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Abstract

:

The heaviest actinide elements are only accessible in accelerator-based experiments on a one-atom-at-a-time level. Usually, fusion–evaporation reactions are applied to reach these elements. However, access to the neutron-rich isotopes is limited. An alternative reaction mechanism to fusion–evaporation is multinucleon transfer, which features higher cross-sections. The main drawback of this technique is the wide angular distribution of the transfer products, which makes it challenging to catch and prepare them for precision measurements. To overcome this obstacle, we are building the NEXT experiment: a solenoid magnet is used to separate the different transfer products and to focus those of interest into a gas-catcher, where they are slowed down. From the gas-catcher, the ions are transferred and bunched by a stacked-ring ion guide into a multi-reflection time-of-flight mass spectrometer (MR-ToF MS). The MR-ToF MS provides isobaric separation and allows for precision mass measurements. In this article, we will give an overview of the NEXT experiment and its perspectives for future actinide research.
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1. Introduction


Access to the heaviest elements in the periodic table is limited. While elements up to einsteinium and fermium are still available in macro-amounts, all heavier elements are only accessible in accelerator-based experiments on a one-atom-at-a-time scale. Workhorses for the production of the transfermium elements are fusion–evaporation reactions [1], which are restricted by the availability of target materials and ion beams, as well as by the reaction cross-sections. An alternative reaction mechanism that can be applied and that gives access to isotopes further on the neutron-rich side are deep inelastic collisions resulting in multinucleon transfer [2,3,4,5,6]. Multinucleon transfer reactions have been known for decades as a means for accessing neutron-rich transfermium isotopes. However, their application in studying transfermium isotopes is still limited.



Similar to experiments using fusion reactions, an intense ion beam (of typically 0.5 particle nA up to 2 particle  μ A) impinges on a target foil with a thickness of a few microns. The various products of the fusion–evaporation reactions continue flying in beam direction and can be separated by an electromagnetic separator. In deep inelastic collisions, a neck is formed between the projectile and the target nucleus. Nucleons are exchanged; the system rotates and splits again. The reaction products are emitted in a large polar angle of 30° to 60° with respect to the beam axis, which limits the collection of multinucleon transfer products for subsequent precision studies. Electromagnetic separators such as SHIP [2], VAMOS [7], or PRISMA [8] cannot cover the whole solid angle and are only able to capture a fraction of the products. Studies of transfer products using radiochemical separation techniques are limited to long-lived isotopes [4]. In recent years, new experiments, in which gas-cells are directly placed behind the target to stop and capture a large fraction of the transfer products, have been developed, such as the KISS experiment [9], the N = 126 factory [10], and experiments at IGISOL [11] and at the FRS gas-catcher [12]. All these experiments require an additional separation step. In the case of the KISS experiment, laser ionization of the products is applied.



Here, we report about a new setup called NEXT that is currently being built at the AGOR cyclotron in Groningen. The NEXT setup shall fulfill the following requirements:




	
a large angular acceptance to capture the vast majority of the target-like transfer products and achieve good focusing;



	
good suppression of the primary beam and lighter transfer products;



	
separation and identification of isobaric nuclides;



	
isotope identification independent from chemical properties



	
sensitivity to isotopes of a broad range of half-lives.








To achieve this demand, the heavy target-like transfer products are pre-separated by their magnetic rigidity from the primary beam and the light projectile-like products within a superconducting solenoid magnet [13]. The target-like products are focused towards the end of the solenoid, where they are stopped in a gas-catcher [14]. The transfer products are extracted and bunched by a stacked-ring ion guide [15] before they are injected into a multi-reflection time-of-flight mass spectrometer (MR-ToF MS) [16,17,18] for isobaric separation and mass measurements. Figure 1 shows a schematic overview of the setup.




2. The NEXT Setup


2.1. AGOR Cyclotron


The primary intense ion beam is delivered by the AGOR cyclotron in Groningen [19]. AGOR is a superconducting cyclotron with a cyclotron K value (bending limit) of 600 MeV that is capable of accelerating light and heavy ions in a range of energies, from 5 MeV/u for heavy ions and up to 190 MeV for protons, as practically continuous beams. It is equipped with an electron cyclotron resonance (ECR) ion source, which provides a broad range of stable beams up to lead. Beam intensities depend on the desired projectiles and range from an particle nA to a few particle  μ A [20]. Based on the experience with various projectiles and ion-source tests, we expect beam currents at the target position of the NEXT experiment in the order of hundreds of particles nA.




2.2. The Solenoid Separator


The primary beam from AGOR is focused on the target, which is located inside a solenoid magnet. The un-reacted beam is collected by a Faraday cup behind the target. The target can be moved along the central axis of the magnet. The magnet had previously been part of a magnetic resonance imaging apparatus. Its total length is 160 cm, and the inner diameter is about 90 cm. It provides a magnetic flux density of B = 3 T. The trajectories of the transfer-product ions recoiling out from the target are bent depending on the emitting angle and the magnetic rigidity   B ρ =  p q    of the ions, where  ρ  is the gyroradius of the ion due to the magnetic field, p is its momentum, and q is its charge state.



In order to optimize the transmission of target-like products towards the gas-catcher and their separation from projectile-like fragments, two model reactions were chosen:




	
   136  Xe +    198  Pt at an energy of 6 MeV/u to produce nuclei around   N = 126   [21];



	
   48  Ca +    251  Cf at an energy of 6.1 MeV/u to produce transfermium nuclei [22].








To simulate the trajectories of the reaction products, the differential cross-section, the emitting angle from the target, the kinetic energy, and the charge-states of the ions of interest are required as input data. The differential cross-section of the various isotopes, the emitting angle, and the kinetic energies of the ions are taken from predictions made by a dynamical model based on the Langevin equations [21,22]. This model provides a continuous description of the time evolution of the system of colliding nuclei, starting from the approaching stage of the projectile and the target in the entrance channel of the reaction, and up to the formation of the final reaction products. The stochastic nature of the interaction between two colliding nuclei is taken into account in this model. This leads to the formation of products in a wide range of masses, energies, and scattering angles. The model gives a reasonable description of various characteristics of the products of multinucleon transfer reactions that was verified on a large set of available experimental data. The mean charge states of the ions were calculated using an empirical charge state formula for heavy ions, according to reference [23]. The distributions of the charge states were calculated according to reference [24]. Figure 2 shows two examples of the resulting acceptance region of the solenoid separator. The green areas indicate the emitting angle and magnetic rigidity of ions that will be transmitted from a target towards the gas-catcher. Ions emitted in a small angle are stopped by a cylindrical Faraday cup of 6.2 cm radius and 12.4 cm length, which is placed a few centimeters behind the target. By changing the target position, the acceptance region can be adjusted. As an example for neutron-rich transfermium nuclei    261  Md produced in the reaction    48  Ca +    251  Cf at an energy of 6.1 MeV/u was chosen. The magnetic rigidity and angular distribution of    261  Md (Z = 101) is indicated by the solid lines in Figure 2A. They overlap, to a large degree, with the acceptance region of the magnet. The transmission efficiencies of the target-like products of the model reaction    48  Ca +    251  Cf are summarized in Figure 3. The figure shows the suppression of recoiling nuclei that are close to the nuclear mass and charge of the target material. The transfer products, which are heavier than the target material, are emitted within the acceptance region of the solenoid and, therefore, high-transmission yields around 80% can be achieved.



In order to optimize for   N = 126   nuclei, the transmission of the products of the reaction    136  Xe +    198  Pt at an energy of 6 MeV/u was investigated. The magnetic rigidity of   N = 126   nuclei is higher than the rigidity of the transfermium isotopes produced in    48  Ca +    251  Cf, and, thus, they lie only partially within the acceptance region of the magnet (see Figure 2B). The optimum target position for the reaction    136  Xe +    198  Pt was determined to be 70 cm inside the solenoid, and typical transmission yields of about 15% could be reached. The projectile-like fragments lie, to a large degree, outside the acceptance region; thus, they are efficiently suppressed by the solenoid separator.




2.3. Gas-Catcher, Ion Guide, and MR-ToF MS


The transmitted target-like transfer products pass the titanium entrance window of the gas-catcher [14] placed behind the solenoid. The ions are slowed down by collisions with the gas atoms inside the gas catcher, which has a length of 45 cm and a diameter of 40 cm. The ions are guided by a direct current (DC) gradient towards the backside of a gas-catcher, where a radiofrequency (RF) carpet is located. The RF carpet is a printed circuit board with concentric ring electrodes and an electrode gap of 0.125 mm. The ions are transported by a DC gradient of 3 V/cm and an RF potential of 80 V peak-to-peak and at a frequency of 5.7 MHz towards the center, from where they are extracted through a hole of 0.45 mm diameter by a supersonic gas flow. The ions are, thus, emitted from the gas-catcher as a continuous, divergent beam with energies of a few electron volts. In order to inject the ions into the MR-ToF MS, the beam needs to be transformed into well-focused ion bunches with energies of a few kiloelectron volts. To this end, an ion guide consisting of a stack of rings has been developed.



Figure 4 shows the model of the novel stacked-ring ion guide. Details concerning its design and the simulation of the ion transmission efficiency can be found in reference [15]. The ion guide consists of a stack of 78 ring electrodes. The ions are confined radially by an RF potential. To capture the divergent beam from the gas-catcher, the first ring has the widest inner diameter (14 mm). The inner diameters over the first eight rings decrease in order to focus the ions. Behind the focusing section of the ion guide, the thermalization section follows (see Figure 4), which consists of 60 identical rings. Here, the ions reach thermal equilibrium by interaction with the buffer gas and are transported by a travelling wave of bias voltages. From the thermalization section, the ions enter the refocusing section consisting of five rings with decreasing inner diameters. From there, the ions reach the bunching section, which consists of five rings. Here, the ions are accumulated until they are ejected as an ion bunch by disconnecting the last four rings from the RF voltage and applying optimized ejecting voltages. According to our simulations, the transmission efficiency of the ion guide is 80%. The energy and time spreads of ion bunches at the one-sigma level are 3.66 eV and 0.06 µs, respectively.



Figure 5 shows the model of the gas-catcher, the ion-guide section, and the MR-ToF MS. The gas-catcher is operated at a pressure of 50 mbar. The gas streaming through the exit hole of the gas-catcher is pumped away by a turbo-molecular pump with a pump capacity of 2200 L/s (pump 1, Figure 5), resulting in a pressure of about   10  − 3    mbar at the ring ion guide section. The operation of the MR-ToF MS requires a vacuum in the order of   10  − 9    mbar. Therefore, differential pumping is implemented. The ion guide section is separated by a 2 mm wide pulsed drift tube from a set of ion lenses. In this section, a turbo molecular pump with a capacity of 350 L/s (pump 2) is installed, and a pressure of   10  − 7    mbar is reached. This section is separated by an iris from the section of the MR-ToF analyzer, where another pump with a capacity of 700 L/s (pump 3) is installed in order to reach   10  − 9    mbar.



The ion bunches ejected from the ring ion guide are refocused by the set of lenses; they pass the iris and are injected into the MR-ToF MS.



The MR-ToF MS has been developed at the Technical University of Darmstadt [16] and is currently under construction. It consists of two electrostatic ion-optical mirrors which are connected by a 70 cm long drift tube with a pulsable potential. For the injection and ejection of the ions, the “in-trap potential lift method” will be used [25]: the ions are injected into the MR-ToF MS, while the drift tube is on high potential. When the ions are inside, the potential of the drift tube is lowered and the ions are trapped between the mirrors and are reflected multiple times. By increasing the potential of the drift tube, the ions are ejected in mass-separated bunches and sent to a multichannel plate (MCP) detector to determine the time of flight. The MR-ToF method allows for mass measurements with a resolving power of several hundred thousands [17,18], as well as for isobaric separation to prepare purified samples for decay spectroscopy. Due to their different velocities, the ions of interest can be separated even from isobaric species, either during the storage period [26] or by the timing and duration of the ejection pulse [27]. For the spectroscopy, the MCP detector will be replaced by a silicon detector that is sensitive to alpha particles and fission fragments. The detection station is designed in such a way that it can be easily upgraded and the detectors can be exchanged.





3. Status and Planned Experimental Program


Currently, the NEXT experiment is in the late design phase. The machining and installation of several parts has already started. The ion guide and MR-ToF components are under construction, and the solenoid magnet will arrive at AGOR in Summer 2022.



NEXT will open the door to nuclei around the third waiting point for the r-process of nucleosynthesis at the neutron shell closure around   N = 126   [28]. These nuclei will be accessed through    136  Xe-induced reactions, and their mass will be determined by the MR-ToF MS. The expected rates of    203  Ir and neighboring isotopes and isotones lie in the order of a few hundred ions per second at the focal point of the solenoid. The first mass-measurement campaigns at NEXT will focus on this region of the nuclear chart. Furthermore, NEXT will study neutron-rich nuclei in the transfermium region. These will be accessible through asymmetric reactions with actinide targets. The focus of the first experiments will lie in the mendelevium region towards the neutron subshell closure at   N = 162  , where we expect rates of a few ions per minute at the focal plane of the solenoid. For the simulations, we focused on the medium-mass projectile    48  Ca. However, as day-one experiments, we plan to also use beams that are easier to develop, such as    18  O and    22  Ne. After commissioning, we plan to focus on the masses and fission half-lives of the neutron-rich isotopes in the transfermium region.




4. Conclusions


NEXT will provide a new step to the neutron-rich side of the chart of nuclei. It will give access to isotopes that are difficult to reach at other facilities. The solenoid separator will allow for the separation of target-like transfer products from the primary beam and projectile-like fragments. The coupling to the MR-ToF MS through a gas-catcher and stacked-ring ion guide will prepare samples for decay studies and will allow the mass measurements of very exotic isotopes with high precision.
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The following abbreviations are used in this manuscript:



	NEXT
	Neutron-rich, EXotic, heavy nuclei produced in multi-nucleon Transfer reactionss



	MR-ToF MS
	Multi-reflection time-of-flight mass spectrometer



	SHIP
	Separator for heavy ion reaction products



	VAMOS
	Variable mode spectrometer



	KISS
	KEK isotope separation system



	IGISOL
	Ion guide isotope separation on-line



	FRS
	Fragment separator



	AGOR
	Accélérateur Groningen–Orsay



	ECR
	Electron cyclotron resonance



	N
	Neutron number



	DC
	Direct current



	RF
	Radiofrequency



	MCP
	Multichannel plate
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Figure 1. Schematic overview of the NEXT setup. The dark arrows indicate the primary beam. The red arrows indicate the trajectories of target-like fragments, while the purple arrows indicate the trajectories of the projectile-like fragments. 
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Figure 2. Acceptance plots of the solenoid separator. The green areas indicate the acceptance region of the solenoid magnet. Ions with corresponding magnetic rigidities and emitting angles that are released from a target placed behind the solenoid will reach the entrance window of the gas-catcher. (A) shows the acceptance region when the target is placed 53 cm inside the magnet. The distance between the target and the Faraday cup is 32 cm, and the distance between the gas-catcher and the end of the solenoid is 70 cm. The solid lines represent the distribution of    261  Md ions produced in the reaction    48  Ca +    251  Cf at an energy of 6.1 MeV/u. (B) shows the acceptance region when the target is placed 69 cm inside the magnet. The distance between the target and the Faraday cup is 32 cm, and the distance between the gas-catcher and the end of the solenoid is 72 cm. The solid lines represent the distribution of    203  Ir ions produced in the reaction    136  Xe +    198  Pt at an energy of 6.0 MeV/u. 
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Figure 3. Transmission yields of nuclides produced in the reaction    48  Ca +    251  Cf at an energy of 6.1 MeV/u. 
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Figure 4. Design of the stacked-ring ion guide. The ions leaving the gas-catcher are captured in the focusing section. They are transported by a travelling wave towards the refocusing and the bunching section, from where they are ejected. 
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Figure 5. Drawing of the gas-catcher coupled by the ion guide to the MR-ToF MS. 
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