at higher fields. The distribution in data density is not preferable to
construct a broad NMR spectrum by the recombination of several
transient FT spectra. The NMR intensity obtained by one transient
FT spectrum is limited by the frequency window of the excitation
RF pulses and is reduced at frequencies exceeding the window. The
reduction factor is averaged over the fields by collecting a sufficiently
large number of transient FT spectra as in the case of steady fields or
by recording the transient FT spectra at a constant data density using
a constant sweep rate. We sweep the magnetic fields at a constant
rate by changing the target fields during the PID control (slope-top
pulse). Figure 8 shows the resulting magnetic field profiles at two
sweep rates: 2 and 10 mT/ms. The field profiles shown by the blue
solid lines were measured by the pickup coil. To confirm the field
strength at each moment, we performed the 65Cu-NMR measure-
ment at every 0.3 ms starting from 57.5 ms. We used a small RF
power to avoid saturation of nuclear magnetization even at a very
fast repetition rate. With this method, suppression of NMR inten-
sity was observed only for the last few NMR spectra around 61 ms,
although T1 of 65Cu at 77 K is longer than 10 ms. The peak positions
of the 65Cu-NMR spectra follow the blue lines for both sweep rates,
evidencing that the field strength is nicely controlled to decrease at
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FIG. 8. The field profile of the slope-top pulses (blue line). The constant sweep rate
is (a) 2 mT/ms and (b) 10 mT/ms. The red peaks are the FT NMR spectra of 65Cu
FID signals measured at the corresponding time. Since the NMR measurement is
one of the most precise magnetometers, its ability to sweep magnetic fields at a
constant and arbitrary rate is clearly demonstrated.

a constant rate. Since the external fields change at a constant rate,
NMR spectrum intensity is correctly measured by transmitting the
RF pulse at a fixed repetition rate.

The main magnet we used for this experiment generates a field
pulse with the total width of 30 ms. With this magnet, a magnetic
field of 13.0 T is PID controlled for 3.5 ms (57.5–61 ms). There-
fore, when we use the sweep rate of 10 mT/ms, we can obtain
the NMR spectrum in the field range of 35 mT by one field-
pulse generation, which corresponds to 400 kHz for 65Cu nuclear
spins and is narrower than the frequency window of the frequency-
sweep mode. To perform the field-sweep experiment over a broader
field range, we connect the data obtained in the other slope-top
field pulse starting from the last field of the previous field pulse.
However, as the optimization of the field-generation parameters is
imposed each time by shifting the field window, the present field-
sweep range is not sufficient for the measurement of broad NMR
spectra. The use of long-duration field pulses with the pulse width
longer than 1 s permits to generate the slope-top field with the
duration of ∼100 ms. Since the flat-top pulse of more than 43 T
has already been generated with the long-duration field pulse,30 the
slope-top pulse can also be implemented in the near future and will
allow us to sweep magnetic fields for 1 T by a single field-pulse
generation.

C. Consideration for the choice of modes
As a result of the development of the flat-top and slope-top

pulses, we can choose the measurement modes of NMR spectra

depending on the target materials. Here, we discuss the advantages
and disadvantages of these modes that should be considered to
choose the best measurement mode. When the overall spectral width
is broader than a few MHz, the field-sweep mode with the long-
duration field pulse is the first choice. A disadvantage of this setup is
a long waiting time for the long-duration pulse magnet to come back
to the liquid nitrogen temperature, which typically takes a few hours
after the field-pulse generation. In this respect, the frequency-sweep
mode in a smaller pulse magnet with the pulse width of ∼30 ms
is a better choice when the NMR spectral width is narrower than
2 MHz. Within the spectral width, we can cover the full frequency
range by a few field pulses and increase the SNR by quickly repeat-
ing the field-pulse generation. The typical cooling time of the small
pulse magnets is ∼30 min even after the largest field pulse generated
by the maximum energy of 30 kJ in Hokkaido University and ∼1 MJ
in ISSP. The cooling time decreases to a few minutes by reducing
the field strength, that is, by using a small energy. The frequency-
sweep mode with a long-duration pulse field is not recommended
as the frequency range measurable during one field pulse is lim-
ited by the quality factor of the RF tank circuit and repeating the
same frequency during one field pulse will reduce the NMR inten-
sity by the saturation of nuclear magnetization. For the frequency
sweep of 1 MHz, ten RF pulses sufficiently cover the full frequency
range, which can be transmitted within 3 ms by a repetition time of
0.3 ms. The long-duration pulse field should be used for the sam-
ple whose nuclear magnetization cannot be polarized during the
field-pulse duration of 30 ms. In this case, frequency-sweep mea-
surement should be performed at the very end of the flat-top time
to give ample time for the polarization of nuclear spins. Another
case to select the frequency-sweep mode is to measure the sample
that shows a field-induced phase transition. The field sweep across
the critical magnetic field results in a drastic change in the spec-
tral shape at the middle of the NMR spectrum, and thus, the entire
spectral shape cannot be measured. The frequency-sweep mode that
is slightly above and below the critical magnetic field will clearly
reveal the microscopic magnetism in the field-induced electronic
state.

V. SUMMARY
We demonstrated various operating modes of our SDR-based

NMR spectrometer using the flat-top field pulse. We confirmed the
reproducibility of field strength for independent field pulses, which
is crucial to improve the SNR, to measure the relaxation profile of
nuclear magnetization, and to measure the frequency-sweep NMR
spectrum. The 1/T1 and frequency-sweep NMR spectrum measure-
ments, which were difficult with a field pulse without the dynamic
control, were successfully performed in a metallic antiferromagnet
CrB2. We also developed the slope-top field pulse to enable the NMR
spectrum measurement with the field-sweep mode. These results
open possibilities to measure microscopic magnetism in extremely
high magnetic fields. However, since the present study was per-
formed in the field pulse with ∼30 ms time duration, flat-top time
was not sufficiently long for some materials. To further expand the
applicability of NMR experiments in high fields, these NMR tech-
nologies should be transferred and adapted to the pulse magnet with
a longer pulse duration.
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