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Abstract. We report on a first-of-its-kind simultaneous 48Ca(d, p) and 48Ca(d, t) reactions study in inverse kine-
matics with the Helical Orbit Solenoidal Spectrometer (HELIOS) at Argonne National Laboratory. This serves
as an important demonstration of the viability of simultaneous reaction studies with solenoidal spectrometers,
paving the way for similar experiments at other facilities, including with the SOLARIS device at FRIB. Fur-
thermore, we report on the development of the new Light-Ion Focal Plane Detector (L-ion FPD) to perform
complementary single-nucleon transfer reactions with light beams and enriched, stable targets with the Enge
Magnetic Spectrometer at the Heavy Ion Accelerator Facility (HIAF).

1 Introduction
The calcium (Z = 20) nuclides have long been consid-
ered “textbook" shell-model nuclei, with known doubly
magic isotopes at N = 20, 28 and new, proposed shell gaps
emerging at N = 32, 34. However, a growing body of evi-
dence suggests that further investigation of the shell model
is required in this region to explain the emergent shell clo-
sures [1].

In 48Ca, an unexpected reduction of the ν f7/2 strength
was observed from neutron-knockout reactions from the
f7/2 ground states of 48,50Ca [2]. This is inconsistent
with shell-model predictions using both phenomenolog-
ical effective-interaction Hamiltonians like GXPF1 and
microscopically derived NN + 3N interactions in the p f
model space. Furthermore, this result is also in disagree-
ment with spectroscopic strengths determined from single-
nucleon transfer reactions, although the historical data
here are sparse [3, 4].

The nuclide 48Ca is also a candidate for neutrinoless
double-beta decay and precise knowledge of ground-state
properties in the decay candidate and its corresponding de-
cay product, 48Ti, including the occupancies of the neu-
tron and proton f p-shell orbitals, are important to con-
strain calculations of the decay matrix element [5]. Ad-
ditionally, the emergent shell closures at N = 32, 34
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prompt a further need for systematic studies of effective
single-particle energies across the region, as summarised
in Fig. 1 [6–9]. With new facilities like the Facility for
Rare Isotope Beams (FRIB) coming online, there is now
greater scope to advance investigations of exotic nuclides
beyond N = 28 with single-nucleon transfer reactions and
particle-spectroscopy techniques. Complementary investi-
gations of stable isotopes along the N = 28 chain are also
needed to benchmark results and establish a clear picture
of the evolution of nuclear structure in the region.

2 Simultaneous reaction studies with
solenoidal spectrometers

Solenoidal spectrometers are an excellent tool to perform
transfer-reaction studies with heavy beams and light tar-
gets in the inverse kinematics regime. The principles of
operation of such devices is described in Ref. [10]. The
Helical Orbit Spectrometer (HELIOS) [11] was the first
solenoidal spectrometer of this kind to be developed for
such studies. It is located at the ATLAS facility at Argonne
National Laboratory (ANL). Today, it is one of three such
instruments in the world, along with the SOLARIS spec-
trometer at FRIB [12, 13] and the ISOLDE Solenoidal
Spectrometer (ISS) at HIE-ISOLDE [14]. All three de-
vices can further be operated as Active Target Time Pro-
jection Chambers.

EPJ Web of Conferences 368, 00032 (2026)	 https://doi.org/10.1051/epjconf/202636800032
HIAS 2025

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



Figure 1. The region around doubly magic 48Ca with isotopes of
interest highlighted.

All three devices operate on the same principles. The
heavy-ion beam enters a large-bore solenoid and passes
through hollow, tubular position-sensitive silicon detectors
aligned along the solenoid axis. The beam then impinges
on a light target, positioned normal to the solenoid axis.
The targets sit on an adjustable fan which can accommo-
date up to eight targets. The various light reaction products
subsequently undergo cyclotron motion under the Lorentz
force and are intercepted by the Si-detectors as they reach
the axis. The beam energy and magnetic field can be set
such that the tritons from the (d, t) reaction are emitted
at backwards lab angles and travel downstream while the
protons from the (d, p) reaction travel upstream. The kine-
matics of particle motion inside solenoidal spectrometers
is described in greater detail in Ref. [10] Additional detec-
tors positioned downstream from the target to detect heavy
47,49Ca recoils.

Figure 2. Annotated CAD rendering of HELIOS showing
a typical set up for a (d, p) experiment as modified from
Ref. [11].Whilst the schematic shows a typical (d, p) setup, the
positioning of the recoil detector is also adjustable in z so as to
enable accommodation of the downstream Si-array to detect the
tritons.

For 15 years, the HELIOS device, as seen in Figure
2 (modified from Ref. [11]), has been equipped with a
single Si array that has flexible positioning, upstream or
downstream of the target. For the (d, p) reaction, protons
are emitted upstream and there have been many successful
works using this approach. However, with carefully cho-
sen beam energies and the addition of a second Si array,
it becomes kinematically feasible to simultaneously detect
reaction products from different reactions that occur be-
tween the beam and target particles. For instance, by po-
sitioning a second Si-array downstream beyond the recoil
detector, tritons from (d, t) reactions could be measured in
parallel to protons from (d, p) reactions in the upstream
array. In this work, we investigated this approach with
beams of 48Ca ions delivered to HELIOS. This is an im-
portant capability to demonstrate, particularly with regards
to future programs that are planned with the SOLARIS de-
vice at FRIB.

2.1 Simultaneous d(48Ca,p) and d(48Ca,t)
measurement: Attempt 1

In this experiment, a 10-MeV/u beam of 48Ca ions de-
livered by the ATLAS superconducting linear accelerator
was used to bombard deuterated (CD2) targets of vary-
ing thicknesses in the range of 100-200 µg/cm2. HELIOS
was equipped with the standard 6 × 4 Si array positioned
800 mm downstream from the target position to detect tri-
tons emitted from the (d, t) reaction, and a bespoke 2×4 Si
array, built specifically for this test, positioned 50 mm up-
stream to detect protons from the (d, p) reaction. An addi-
tional recoil detector was positioned downstream, 750 mm
from the target.

The downstream data collected during this measure-
ment are represented in Fig. 3. Here, the energies of light
ions that intercept the array are plotted as a function of dis-
tance along the solenoid axis. The six Si detector positions
are clearly separated. Tritons from the (d, t) reaction travel
downstream and were expected to be observed in this data
set. However, the online data were dominated by light ions
from other sources. Further inspection of the data offline,
complemented by extensive modelling of every possible
reaction that could take place, led to the discovery that the
data were dominated by scattered protons and deuterons
executing multiple orbits before being intercepted on-axis
by the Si-detectors. This posed an additional issue, as a
proton executing three orbits will have the same orbital
time period as a triton. Nonetheless, faint signatures of tri-
tons were visible (indicated by the red box at the centre of
Fig. 3). The experiment was subsequently rescheduled and
the HELIOS set up was modified to overcome the issues
caused by scattering events from other reactions.

2.2 Simultaneous d(48Ca,p) and d(48Ca,t)
measurement: Attempt 2

The HELIOS set up was modified for the second exper-
iment. A long plastic pipe ∼50 mm in length was po-
sitioned between the target and the downstream Si array,
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The HELIOS set up was modified for the second exper-
iment. A long plastic pipe ∼50 mm in length was po-
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Figure 3. Data collected in the downstream array showing the
energy of the detected particles plotted as a function of distance
along solenoid axis, z. The strong kinematic lines all correspond
to multi-orbit scattered protons and deuterons. For instance, the
orange box encloses scattered deuterons undertaking two orbits.
These events end up washing out the desired triton events which
are faintly seen enclosed within the red box

which was moved further downstream to 900 mm to ac-
commodate the blocker. The aim here was to block the
path of protons and deuterons emitted from the target that
would undergo multiple orbits before detection. Single-
orbit trajectories would still be detected; however, soft-
ware gating on the particle cyclotron period would allow
unambiguous selection of tritons in the data. The effects
of this adjustment are evident, with the tritons clearly elu-
cidated in the spectrum shown in Fig. 4. The excitation-
energy spectra constructed from the measured triton and
proton transfer-reaction products of interest reveal excited
states in 47,49Ca, respectively. These are shown in Fig. 5.
Results of the full analysis and their interpretation from
this experiment are expected to form the subject of a sepa-
rate publication; however, we note that this is the first-ever
unambiguous demonstration of dual reaction studies with
HELIOS using both the upstream and downstream direc-
tions. Similar experiments are expected to take place soon
with the SOLARIS device at FRIB.

Figure 4. Data collected in the downstream array showing the
energy of the detected particles plotted as a function of distance
along solenoid axis, z after the addition of the blocker. This re-
veals a clean triton spectrum with the first three states of 47Ca
visible.

3 The Light-Ion (L-ion) Focal Plane
Detector

Transfer reactions in inverse kinematics with solenoidal
spectrometers are primarily intended to enable studies of
radioactive isotopes. However, high-resolution particle
spectroscopy can be achieved in regular kinematics with
stable targets and light beams. This is particularly relevant
for the investigation across the N = 28 chain beyond 48Ca
where systematic studies are necessary to firmly establish
the evolution of structure in the region. As seen in Fig. 1:
50Ti, 51V, 52Cr are all stable isotopes along the N = 28
chain. Thus, there is a need for devices to perform high-
resolution particle spectroscopy in regular kinematics on
the stable isotopes along the N = 28 chain.

To that end, the Enge Magnetic Spectrometer [15] at
the Australian Heavy Ion Accelerator Facility (HIAF) has
been equipped with a newly developed focal-plane de-
tector to perform nucleon-transfer-reaction measurements
with stable beams and targets. A partial CAD model of the
Light-ion (L-ion) detector is shown in Fig. 6. The cath-
ode (blue) and anode segments (orange) are separated by a
Frisch grid. Position wires (red) are held in gridded chan-
nels at voltages around 2 kV. The position along the detec-
tor is inferred by measuring the time difference between
the signals, caused by the avalanche localisation, at both
ends of the wire. The energy loss as the particle travels
through the detector volume is measured with two ∆E seg-
ments (brown) between the two position wires. A plastic
scintillator bar (yellow) is positioned at the end of the de-
tector volume and provides the stopped energy component
of the particle signal. Particle identification is achieved
through ∆E − E measurements, with the E measurements
coming from either the cathode or the scintillator, and dif-
ferent stopping powers of the different light-ion species.
Early experiments with the new system have primarily fo-
cused on the N = 28 isotones highlighted in Fig. 1.

The design and working principle of the detector
is largely based on an older iteration, as described in
Ref. [16]. However, a key difference with the new detector
is the inclusion of the backing scintillator at the end of the
detector volume. This is an important aspect of the design
of L-ion as a device for single-nucleon transfer reactions,
whereas the previous detector was predominantly used for
heavier ions and multi-nucleon reactions. Bespoke soft-
ware has been developed to use the new detector with an
XIA Pixie16 digital data acquisition system.

The effectiveness of this setup for high-resolution par-
ticle spectroscopy was demonstrated in recent in-beam
tests with states of 53Cr visible from the 52Cr(d, p)53Cr re-
action (Ed = 12 MeV). A sample time-difference spec-
trum along the front position wire is shown in Fig. 7. Mea-
surements were also taken on titanium and iron isotopes.
Analysis of the data on (d, p) reactions on 54Fe, 52Cr, and
50Ti are presently underway with a focus on obtaining the
spectroscopic strengths of the first f 7

2
and p 3

2
states. This

is in addition to serving as a proof-of-principle for the de-
tector and benchmarking its constituent components. Fur-
ther experiments are planned, both with the same N = 28
isotones and also with odd-Z isotones like 51V. The L-
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Figure 5. Excitation-energy spectra measured for the (d, p) and (d, t) reactions respectively with tentative assignments for selected
states populated in 49, 47Ca

Figure 6. CAD model of the Light-ion Focal Plane Detector. See
text for details.

ion detector will also leverage expected future capabilities
at HIAF and enable transfer reaction studies with 3, 4He
beams.

4 Conclusions and future work

We report on the first ever simultaneous (d, p) and (d, t) re-
action study performed in inverse kinematics with the HE-
LIOS solenoidal spectrometer at Argonne National Lab-
oratory. This demonstration will hopefully pave the way
for future experiments of similar design, particularly with
the SOLARIS device at FRIB. Consistent, systematic in-
vestigation with single-nucleon transfer reactions is nec-
essary to elucidate the nature of strength fragmentation in
the N = 28 region. Such studies may also have ancillary
benefits for neutrinoless double-beta decay searches, and
aid future investigations into the emerging N = 32, 34

Figure 7. Position-wire spectrum with selected states of 53Cr
identified. The peaks that go off scale are from target contam-
inants, typically oxygen and carbon. The uncalibrated spec-
trum suffices to demonstrate the identification of states of 53Cr
while a proper calibration requires careful consideration of edge-
effects in the detector and incorporation of non-linearties in time-
difference responses at the ends of the detector.

shell closures in this region. The new L-ion detector, with
the Enge Magnetic Spectromter at HIAF, enables com-
plementary studies with stable targets and light beams to
be performed. This has the advantage of enabling high-
resolution particle spectroscopy at a wider range of mea-
surement angles than can currently be achieved with re-
actions performed in inverse kinematics experiments with
solenoidal spectrometers.
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