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A Low Energy Branch for the MARA separator, MARA-LEB, is under
construction at the University of Jyvédskyld, Finland. It will be used to
purify and study exotic beams initially via nuclear decay and laser spec-
troscopy. Two experiments have been performed using the MARA separa-
tor to determine the acceptance of the gas cell and to assess the feasibility of
future experiments at the new facility. Products of different reaction mech-
anisms have been produced and their transmission from the focal plane
of MARA into the LEB gas cell has been estimated. In one experiment,
medium-mass nuclei have been produced in fusion—evaporation reactions.
In a second experiment, with the primary goal of studying the non-fusion
reaction dynamics, heavy target-like fragments from multi-nucleon transfer
reactions have been produced. Production cross sections have been mea-
sured and are presented in this work.
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1. Introduction

The Low Energy Branch (LEB) [1] for the Mass Analysing Recoil Ap-
paratus (MARA) [2] is a facility under construction in the Accelerator Lab-
oratory of the University of Jyvéskyld. MARA-LEB is designed to inves-
tigate exotic nuclei far from stability, taking advantage of MARA’s high
mass selectivity [2]. In the early conceptual design phase of the facility, the
proton-rich N ~ Z regions around %°Zr, **Ag, and '°°Sn were highlighted
due to their scientific interest. Their proximity to the N = 50 and Z = 50
magic numbers, the N = Z line, and the proton dripline makes this region
a fertile ground for the testing of nuclear models and their predictions |3, 4].
The rapid proton capture (rp) [5] and the neutrino-induced nucleosynthesis
(vp) [6] processes traverse this region, thus accurately measuring the nu-
clear properties of these isotopes becomes crucial in the development and
verification of astrophysical nucleosynthesis models.

The actinide elements (89 < Z < 103) have emerged as a new region of
interest for MARA-LEB. These nuclei have grown in scientific significance
in recent years, especially due to the technical and methodological develop-
ments of laser spectroscopy that have allowed access to ground-state nuclear
structure properties of exotic species in this region [7]. Access to this region
of nuclei can be achieved via fusion—evaporation (FE) reactions. Other re-
action channels, such as multi-nucleon transfer (MNT), provide alternative
access routes to the region. However, the reaction dynamics of these alter-
native paths are not yet fully understood and intensive experimental study
is ongoing [8, 9]. The use of MNT reactions in combination with the MARA-
LEB facility is foreseen as a promising future opportunity for experiments,
opening up the possibility of laser spectroscopy of actinides.

2. The MARA-LEB facility

The MARA-LEB facility combines several ion manipulation techniques
to purify low-energy radioactive beams produced and initially separated by
MARA [1]. Reaction products, known as recoils, are focused by MARA into
a small-volume gas cell, containing a laminar flow of a noble buffer gas (typ-
ically helium or argon). Recoils are stopped, thermalised, and neutralised
in argon gas before being laser ionised via multi-step resonant laser ionisa-
tion. For experiments not involving laser ionisation, helium can be used for
reduced extraction times, in a manner similar to operations at the IGISOL
facility.

Multi-step laser ionisation of neutralised recoils allows for the selection
of specific elements, while others remain neutral. Non-neutralised recoils
are collected by electrodes before exiting the gas cell. Ionised recoils are ex-
tracted and accelerated to 30 kV by the use of radio-frequency quadrupole
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guides and ion-optical elements [10]. The ions are further mass and en-
ergy separated by the use of a dipole magnet and an electrostatic deflector
operated at 90°, which also directs the ions towards experimental stations.

3. Experiments at MARA

The combination of ion-optical elements at MARA allows for recoils to
be separated by their mass-over-charge (m/q) ratios, in addition to being
focused onto a position-sensitive detector [2], usually a Multi-Wire Propor-
tional Chamber (MWPC). The products of nuclear reactions are mass- and
energy-selected and focused onto the focal plane detector system. They are
detected by the MWPC in well-defined m/q clusters, known as charge states.
The MARA ion-optical settings can be adjusted to centre a particular charge
state or the midpoint between two consecutive charge states (referred to as
focusing on a half-charge state) onto the middle of the MWPC. In both of
these cases, adjacent charge state clusters can also be detected in the MWPC
with the distance between them depending on the selected mass and energy
of the recoils.

The MARA-LEB gas cell will be positioned at the focal plane of MARA,
thus the design of its entrance window is dependent on the spatial distribu-
tion of recoils at the focal plane.

An experiment, designed to estimate the production of *#9Ag, was per-
formed at the MARA facility using the 4°Ca(°®%°Ni, p3n)?496Ag fusion-
evaporation reactions. The production of both silver isotopes of interest
in this more limited, exploratory type of experiment proved insufficient for
them to be clearly identified over other contaminants with higher production
cross sections, further justifying the need for additional beam purification
with MARA-LEB for studies in this region. Instrumental data, however,
could be extracted from the experiment. Namely, by selecting a contam-
inant of mass number A = 96, the spatial distribution of recoils of this
mass could be examined in order to make decisions on the design of the
gas-cell window. ?6Pd was abundantly produced via *°Ca(°¥Ni, 2p)%Pd.
By identifying it via «-ray tagging and excluding all other recoils, an image
of palladium ions at the focal plane could be produced. By analysing these
images with different MARA focus settings, the influence of window size on
gas-cell acceptance could be quantified.

Acceptance into the gas cell was analysed in terms of the radius of the
windows while scanning across the position of the charge states on the win-
dow. The cases of two- and three-charge states being accepted into the
gas cell were studied and are exemplified on the left and right, respectively,
of Fig. 1. At a radius of 32 mm, centring the window on a half-charge
state, the entirety of the clusters with charges 26 and 27 enter the gas
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Fig.1. 32 mm-radius gas-cell window superimposed onto the recoil image at the
MARA focal plane (top) and its dispersive plane projection (bottom) for °Pd re-
coils. On the left, the window is centred between charge states 26 and 27, accepting
two entire charge states. On the right, the window is centred onto charge state 27,
accepting it entirely and most of the adjacent charge states.

cell (Fig. 1, left). This constitutes an acceptance of 58% of the %Pd re-
coils arriving at the MWPC. For a window of the same size, but centred
on the most intense charge state, 63% of the recoils detected in the MWPC
enter the gas cell, as an entire cluster and most of the immediate adjacent
ones are accepted (Fig. 1, right).
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Fig.2. 32 mm-radius gas-cell window superimposed onto the recoil image at the
MARA focal plane (top) and its dispersive plane projection (bottom), centred on
the most populated charge state. 2!3Rn is shown on the left. 22Th is shown on
the right, with a coarser binning that allows for data to be more easily visualised.
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Recently, experiments have been performed at MARA by the GSI-JYFL
Collaboration aiming to study the dynamics of non-fusion reactions. The ex-
perimental data from these experiments are currently under evaluation [11].

In connection with MARA-LEB, the energy and position of certain re-
action products were investigated. Figure 2 illustrates the position of 2'3Rn
and 226Th, produced via the °Cu+2%Bi and %°Cu+238U reactions, respec-
tively. Considering a gas-cell window with a radius of 32 mm, the acceptance
into the gas cell as a percentage of the total number of recoils of the same
species arriving at the MWPC is given in Table 1 for all reactions. These
reactions were also used to estimate production yields for heavier isotopes
which are now of interest for MARA-LEB. Table 2 shows the preliminary
cross-section values for selected products of these reactions within the 10 msr
acceptance of the MARA separator.

Table 1. Acceptance (a) of different recoils into the gas cell as a percentage of
those that arrive at the MWPC, for different cases and number of charge states
(nenst) accepted into the window.

Case nenst @ |%)
9%pdq 2 58.5

9%6pq 3 62.7
213Rn 3 70.6
226Th 3 75.0

Table 2. Preliminary cross-section values (o) for selected products within the
MARA separator accepted solid angle.

Isotope Target o [ub]

21p,  209B;  2.9(2)
212Rpy  209Bi  2.7(2)
Z3Rn - 29Bi  2.2(2)
23Fy  209Bj  1.8(2)
221AC 238U 1 6(3)
221Ra 238U 2 1(3)
223AC 238U 1 9(3)
226Th 238U 2 4(3)
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4. Conclusions

In addition to supporting the design of the MARA-LEB gas-cell window,
the experiments described in this work have served as a proof of concept for
experiments at the new facility. In particular, the production of recoils
from FE and MNT reactions is a promising first step for new experimental
possibilities for MARA-LEB.

Cross sections as low as 0.5 ub have proven to be sufficient for laser spec-
troscopy with primary beam intensities in the order of hundreds of particle
nA [12]. Primary beam intensities of that order and similar target thick-
nesses can be expected in MARA-LEB experiments, thus laser spectroscopy
of actinides and other heavy isotopes may well be feasible at the new facility,
depending on the different efficiencies that will need to be determined once
the facility is operational.

This project has received funding from the Academy of Finland un-
der project number 315179 (In-gas-jet laser spectroscopy near the proton
dripline) and the European Union’s Horizon 2020 research and innovation
programme under grant agreement number 861198-LISA-H2020-MSCA-ITN-
2019.
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