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Abstract

β-NMR is an advancing technique that enables measurements relevant to various fields of research,
ranging from physics to chemistry and biology. Among the recent achievements of the β-NMR setup
located at the ISOLDE facility at CERN is the determination of the magnetic moment of a short-
lived nucleus with a part-per-million accuracy. Presented here are major upgrades and extensions of
that β-NMR setup. The most important advancement is the installation of a 4.7 T superconducting
solenoidal magnet, leading to sub-ppm spatial homogeneity and temporal stability of the magnetic field.
A detector array optimised for such magnetic field has also been implemented and a more powerful,
time-resolved, fully-digital data acquisition system has been deployed. To commission the upgraded
beamline, β-NMR resonances of short-lived 26Na were recorded in solid and liquid samples. These
showed 3-fold narrower linewidths and 15-fold higher resolving power than using the previous setup.
Hence, the improvements achieved here permit more accurate bio-β-NMR studies, investigating, e.g.,
the interaction of metal ions with biomolecules, such as DNA. They also pave the way for the first
studies of the distribution of the magnetisation inside short-lived nuclei.
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1. Introduction

Nuclear magnetic resonance (NMR) is a power-
ful spectroscopic technique used in physics, chem-
istry and biology [1]. It relies on the interaction of
nuclear spins with strong static and weak oscillat-
ing magnetic fields. NMR can yield information
on the probed nuclei or their environment [1, 2]
through the nuclei’s Larmor frequency and relax-
ation time that reflects how fast they return to
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thermal equilibrium.

Unfortunately, conventional room-temperature
NMR suffers from very low sensitivity. This is
caused by low polarisation, i.e. a small population
difference in spin orientations, as well as ineffi-
cient signal detection via electromagnetic induc-
tion [3]. One way to enhance the sensitivity is to
increase the polarisation above room temperature
equilibrium, known as hyperpolarisation. Differ-
ent techniques are used to achieve hyperpolari-
sation in stable nuclei, e.g. dynamic nuclear po-
larisation, parahydrogen-induced polarisation, or
optical pumping [4].

The use of short-lived β-emitting probe nu-
clei represents another sensitivity gain for NMR,
since it is based on the detection of the emit-
ted β particles. Specifically, due to the par-
ity non-conservation of the weak interaction,
spin-polarised radioactive isotopes exhibit an
anisotropy in their β decay [5]. This anisotropy
is destroyed if radio-frequency (rf) excitations are
applied around the Larmor frequency of the nu-
cleus. By recording the asymmetry as a func-
tion of the excitation frequency, an NMR spec-
trum can be recorded on as few as a million nu-
clei. The main application of β-detected NMR (β-
NMR) has so far been in nuclear physics, where
it has allowed to determine magnetic dipole mo-
ments of unstable nuclei with per-cent or per-mill
precision in solid hosts [6] and electric quadrupole
moments [7, 8].

Furthermore, moving β-NMR towards liquid
samples is a step forward in the achievable pre-
cision, as the molecular tumbling in the liquid
diminishes anisotropic effects typically occurring
in solid samples, resulting in narrower resonances
[9, 10, 11]. The combination of β-NMR’s ultra-
sensitivity with liquid samples can thus enable
novel applications in more research fields. First,
magnetic moments of unstable nuclei determined
with parts-per-million (ppm) accuracy and pre-
cision combined with precise hyperfine structure
constants can yield information on the distribu-
tion of the neutrons in the nucleus through the
so-called hyperfine anomaly [12, 13]. The second
potential application lies in biochemistry studies
that require measuring small shifts in the Larmor

frequency (chemical shifts) of metal ions depend-
ing on their interaction with biomolecules in the
sample, such as proteins or DNA [14].
A recent achievement of the technique has been

the use of liquid hosts to determine the magnetic
moment of a short-lived nucleus with 7 ppm ac-
curacy [15] at this β-NMR setup at the ISOLDE
facility at CERN. However, the accuracy and reso-
lution need to be further improved to facilitate the
planned future experiments: 1) the determination
of the hyperfine anomaly in light nuclei, such as
the well-known one-neutron halo nucleus 11Be [13]
and 2) studies of the interaction of lighter alkali
metals, Na and K, with DNA G-quadruplex struc-
tures [16].
This contribution gives an overview on the ma-

jor upgrades that have allowed to increase the
precision and resolution achievable with the β-
NMR beamline at ISOLDE to enable the above-
mentioned studies. These improvements include
a 4.7 T superconducting magnet with sub-ppm
homogeneity, a new magnetic field-compatible β-
detector array, and a versatile and time-resolved
digital data acquisition system. The results of the
commissioning experiment using 26Na in a liquid
is compared to the spectra recorded before the
upgrades [15, 11].

2. Upgraded β-NMR beamline

The setup presented in this manuscript is
designed to perform β-NMR experiments on
optically-pumped beams of short-lived nuclei, as
described in [11, 17] and [18]. A layout of the
beamline and its upgraded components is de-
picted in Figure 1.
The ion beam coming from ISOLDE enters

the beamline through an electrostatic quadrupole
doublet focusing element (1), followed by a ben-
der (2). Here, the ion beam is deflected by 5◦ and
thus brought to collinearly overlap with the laser
beam used for optical pumping. The ion beam
consequently passes through a quadrupole triplet
(3) for further beam tuning. Next, it reaches the
Doppler-tuning electrodes (4) that bring the beam
into resonance with the laser in the following
optical-pumping section. The beam then passes
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Isotope beam
from ISOLDE

Laser beam for optical 
pumping

(1) (2) (3) (4) (6) (7) (9)(8)(5)

Beam optics and ion neutralization Optical pumping
Sample and 

resonance detection

Figure 1: Overview on the components of the upgraded β-NMR beamline: (1) quadrupole doublet, (2) bender, (3)
quadrupole triplet, (4) Doppler tuning electrode, (5) charge exchange cell, (6) optical pumping section, (7) front detector,
(8) superconducting magnet, (9) retractable sample carriage.

through the charge exchange cell (5) where it is
optionally neutralised when propagating through
Na vapour [11, 17]. The optical pumping takes
place in the subsequent 2-m long section, (6) be-
fore the polarised beam passes through the front
detector (7) and is implanted into the sample lo-
cated in the centre of the superconducting mag-
net (8). A rail system allowing to easily open the
setup for a sample change is located at the end of
the beamline (9).

2.1. Superconducting magnet

The most substantial change to the β-NMR
beamline at ISOLDE is the installation of a new
magnet. Previously, the setup used a 1.2 T elec-
tromagnet (Bruker BE10) with shimming coils.
This allowed for a magnetic field homogeneity
of 4 ppm across the liquid sample support [11],
which is a thin, 8 mm diameter mica disk placed
at 45◦ with respect to vertical and to the beam di-
rection. In comparison, the new superconducting
magnet (Bruker 47/16), see (8) in Figure 1, has
a magnetic field strength of 4.7 T. It has passive
shimming and its magnetic-field homogeneity is in
the sub-ppm range in the centre of the magnet,
with deviations of less than 0.8 ppm in a sphere of
30 mm radius around the sample. Additionally,
the magnet is characterised by a high temporal
field stability with a drift below 0.06 ppm/h. The
above features allow to achieve narrower NMR
resonances, to increase the reproducibility of the

measured Larmor frequencies, and to increase the
spectral resolution.

The magnet has a 160 mm-wide bore that ac-
commodates the last beamline section with the
sample in its centre. Further components located
inside the magnet, shown in Figure 3, include (a)
the sample holder, (b) the rf coil for exciting spins
of the probe nuclei, (c) the reference probe, and
(d) the rear β detector behind the sample, which
is described in Section 2.2. All of these compo-
nents are fixed on an aluminium sample carriage
(e), which rests on a rail system, allowing for an
easy retraction from the centre of the magnet.

The reference probe (c) is used to perform
pulsed NMR on 2H nuclei to determine the mag-
netic field B0 at the time of the β-NMR measure-
ments. It consists of a 20-mm long sealed glass
tube with 2 mm internal and 3 mm external di-
ameter and an rf coil for transmission and pick-up
of the signal. The probe is located at the same
height as the β-NMR sample, 25 mm from the
beam axis, adjacent to the main rf coil.

When the sample carriage is inserted into the
magnet, conical pins align it to the rest of the
setup, thus ensuring a fast and highly repro-
ducible positioning of all elements on the carriage
with reference to the beam axis and each other.
This diminishes the uncertainty in the difference
of the magnetic field between sample and refer-
ence NMR probe positions.

Another important consideration for β-NMR
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Front
detector

Superconducting
magnet

Figure 2: Magnetic field on the beam axis in the region
between the end of the optical pumping section and the
magnet’s center. The front detector is located at -780 mm
to -580 mm from the centre of the magnet.

on optically-pumped beams is the magnetic field
strength and direction, and its change in the
transitional region between the optical pumping
area and the magnet’s centre. In the former,
four Helmholtz coils provide a 2-mT guiding field
pointing in the direction of the magnet. To ensure
an efficient transfer of atomic spin polarisation to
the nuclei during the decoupling of the electron
and nuclear spin, the field strength and direction,
and their change are important. Previously, the
magnetic field of the electromagnet was perpen-
dicular to the beam and polarisation axis, which
necessitated a slow rotation of the spins that led
to inevitable losses in spin polarisation [11]. The
field of the new superconducting magnet is along
the polarisation axis and in the same direction as
the guiding field, which avoids polarisation losses
because no spin rotation is required. The result-
ing overall magnetic field is shown in Figure 2.

2.2. β detectors

When the implanted unstable nuclei decay in
the sample, the 4.7 T magnetic field diverts the
path of the emitted MeV β particles. They propa-
gate on spiral trajectories, whose gyro-radii are in
the order of several mm, depending on their an-
gle of emission and energy. As a result, β particles
emitted at 0◦ to 90◦ with respect to the magnetic

(c)

(d)

(e)

(b)

(a)
Polarised beam

Figure 3: Schematic of the sample carriage and its com-
ponents: (a) sample holder with sample, (b) rf coil, (c)
reference probe, (d) rear β detector, (e) sample carriage.
The polarised beam travels along the magnetic field axis
from the bottom right and it gets implanted into sample.

field and beam axes are guided in the forward di-
rection, and these emitted at angles between 90◦

and 180◦ move backwards.

Therefore, the two β detectors were designed
to be implemented along the magnetic field axis,
one positioned in front of the sample and the
other behind it. They are made of EJ-200 plas-
tic scintillators, whose optical signal is read out
by 6 x 6 mm Onsemi 60035 silicon photomultipli-
ers (SiPMs). The SiPMs are bonded to a printed
circuit board with Texas Instruments OPA656 op-
erational amplifiers for adjustable gain of the sig-
nals while minimising noise. This results in sig-
nals with a full width half maximum (FWHM)
of about 100 ns leading to possible rates below
106 events/s per SiPM. In addition, the detec-
tors need to be light-tight to prevent background
from the laser beam used for optical pumping.
Therefore, the scintillators are wrapped in a 50-
µm thick layer of aluminised Mylar. As SiPMs are
not affected by a magnetic field, the detector as-
semblies can be located in the region of the sample
in the superconducting magnet without the need
for light guides. The rear detector has dimensions
of 50 mm by 50 mm and 10 mm thickness. Two
SiPMs are coupled to the scintillator on the oppo-
site truncated corners, as shown in Figure 4. The
detector is located 170 mm behind the sample in
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Figure 4: Rear detector. (a) Scintillator and PCBs with
SiPMs and amplifiers on opposite sides. (b) Wrapped in
aluminised Mylar, with breakout board for simple cable
management in the middle and the two PCBs either side.

the magnet’s center, see Figure 3.

The front detector requires an aperture to let
the polarised beam pass towards the sample. Its
design was guided by simulations using COMSOL
and GEANT4 to optimise its angular acceptance
for β particles emitted close to the beam axis, be-
cause these particles exhibit the highest emission
anisotropy. The location and shape of the detec-
tor represent a compromise considering the trajec-
tories of the β particles with different energies and
gyro-radii that depend on the strength and direc-
tion of the magnetic field they transverse. On the
one hand, β particles with low energy or emission
angle close to the beam axis have very small gyro-
radii and can pass through the aperture and thus
be missed. β particles with high energy or emis-
sion angle close to 90◦to the magnetic field axis,
on the other hand, show large gyro-radii, possibly
larger than the size of the detector, which means
they would remain undetected, too. As a result of
the simulations, the front detector is designed like
a funnel that is placed in a large detector cham-
ber in front of the magnet, (7) in Figure 1, at
a distance between 780 mm and 580 mm to the
sample. In this range, the field of the magnet is
only 5 to 200 mT and the gyro-radii of the MeV
β particles are in the order of several cm.

The detector consists of six trapezoidal scintil-
lators, each with a length of 220 mm, a width
between 17 mm and 117 mm and a thickness of
5 mm. They are wrapped in aluminised Mylar
and supplied with two SiPMs on opposite paral-
lel faces, as seen in Figure 5. Figure 6 shows the
design of the detector with the six scintillators

220 mm

17 m
m

117 m
m

(a)

(b)

Figure 5: One of six identical elements making up the front
detector. (a) Scintillator mounted on an aluminum plate
during assembly. The SiPMs locations are highlighted in
red. (b) Finished detector element wrapped in aluminised
Mylar. The breakout PCB used for easier cable manage-
ment is seen in the middle, while the PCBs with the SiPMs
and amplifiers are to the left and right.

being oriented as a funnel with the large open-
ing facing the magnet. On the other side is the
hexagonal aperture with a width of 30 mm for
the polarised beam to pass. The signals from two
SiPMs of one scintillator are passively summed
and then actively added to the signal of the scin-
tillator on the opposite side. The resulting sig-
nals of the three scintillator pairs are finally fed
into the data acquisition system as three separate
input channels. Figure 7 depicts the final detec-
tor with its surrounding support structure. The
GEANT4 simulations of this detector geometry
and position, using the magnetic field map pro-
vided by the manufacturer, show that only 20 %
of all β particles emitted isotropically by an unpo-
larised 26Na beam at the sample position are not
detected.

3. Data acquisition and control system

The equipment upgrades and the planned stud-
ies triggered the implementation of a new con-
trol and data acquisition system (DAQ). It allows
recording spectra with a wide range of spin relax-
ation times from ms to s. To provide flexibility
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Distance from magnet’s center / mm

Polarised beam

β particles
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Figure 6: Schematic drawing of the front detector. (a) side view: Coming from the left, the polarised beam passes
through the aperture of the detector towards the sample. The β particles emitted at the sample position follow a
spiralling trajectory towards the detector. (b) axial view: The polarised beam comes out of the plane, passing through
the aperture in the centre of the detector. The β particles are illustrated spiralling towards the scintillators.

Figure 7: Front detector seen from the side of the magnet.
The aperture is visible in the centre among the wrapping
in aluminised Mylar and the support structure.

during the analysis, the properties of all individ-
ual β events in the detectors are saved in a time-
resolved manner. Moreover, the DAQ synchro-
nises digital signals, such as the proton trigger
from ISOLDE and opening the beamgate, and it
controls the Doppler tuning voltage and rf exci-
tations. The implemented approach is twofold:
a field-programmable gate array (FPGA) handles
signals with critical timing, such as trigger sig-
nals, and it acquires and pre-processes the signals
from the β detectors. A host computer then man-
ages the pre-processed data and peripheral de-
vices. Accordingly, this section describes first the
requirements and the main hardware of the new
system, followed by the FPGA firmware and the
sequencer programme running on the host com-
puter.

3.1. Control and data acquisition hardware

A variety of input and output signals are pro-
cessed at the β-NMR experimental setup. On
the input side, foremost, are the analogue sig-
nals from the β detectors, described in Section
2.2, with amplitudes of 0 V to 2 V and dura-
tions of 100 ns to 150 ns at rates of up to 1 MHz.
Analogue outputs include a -10 V to +10 V sig-
nal that is then amplified 100-fold with a Kepco
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BOP100 amplifier to provide the Doppler-tuning
voltage of -1000 V to +1000 V. Additional dig-
ital inputs and outputs with ns time resolution
are used to control the ISOLDE infrastructure
with TTL signals. Here, the input is a trigger of
the proton beam hitting the ISOLDE target. The
outputs include the beamgate to control when the
radioactive ion beam enters the β-NMR beamline,
the ISOLDE cooler-buncher ISCOOL, and a laser
shutter. In addition, the DAQ communicates with
several devices via USB and GPIB to read out
vacuum gauges or set the rf generator parameters
for NMR measurements.

To address these requirements, a combina-
tion of hardware with tailor-made software has
been implemented, called VITO Control System
(VCS). The software is written in LabVIEW,
building on the Control Systems++ Framework
(CS++) which was developed at GSI [19, 20, 21].
It consists of a collection of libraries which extends
the LabVIEW-based Actor Framework. The sys-
tem uses Shared Variables together with the Data
Logging and Supervisory Control Module to en-
able distributed and event-driven communication.
As such, it is easy to maintain and its modularity
allows for hardware changes and additions. It is
published under the European Union Public Li-
cence (EUPL).

The main hardware component of the new
data acquisition is a National Instruments (NI)
PXIe-5170R card. This 14-bit oscilloscope mod-
ule offers four analogue input channels, a clock
frequency of 250 MHz, a sampling rate of up
to 250 MS/s and a Xilinx Kintex-7 XC7K325T
FPGA that pre-processes the incoming data. It
furthermore provides the digital control signals
with high temporal resolution used for the TTL
signals. The analogue and digital connections
for less time-critical signals, e.g. the Doppler-
tuning voltage, are realised with a PXIe-6341 gen-
eral purpose input/output card that offers 16-bit
ADCs and DACs and digital I/O at a sampling
rate of 500 kS/s. These two NI modules are in-
stalled in an NI PXIe-1083 crate that is connected
to a host computer via Thunderbolt 3. The com-
puter itself has a GPIB extension card to commu-
nicate with the rf generator. An overview of the

Host computer

NI PXIe-1083 crate

NI PXIe-5170R
Oscilloscope
with FPGA

G
P

IB

NI PXIe-6341
General purpose 

ADC/DAC
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Figure 8: Schematic of the different devices, inputs and
outputs handled through VCS. The analogue signals are
shown with hatched arrows, all other signals are digital.

different components integrated in VCS is shown
schematically in Figure 8.

3.2. FPGA firmware

The firmware running on the FPGA is a mod-
ified example oscilloscope code provided by Na-
tional Instruments, which has been complemented
with custom features.

Its main loop runs at 125 MHz, yielding a time
resolution of 8 ns. Five digital inputs and out-
puts with equally high time resolution are avail-
able to generate TTL signals used for synchronis-
ing VCS with the ISOLDE infrastructure. One
of these connections receives a trigger signal once
the proton pulse impinges on the ISOLDE tar-
get. This starts the data acquisition and ini-
tialises the firmware to run its integrated pulse
generator, which sends trigger signals to open the
ISOLDE beamgate and the cooler buncher IS-
COOL as well as a laser shutter for user-defined
time windows. All components with critical tim-
ing can thus be sequenced and controlled directly
through the FPGA.

To acquire the analogue signals from the β de-
tectors, options to trigger on leading and trailing
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edge thresholds are added. During the measure-
ment, the firmware on the FPGA pre-processes
the detector signals to characterise each single β
event by selected properties. They include the
time of arrival of the β particle with respect to
the trigger, the signal amplitude, the time during
which the signal is above the trigger threshold,
and its corresponding integral. Only these proper-
ties are streamed to the host computer and saved
for an in-depth data analysis, rather than the raw
waveforms of the signals. This approach allows
to reconstruct the signals during the analysis in
post-processing while keeping the bandwidth low
and thus increasing the possible signal rates, al-
lowing for higher beam intensities. As soon as
the incoming signal amplitude exceeds the trig-
ger threshold, the time of arrival of this β event is
saved and its characterisation is initiated. To de-
termine the signal’s amplitude, the incoming data
samples are continuously compared to the previ-
ous ones. For the integral, the amplitude values
are summed until the signal amplitude falls below
the trigger threshold. Also, the so-called window
coincidence mask is recorded, which gives infor-
mation on the channels that are simultaneously
active at any point during a β event. The aim is
to identify particles that have been seen in more
than one detector, which can happen due to the
funnel-geometry of the front detector and the spi-
ral trajectories of the β particles. In addition,
the FPGA counts the number of β events during
specified time windows, which is then streamed to
the host computer for a live view of the incoming
data. It is also possible to record the raw signal
from the detectors for debugging purposes using
a built-in oscilloscope function.

3.3. Measurement sequencer

The main application on the host computer
runs a sequencer to handle the measurements and
the live view of the incoming data. A graphical
interface prompts the user to choose a measure-
ment type and to define the parameters specific
to it: (1) hyperfine structure scan (HFS) with β
asymmetry observed as a function of the Doppler-
tuning voltage; (2) relaxation time measurement
with β asymmetry observed as a function of time

Idle state Apply
device settings

Data acquisition and
pulse generation Initiate command

Parameters 
from queue

Callback 
messages

Proton 
trigger

Data 
saving

Figure 9: Schematic of the sequence to record the β decay
asymmetry for one parameter set, starting with the FPGA
being in the idle state.

after proton pulse at a constant Doppler-tuning
voltage; (3) β-NMR scan with β asymmetry ob-
served as a function of the rf frequency at a con-
stant Doppler-tuning voltage. The user also de-
fines the range and the step size for the parameter
that is scanned (Doppler-tuning voltage or rf fre-
quency), as well as the number of scans with these
settings that are added to collect more statistics.
In the case of an NMR scan, for example, it is
necessary to enter the value of the Doppler-tuning
voltage, as well as the the rf range and step size,
modulation, and amplitude. Then, the program
calculates the parameters of all steps covering this
measurement range and stores them in a queue.
The measurement is such that the properties of all
β events for one step are recorded for a time that
is determined by the user based on the half-life
of the isotope and its relaxation time. Using the
number of β events during user-defined time win-
dows, the β decay asymmetry is calculated as the
normalised difference in counts seen in the front
and the back detector. It is shown in a live view
to evaluate incoming β-NMR resonances online.

To run the data acquisition, the sequencer pro-
cesses the parameter sets from the queue to co-
ordinate the external devices and the FPGA. A
schematic is shown in Figure 9, depicting the pro-
cedure to record a single step of a scan, equivalent
to one bunch of isotopes from ISOLDE. Initially,
the FPGA is in the idle state while the host ap-
plies the next parameter set. Once the callback
messages from all devices confirming the settings
of the Doppler-tuning voltage, rf, etc. have been
acknowledged, a command is sent to the FPGA to
initiate it. As soon as the FPGA receives a trig-
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ger from ISOLDE, it starts the data acquisition
as well as the pulse generator, as explained in Sec-
tion 3.2. The FPGA pre-processes the incoming
β signals while the host application immediately
fetches this data from the FPGA buffer memory,
so that the latter is available for the new incoming
data. As soon as the data acquisition for this step
(i.e. parameter set) is finished, this data is written
to disk in the TDMS file format and the FPGA
returns to the idle state. This process is repeated
until there are no more parameter sets remain-
ing in the queue, i.e. the last step in the last scan
has been recorded). When a measurement is com-
pleted, commands to enter a ‘safe mode’ are sent
to all connected devices, which turns all hardware
outputs off until the next measurement is started.
The above features of VCS make it more suit-

able for the upcoming β-NMR studies compared
to the previous system. Because each single β
event is characterised, VCS allows for more flex-
ibility and it opens new possibilities during the
data analysis, especially with respect to time-
dependent behaviour of the signals, as described
later in Section 4.3.

4. Beamline commissioning

To commission the upgraded beamline, hyper-
fine structure scans and β-NMR spectra were ac-
quired for 26Na (t1/2 = 1.1 s, I = 3). To produce
the beam of this short-lived isotope, a UCx target
was bombarded with 3 · 1013 protons at an energy
of 1.4 GeV [22, 23] every 3.6 s to produce about
107 nuclei/s. The atoms were surface-ionised and
accelerated to an energy of 50 keV before the
beam was mass-separated in the ISOLDE High
Resolution Separator and it entered the β-NMR
beamline. Because Na isotopes are more easily
polarised as atoms rather than ions, the ion beam
was neutralised in a charge exchange cell by pass-
ing through Na vapour [17]. 50 mW of circularly
polarised laser light at 589 nm was used for op-
tically pumping the 3s2S1/2 → 3p2P3/2 transition
(D2 line).
The spin-polarised atom beam was then im-

planted into different samples: a cubic crystal
or a vacuum-compatible liquid on a mica sheet.

Both types of samples are oriented to the beam
in the same way as before the upgrades, see e.g.
[11]. The crystal used is NaF in the dimensions
10 mm by 10 mm by 1 mm, glued vertically to a
3d-printed piece that fits into the sample holder
on the breadboard, see Section 2.1. As a liquid
sample, 10 to 20 µL of EMIM-DCA (1-Ethyl-3-
methyl-imidazolium dicyanamide) are used [24].
Like other ionic liquids, EMIM-DCA has a very
low vapour pressure that makes it suitable for vac-
uum conditions [25]. It is distributed over the sur-
face of an 8-mm-diameter mica sheet oriented at
45◦ to the vertical on the beam axis.

The ions are let into the beamline for the first
500 ms after the proton impact on the target,
while their β particles are recorded for 2 s. Since
the DAQ acquires properties of all individual β
particles, including their time of arrival, as ex-
plained in Section 3.2, there are several options
how to process the data and infer the β asymme-
try.

4.1. Hyperfine structure scans

To polarise the nuclear spin via optical pump-
ing, the beam needs to be tuned in resonance with
the laser beam, which is done by changing the
Doppler-tuning voltage. A resonance is then ob-
served as an increase or decrease with respect to
the baseline β decay asymmetry. This baseline
is not necessarily at 0 % due to the instrumen-
tal asymmetry of the detector configuration. A
part of the hyperfine structure of 26Na is shown in
Figure 10. It indicates the highest β decay asym-
metry that can be achieved in the D2 transition,
as described in detail in [18]. The resonance was
recorded for an acquisition duration of 2 s after
polarising 26Na with σ+-polarised laser light and
implanting it into a NaF crystal. It shows an am-
plitude of 10 % asymmetry and a high signal-to-
noise ratio even though only a single scan was
acquired. Such a HFS scan was then repeated for
the ionic-liquid host EMIM-DCA. While the am-
plitude was smaller because of a faster relaxation
in the liquid compared to the crystal, one scan
suffices to obtain a resonance.
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Figure 10: Part of the hyperfine structure (D2 line) of
26Na

implanted into a NaF crystal, seen in β-decay asymmetry.

4.2. Narrower β-NMR resonances

Having established optimum polarisation con-
ditions with the HFS scan, several β-NMR spectra
of 26Na in EMIM-DCA were recorded to evaluate
the upgraded setup, one of these spectra is shown
in Figure 11. Here, the β-NMR asymmetry per rf
step is calculated as the integral over all β events
recorded during the full 2 s acquisition duration
per step. Due to a highly improved homogene-
ity of the magnetic field, the resonance FWHM is
64 Hz (1.9 ppm) and the uncertainty in the reso-
nance position is 1.4 Hz (< 0.1 ppm). This com-
pares to, respectively, around 200 Hz (20 ppm)
and 13 Hz (1.5 ppm) using the 1.2-T electromag-
net [15]. In both cases, the width is dominated
by a slight rf power broadening, which was ver-
ified by recording NMR spectra with different rf
power. The absolute precision of the measure-
ments with the upgraded beamline is increased
by a factor of 3.7 due to the higher homogeneity
of the magnetic field. These narrower resonances,
in combination with 3.9 times stronger magnetic
field, provide the relative precision and thus spec-
tral resolution that is improved by a factor of 15.
This sub-ppm precision is crucial to resolve neigh-
bouring peaks in liquid β-NMR spectra, which is
relevant in studies of the interaction of metal-ion
with biomolecules.
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Figure 11: Example of a β-NMR spectrum of 26Na in
EMIM-DCA.

4.3. Two-dimensional NMR fits

The most basic way of visualising β-NMR res-
onances is to show the β decay asymmetry cor-
responding to all β events recorded in a chosen
observation time as a function of the applied rf
frequency, as has been done in Section 4.2 in Fig-
ure 11. In that approach, one frequency step of an
NMR scan results in one value of β decay asym-
metry that together with values for other steps
form the basis of a one-dimensional fit of the res-
onance along the frequency axis. This simple
method is not optimal, as it does not take the
relaxation of the signal into account. For short re-
laxation times, the β asymmetry should be based
on a shorter time window to disregard β events
recorded after the nuclear spin polarisation has re-
laxed. Choosing the observation window is always
a trade-off: On the one hand, longer observation
windows contain more β events and in return yield
smaller uncertainties of individual points. On the
other hand, they can result in a lower amplitude
of the resonance of interest if the integration time
is longer than the relaxation time.
Before the DAQ upgrades, a time-resolved ac-

quisition was not possible, as the integration time
had to be set in hardware. However, the new
system, VCS, works on an event-by-event basis
and records, among other properties, the time of
arrival of each β event. Thus, it allows process-
ing β-NMR spectra in two dimensions, along the

10



34.0456 34.0457 34.0458 34.0459
Frequency / MHz

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Ti
m

e 
/ s

6.0

5.8

5.6

5.4

5.2

5.0

4.8

4.6

 d
ec

ay
 a

sy
m

m
et

ry
 / 

%
Figure 12: Two-dimensional equivalent of the previous
one-dimensional β-NMR spectrum of 26Na in EMIM-DCA.
It shows the β asymmetry as a function of the applied
rf frequency and time since the implantation of the first
atoms into the sample. For easier visualisation, the data
is binned in time steps of 0.2 s and frequency bins of 8 Hz,
compared to original rf step size of 1 Hz.

frequency and the time axes. To illustrate this
more advanced approach, the β events of 26Na in
EMIM-DCA that led to the spectrum in Figure 11
are split in 0.2-s bins to create a two-dimensional
plot shown in Figure 12. Such a representation
can be fitted in two dimensions, thus making use
of the entire data set, because it avoids the need
to manually choose a time window used for one-
dimensional fitting and possibly compromise the
signal-to-noise ratio as would be done with one-
dimensional fits.

There are three components that need to be
considered when fitting the two-dimensional spec-
tra: (i) The decay of polarisation and β decay
asymmetry due to the longitudinal relaxation of
the spins that reflects their interaction with the
immediate environment (spin-lattice relaxation).
It is described with an exponential function with
the relaxation time T1 that does not depend on
the applied rf frequency. (ii) Destruction of polar-
isation and β asymmetry due to the interaction of
the spins with the applied rf. This contribution is
characterised by a second time constant TL which
describes how much faster the polarisation is de-
stroyed when the frequency of the applied rf signal
corresponds to the Larmor frequency of the nu-
clei. The frequency dependency of this contribu-

tion is represented by a Lorentzian function that
describes the line shape of the resonance. (iii) The
last contribution is a constant offset that repre-
sents the instrumental β-decay asymmetry of the
detectors. The resulting fit function used to fit
the two-dimensional β-NMR spectra is

A(ν, t) = ae
−t

(
1
T1

+ w2

(ν−νL)2+w2
1
TL

)
+ b, (1)

where t is the time from the beginning of the
observation window to the middle of the time bin,
a is the initial asymmetry generated by laser po-
larisation, T1 is the spin-lattice relaxation time
constant, w is the width of the Lorentzian func-
tion, TL is the additional time constant for the
destruction of polarisation in resonance, ν is the
frequency of the applied rf field, νL is the Lar-
mor frequency and b is the instrumental asym-
metry (i.e. β asymmetry observed in absence of
polarisation). The relaxation on resonance can
then be described by the time constant Ton =
(1/T1 + 1/TL)

−1.
Only the time after closing the beamgate, i.e.

stopping the implantation, is considered for dis-
playing and fitting the data. In the data shown
in Figure 12, this time is 0.3 s. The resulting fit,
shown in Figure 13, yields an uncertainty in the
resonance position of 2 Hz (0.06 ppm). This rep-
resents an almost two-fold increase in the preci-
sion of the fitted resonance frequency compared to
the previous one-dimensional fit. Of equal impor-
tance as the improved precision is the elimination
of a manual selection of an observation time win-
dow. This enables a more efficient data analysis
and a more complete representation of the data
including relaxation.
In order to visualise the line shape of the β-

NMR resonance as a function of time, the fit
from Figure 13 can also be represented in three
dimensions, see Figure 14. A projection along the
time axis at the Larmor frequency shows the re-
laxation in the resonance condition being signifi-
cantly faster than the T1 relaxation off resonance.
The projections along the frequency axis for given
times indicate how the resonance broadens over
time as it relaxes. This effect is otherwise not
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Figure 13: Two-dimensional fit of the β-NMR spectrum
shown in Figure 12.

visible with the one-dimensional fits, which again
highlights the advantage of the two-dimensional
fits.
Analogous to the β-NMR spectrum of 26Na in

the ionic liquid EMIM-DCA, Figure 15 shows a
resonance of 26Na in a NaF crystal. The corre-
sponding fit and its three-dimensional visualisa-
tion are presented in Figure 16 and 17. A clear dif-
ference compared to the measurements in EMIM-
DCA is the significantly longer time constant T1,
seen as a slower relaxation of the background in
the crystal which is especially evident in the three-
dimensional representation.

4.4. Relaxation curves from NMR scans

Unlike conventional NMR, in which the deter-
mination of the longitudinal (spin-lattice) relax-
ation time T1 requires multiple rf pulses, in β-
NMR T1 can be simply observed as the decrease
of β decay asymmetry over time. During the com-
missioning beamtime, a dedicated measurement
routine to acquire the T1 relaxation time was not
yet available. However, the new data acquisition
system VCS records the time of arrival for ev-
ery β event and thus enables the two-dimensional
fits along the frequency and the time axes, which
were introduced in the previous section. The T1

relaxation time constant is included in the fitting
function and is thus determined for every data
set. Evaluating a fit with Eq. 1 for a given fre-
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Figure 14: Three-dimensional representation of the fit of
the β-NMR spectrum shown in Figure 12 illustrating the
evolution of the line shape over time as the spins relax.
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Figure 15: A two-dimensional representation of a β-NMR
resonance of 26Na in a NaF crystal. The data is is binned
in time steps of 0.2 s and frequency steps of 500 Hz, com-
pared to the original 100 Hz.
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Figure 16: Two-dimensional fit of the β-NMR spectrum of
26Na in NaF shown in Figure 15.
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Figure 17: Three-dimensional representation of the fit of
the β-NMR spectrum shown in Figure 15 illustrating the
evolution of the line shape over time as the spins relax.
Visible is a significantly longer T1 relaxation compared
to the resonance in the liquid EMIM-DCA shown in Fig-
ure 14.
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Figure 18: Relaxation curves off resonance (red), equiv-
alent to the T1 relaxation, and on resonance (blue) with
the additional contribution of TL extracted from a β-NMR
measurement of 26Na in EMIM-DCA. The shaded areas
illustrate the 1σ uncertainties.

quency allows to obtain a projection along the
time axis. In the case of being off resonance with
the applied frequency being far from the Larmor
frequency, this projection is equivalent to a T1 re-
laxation curve. With the applied frequency being
in the range of the Larmor frequency (ν ≈ νL),
the additional contribution of TL is included in
the projection to yield the relaxation on resonance
with the time constant Ton. This behaviour is al-
ready visible in the three-dimensional representa-
tions of the fit in Figures 14 and 17. The resulting
relaxation curves on and off resonance for 26Na in
EMIM-DCA are shown in Figure 18. This data
set is based on the β-NMR measurement shown
before in Figure 18, with the shaded areas indi-
cating the 1σ uncertainties. The two-dimensional
fits of the β-NMR resonance thus yield the relax-
ation curves as a by-product for every acquired
spectrum. It is therefore not necessary to acquire
a dedicated relaxation measurement.

5. Conclusions and outlook

Described here were the upgrades performed
at the β-NMR setup at the ISOLDE facility at
CERN. The principal improvement over the previ-
ous setup is a 4.7-T superconducting magnet, rep-
resenting a fourfold increase in the magnetic field
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strength. In addition, the magnet’s sub-ppm field
homogeneity over the entire measurement volume
and sub-ppm temporal stability over a scan dura-
tion ensures reproducible resonances with widths
in the order of a few ppm, leading to a precision
in the Larmor-frequency determination of better
than 1 ppm. Furthermore, the high magnetic field
and solenoidal geometry along the beam axis led
to the implementation of new β detectors consist-
ing of thin plastic scintillators coupled to silicon
photomultipliers and arranged in an optimised ge-
ometry. Finally, a new data acquisition system
has allowed a higher degree of flexibility compared
to the previous system. It uses an FPGA to char-
acterise every β event and pre-processes the data
to allow for an in-depth data analysis. The NMR
spectra can now be fitted two-dimensionally along
the frequency and the time axes, thus taking into
account the relaxation of the polarisation for the
first time. This leads to a more representative
line shape and a more precise determination of
the Larmor frequency.

The above upgrades have enabled liquid β-
NMR studies on the short-lived 26Na beam that
reach sub-ppm precision and ns time resolution.
In the future, more devices will be added to the
new DAQ VCS to supervise the experiment more
comprehensively and simplify maintenance. It is
planned to move away from the TDMS file format
towards HDF5, making the recorded data easier
to manage and access.

Most importantly, the enhanced resolution of
the setup and the upgraded data acquisition pave
the way towards new applications of the β-NMR
technique. Magnetic moments can be determined
with higher precision, which gives access to prob-
ing the distributions of magnetisation and neu-
trons inside short-lived nuclei [13]. At the same
time, the accessible small differences in the Lar-
mor frequencies of short-lived metal ions due
to their environment will allow for biochemistry
studies of metal ion interaction with DNA or pro-
teins [16, 26].
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[24] K. Dziubinska-Kühn, J. Croese, M. Pupier,
J. Matysik, J. Viger-Gravel, B. Karg, M. Kowalska,
Structural analysis of water in ionic liquid domains
– a low pressure study, Journal of Molecular Liquids
334 (2021) 116447.

[25] M. Bier, S. Dietrich, Vapour pressure of ionic liquids,
Molecular Physics 108 (2010) 211–214.

[26] B. Karg, M. Kowalska, Liquid β-nmr studies of the
interaction of na and k cations with dna g-quadruplex
structures, INTC proposal, CERN–INTC-2022-001,
INTC-P-560-ADD-1 (2022).

15

http://dx.doi.org/10.15120/GR-2015-1-FG-GENERAL-41
http://dx.doi.org/10.15120/GR-2015-1-FG-GENERAL-41

	Introduction
	Upgraded β-NMR beamline
	Superconducting magnet
	β detectors

	Data acquisition and control system
	Control and data acquisition hardware
	FPGA firmware
	Measurement sequencer

	Beamline commissioning
	Hyperfine structure scans
	Narrower β-NMR resonances
	Two-dimensional NMR fits
	Relaxation curves from NMR scans

	Conclusions and outlook
	Acknowledgements

