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ARTICLE INFO ABSTRACT

MSC: In this paper, we present ion-optical simulation for the design studies of a new solenoid separator as part of the
00-01 NEXT experiment. Our aim is to separate Neutron-rich, EXotic, heavy nuclei produced in multinucleon Transfer
99-00 reactions (NEXT) from the primary beam and un-wanted by-products within the magnetic field. The goal of
Keywords: the simulation is to find the optimum arrangement of the components within the NEXT solenoid separator to

Ion-optical simulations
Solenoid separator
Multinucleon transfer
In-flight separation

NEXT
20%.

achieve the highest transmission efficiencies of transfer products and a good suppression of background. In our
simulations, we focused on two complementary reactions to produce transfermium isotopes and to produce
neutron-rich nuclei around the neutron number N = 126. Transmission yields above 50% for the transfermium
isotopes of interest were reached in the simulations. The simulated yields for N = 126 lie between 5% and

1. Introduction

Multinucleon transfer (MNT) reactions provide access to some neu-
tron-rich isotopes which are hard to reach through other types of
nuclear reactions. Multinucleon transfer takes place in a deep inelastic
collision of a projectile and a target nucleus at energies around the
Coulomb barrier. The transfer products are emitted in a large solid
angle mainly in forward direction. The angular distribution of the
MNT products peaks near the grazing angle [1]. However, due to the
wide angular distribution experimental studies are challenging and
require setups with large angular acceptances. Even the large solid
angle spectrometers like PRISMA [2], and VAMOS++ [3] are only able
to cover a small section of the solid angle. Setups like KISS [4], the N =
126 factory [5], the IGISOL experiments at Jyvaskyla [6], and MNT
studies at the FRS gas-catcher [6] cover a large fraction of the reaction
products by placing gas cells behind the target. These approaches
require additional separation steps or even re-ionization to perform
precision studies of the transfer products. An alternative method is a
chemical separation [7] of the transfer products, which can only access
long-lived isotopes with half-lives in the range of minutes or hours. We
are currently building a new experimental setup called NEXT to study
Neutron-rich, EXotic, heavy nuclei produced in multinucleon Transfer
reactions using a large solenoid magnet to separate and focus transfer
products. Within the experimental program of NEXT, we will focus
on reactions using light to medium heavy ion beams such as argon,
nickel, calcium, or xenon and heavy targets such as platinum, lead,
or actinides. Our interest lies on heavy target-like transfer products
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that are created in this type of reactions. Specifically, we will focus on
nuclei around the closed neutron-shell N = 126 which are accessible in
reactions induced by 13Xe beam as well as neutron-rich transfermium
isotopes, which can be produced in reactions of medium heavy pro-
jectiles and actinide targets. Our goal is to measure the masses of the
heavy transfer products with highest precision to serve as benchmark
data for nuclear mass models and nuclear astrophysics. Furthermore,
we plan to perform decay spectroscopy of isobarically purified samples,
and identify long-lived transfermium isotopes which decay through
spontaneous fission.

1.1. The NEXT experiment

The NEXT setup is installed at the PARTREC facility in Groningen.
Fig. 1 shows the schematic of the NEXT setup. The primary ion beam
will be delivered by the AGOR cyclotron. The target will be placed
inside a solenoid magnet. The pressure inside the solenoid separator is
below 10~> mbar. The unreacted primary beam and reaction products
emitted in a small angle will be stopped by a Faraday cup. The light
and heavy transfer products will be separated as indicated in Fig. 1. The
projectile-like fragments will hit the walls of the solenoid magnet, while
the target-like products will be focused towards the end of the solenoid
magnet and stopped in a gas-catcher [8]. The cooled-down products
will be extracted from the gas-catcher and will be transported by a
RadioFrequency (RF) ring-ion guide and buncher [9]. Subsequently,
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Fig. 1. Schematic of the NEXT experiment. The primary beam delivered by the AGOR cyclotron is focused on the target which is placed inside the solenoid magnet. The unreacted
beam and products emitted within a small angle are stopped on a Faraday cup. The light projectile-like products hit the wall, while heavy target-like products are guided towards
the end of the solenoid and stopped inside the gas-catcher. From there, the heavy transfer products are extracted and guided towards the MultiReflection Time-of-flight Mass

Spectrometer (MR-ToF MS).
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Fig. 2. Theoretical predicted kinematic distribution of (a) 2%*Ir produced in '3°Xe+!%Pt, and (b) 2°'Md produced in *8Ca+25!Cf.

the ions will be injected into a Multi-Reflection Time-of-Flight Mass
Spectrometer (MR-ToF MS) [10,11] for isobaric separation and mass
measurements. A detector for background-free spectroscopy will be
placed behind the MR-ToF MS.

1.2. Aim of the ion-optical simulations

In this paper, we present the simulations of the ion trajectories
through the solenoid separator. A Python [12] script (see Section 2) has
been developed that allows to reconstruct the magnetic field inside the
solenoid and the fringe field extending far from the physical boundaries
of the solenoid as described in Section 2.1. It provides the flexibility
to implement obstacles such as the Faraday cup inside the magnetic
field. The input parameters such as the total kinetic energies of the ions,
their angles of emission, and differential production cross-sections can
be read directly from a data file into the code. The calculation of the
atomic charge state distribution has been implemented in the code (see
Section 2.2). The trajectories of ions depend on their angle of emission
and magnetic rigidity,

Bp="" ey
q

where p is the gyroradius of the ion, v is its velocity, m is its mass

and ¢ is its atomic charge state. Only ions with an angle of emission

and magnetic rigidity that are covered by the acceptance region of

the solenoid separator will be transmitted from the target towards the

gas-catcher. Ions outside the acceptance region will be suppressed (see
Section 3).

To optimize the design of the separator we chose two model reac-
tions:

« 136Xe1+198pt at 6 MeV/u, (see Section 3.1)
« 48Ca+251Cf at 6.1 MeV/u, (see Section 3.2)

The reaction 136Xe+198Pt at 6 MeV/u was studied as an example
for a symmetric transfer reaction to produce nuclei around N = 126
shell closure [13]. The reaction “8Ca+251Cf at 6.1 MeV/u was selected
as a typical case for an asymmetric reaction to produce nuclei in
the transfermium region [14]. For both reactions, data predicted by
theory [13,14] were used for the simulations. The data sets include the
atomic numbers (Z,), mass numbers (4,), angle of emission (9), kinetic
energy (K E), and differential cross-section (o) of the reaction products
and scattered target and beam particles. Both reactions feature rela-
tively wide angular distributions of the transfer products. The highest
production cross-sections are obtained for the transfer of one or two
nucleons between target and projectile. The differential cross section
for the production of neutron-rich target-like fragments at N = 126 in
136Xe+198pt peaks at recoil energies of 350 MeV to 400 MeV and at an
angle of emission around 40°. The proton-rich and heavier target-like
transfer products of this reaction are mainly emitted in smaller angles
and at higher kinetic energies.

The neutron-rich transfermium isotopes that are produced in
48Ca+251Cf feature smaller angles of emission of around 10° to 30°,
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their kinetic energies peak around 50 MeV to 100 MeV. Fig. 2 shows
the theoretical prediction of the angular and energy distribution of 293Ir
produced in 136Xe+198Pt, and of 261Md produced in 48Ca+251Cf, energy
losses in the target are not taken into account.

Based on the data sets provided by theory we optimized the accep-
tance region of the NEXT separator by adjusting the positions of the
target wheel, the Faraday cup, and the gas-catcher to achieve a high
transmission yield of the isotopes of interest and a good separation
of unwanted by-products. Additionally, we verified in TRIM simula-
tion [15] that scattered primary beam is stopped on the Faraday cup.
In the following sections, we will provide an overview of the structure
of the Python code, explain its features, and present the results of our
simulations for the chosen reactions.

2. The simulation code

The flowchart of the algorithm of the simulation is illustrated in
Fig. 3. In the first step, the user defines the initial conditions of the
simulation such as the atomic number of the target material (Z,), the
position of the target(r;, z;) from where the ions are released, two
step size of the displacement of the ion- the macroscopic step in axial
direction (4z) to check for collisions with the walls and obstacles and
to plot the trajectories as well as a microscopic maximum step (4r) for
the integration of the equation of motion in time. Furthermore the user
defines the maximum length of the ion trace (L), the inner radius of
the solenoid magnet (r,), the length (L,,) of the solenoid magnet,
and the number of ions (n) per charge-state-distribution. It is possible
to implement radially symmetric obstacles such as the Faraday cup or
the walls of the magnet (r,,;) in the code. The geometry of the obstacle
is defined by its length (zpp,, zpp,) and radius (rpp). In the second
step, a magnetic field of a solenoid magnet is calculated as described
in Section 2.1. The script imports the theoretically predicted data of
the reaction kinematics from a csv (comma-separated values) file. The
data file includes a list of values of the atomic number (Z p), mass
number (A), angle of emission (0), kinetic energy (K E), and differential
cross-section (o) values of the various reaction products. Every isotope
defined by A and Z, is processed separately. The code selects first the
element with the lowest atomic number (Z p) from the list, afterwards it
picks the isotope with the lowest mass number (A). The code generates
distributions of atomic charge states (see Section 2.2) for every pair
of kinetic energy and angle of emission listed in the input data file
for the selected isotope. Each distribution of charge states contains
x number of ions. A weighting factor based on the differential cross
section (w, = o,/n) is assigned to all ions. All the generated ions are
combined into one array (X). The traces of the ions are simulated step
by step along the magnetic field. The value of the microscopic step size
At was chosen so that the error of the integration is less than 0.1 mm.
The step size (4z) is typically around 5 mm and can be adjusted by
the user. The equation of motion is numerically integrated by a self-
implemented second-order Runge-Kutta method [16] with a fixed step
size, which allows to vectorize the calculation of the displacement of
all ions in axial (4z) and radial direction (4r) within the Numpy [17]
numerical library. As soon as an ion hits an obstacle its trajectory is
terminated. Terminated ions are moved from the array X to the array
X'. The process continues until all ions have either hit the wall or
an obstacle or if the position of all ions along the beam axis reaches
the maximum length along the z-axis of the ion trace calculation (L)
which corresponds to the position of the gas-catcher. All traces of ions
that reach L are saved in a file. In the following step, the next heavier
isotope (A + 1) is selected from the input file and the process repeats.
After the heaviest isotope (4,,,,) is processed, the code picks the next
element with a higher atomic number (Z+1) and the simulation process
repeats until the element with the highest atomic number (Z,,,,) from
the file has been processed. After the simulation is completed, the data
of the ion traces such as positions, directions, velocities of the ions can
be extracted.
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Parameters:

Zz. Atomic number of the target material

n; Number of ions

rj, z;,: Position of the target

Az, Ar: Step size in the axial, radial direction

At : Maximum step for the integration of the equation of motion in time.
rsol: Lspl: Inner radius and the length of the magnet
L: Maximum length of the ion trace

ZBp1. ZBD2. rBD: Geometry of the beamdump

Zp: Atomic number of simulated ion in the loop

A: Mass number of simulated ion in the loop

8: Angle of emission

KE: Kinetic energy

a: Cross-section

Zmax; Highest atomic number in the imported data
Amax: Highest mass number in the imported data

X, X': Arrays for active and terminated trajectories
W, On: Weight factor

Fig. 3. Flow chart of the ion-optical simulation code.

2.1. Magnetic field definition of superconducting solenoid magnet

The magnet used in the NEXT setup is from an old MRI scanner. It
has a length of 157 cm, an inner diameter of 89 cm, and a magnetic
field strength of 3 T at its center. The simulations require a realistic
description of the magnetic field throughout the magnet including the
fringe fields outside the magnet bore. Due to the symmetry of the
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magnetic field, we can simply describe the fields as a function of the
axial coordinate z and the radial coordinate r. A magnetic field map of
this superconducting solenoid has been implemented in the simulation
environment by using a multipole expansion [18] up to the 2nd order.
This multipole expansion derived from the axial magnetic field com-
ponent at the central axis allows a fast vectorized interpolations of the
field at all positions.

In this method, a magnetic field that is symmetrical around the
z-axis is defined by,
B = B,(r, 2)f + B,(r, 2)2 @)

in cylindrical coordinates (r, ¢, z) [18]. The axial and radial components
can be written as,

a(zn)(z) 2n

=¥y r
B = T (5) ©)
with
ay(z) = B(0, 2), 4
and

@n+1)

_ - a; (2) r 2n+1
Bira = P s (5 ®)
where,
»n  d'a
ap’ = —. (6)

The maps of the axial and the radial magnetic fields calculated with
the expansion method are based on the provided axial magnetic field
component at the central axis and are shown in Fig. 4 (a) and (b). Fig. 4
(c) and (d) show how the axial and radial fields evolve in z-direction
along the central axis and at the edge of the bore of the magnet.

2.2. Distribution of atomic charge states

The trajectory of an ion recoiling out of the target through the
solenoid magnet is determined by its initial inclination angle and
magnetic rigidity. As mentioned in Section 1, the magnetic rigidity Bp
of an ion depends on its velocity, its mass, and its atomic charge state.
The masses and the velocities of the ions are provided by the theoretical
prediction of the kinematics of the nuclear reaction. We implemented
a calculation routine of the distribution of atomic charge states for all

the ions (wanted and un-wanted transfer products as well as scattered
beam and target material) in the code.

The atomic charge state of an ion depends on its atomic num-
ber (Z,), its kinetic energy, and the atomic number of the target
medium (Z,) through which it passes. The ions of interest produced
in 136Xe+198Pt have typically energies around 1.5 MeV/u to 3 MeV/u
and have to pass through a 198Pt target. The energy range of the
transfermium isotopes produced in “8Ca+251Cf range from 0.1 MeV/u
to 0.5 MeV/u and they pass through Cf-oxide layer of the target. To
calculate the mean charge state, an empirical formula [19] has been
implemented in the simulation code. This formula is based on several
experimentally determined mean charge states, and is optimized for
ions with proton numbers of Z, > 8 and energies of E < 6 MeV/u
within a precision of 4¢/Z, < 0.04. Thus, it is suited for the energy
regime of the ions of interest. The average charge state over the atomic
number is defined as,

3/ Z, = [1=e 12703272010 1110 0019(Z,~6) /Y +0.00001(Z,~6)*Y |

)
with
v
P
where v is the velocity of the ion, and ¢/ = 3.6 - 108 cm/s.
In order to calculate the width of the charge state distribution(dq)
within a precision of Ad; < 20%, the following formula has been
applied,

d; = dyr/al1 - @/ Z,)'/¥]

where k = 0.6, d, = 0.5 as suggested in the Ref. [20].

The code samples the charge states from the normal distribution.
Fig. 5 shows the calculated charge state distribution for ions of interest
at various kinetic energies. The neutron-rich transfermium isotopes
produced with actinide targets feature typically charges states ranging
from +10 to +40. The atomic charge states of isotopes along N = 126
produced in 136Xe-induced reactions range from +25 to +50. As the
NEXT solenoid separator will be operated under vacuum at pressure of
1075 mbar and lower, charge exchange reaction with residual gas can
be neglected in the simulations.

Fig. 6 shows the impact of the charge state on the trajectories of
the ion through the magnet. In general, higher charge states lead to a
stronger bending of the ion trajectories within the magnetic field.

©)
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3. Results of the simulation

The simulation code has been applied for a design study of the
NEXT solenoid separator. For the design study we assumed just thin
targets in which the energy loss and scattering is minor. The follow-
ing obstacles have been implemented in the simulation: a target, a
cylindrical Faraday cup of 38.5 cm length and 6.2 cm radius, and an
aperture of the gas-catcher of 15 cm radius. The acceptance region of
the solenoid separator was modified by adjusting the positions of these
three components. The magnetic field was kept fixed at 3 T, the corre-
sponding field map is shown in Fig. 4. At lower magnetic field strength
the transmission efficiency was insufficient. The trajectories of the ions
emitted from a point-like source (reaction target foil) at the central
axis depend on only two variables: the angle and the magnetic rigidity.
Thus, it is possible to calculate a 2D acceptance region for each layout
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Fig. 7. Acceptance region for various positions of the target from where the ions are
released. The position of the Faraday cup is 1.15 m and the position of the gas-catcher
is 2.35 m. The magnetic field corresponds to the field map shown in Fig. 4.

of the system. Ions with an angle of emission and magnetic rigidity that
are within the acceptance region, are transmitted from the target to the
gas-catcher. Ions outside the acceptance region are suppressed. Fig. 7
shows the acceptance regions of the magnet for various positions of the
target wheel. In the first step of the optimization of the setup, various
combinations of the positions of the gas-catcher and of the target wheel
were investigated for both reactions. In the second step these positions
were fixed and the effect of the positioning of the Faraday cup was
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investigated. In the following, we present the results of our studies of
the two selected reactions.

3.1. 136 Xe+198pt

Fig. 8(a) shows the production yields of all the nuclides produced
in 136Xe+198pt. The region around N = 126 is highlighted. We selected
2031y, produced in the chosen reaction, for the optimization of the NEXT
solenoid acceptance. Fig. 9 shows the distribution of the magnetic
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rigidity and the angle of emission of the ions of 203Ir as well as the
acceptance region of the solenoid if the target is placed at 70 cm inside
the solenoid magnet, the Faraday cup is 15 cm behind the target and
the gas-catcher is located at a distance of 72 cm downstream from the
magnet. These settings were found to be optimum and a transmission
yield of around 7% of 293Ir is achieved. This means that 7% of 203Ir
that is produced according to the theoretical prediction [13] will reach
the gas-catcher. Assuming a target thickness of 1 mg/cm?, the energy
loss of the Xe-beam within the target will be around 0.2 MeV/u, which
will push the emitting angle and velocity of 2°3Ir-ion to slightly lower
angles and lower velocity resulting in an increasing overlap with the
acceptance region. Generally, the transmission efficiencies of isotopes
around the N = 126 neutron-shell closure region range from 5%
and 20%. A large fraction of the un-wanted by-products is sufficiently
suppressed. Fig. 8(b) shows the transmission yields of each nuclide
produced by the selected reaction. Assuming a beam current of 10'!
136Xe ions per second and a target thickness of 1 mg/cm? 198Pt, will
result in a rate of around 81 kHz of ions including scattered beam
and target material reaching the gas-catcher which is an acceptable
rate for such a device (see e.g. [21]). Fig. 8 (c) shows the expected
nuclide distribution at the gas-catcher. The ratio between nuclei around
N = 126 (isotopes of platinum, iridium, osmium, and rhenium with
N = 124 to N = 128, highlighted by the red box in Fig. 8 (¢) to
unwanted by products is around 1:22.

3.2. #Ca+?51Cf reaction

Fig. 10 (a) shows the production yield of the heavy transfer products
of the reaction *8Ca+2°1Cf [14]. Only data for the heavy target-like
transfer products were available for the simulations. Based on the reac-
tion kinematics, it is expected that the major fraction of the projectile-
like fragment will hit the wall of the magnet and not reaching the
gas-catcher due to their magnetic rigidity and large angle of emis-
sion. The scattered primary beam and light fragments lie outside the
acceptance regions shown in Fig. 11. The largest contribution to the
background is predicted to come from scattered target material (Fig. 10
(a)). For the optimization, we selected the isotope 261Md as the ion
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Fig. 10. (a) Relative yield of the heavy nuclides produced in the reaction *8Ca+25'Cf
normalized on the overall amount of scattered target material and produced nuclei
above Z > 90. (b) Transmission yield of each single nuclide through the solenoid
separator from the target placed 55 cm inside the magnet to the gas-catcher placed
at 72 cm behind the magnet. Nuclei scattered in a small angle are stopped by the
Faraday cup located 15 cm behind the target (c) Relative yield of the heavy nuclides
normalized on the total amount of Z > 90 nuclei reaching at the gas-catcher.

of interest. Fig. 11 shows the angular distribution and the distribution
of the magnetic rigidity of the 261Md which are overlapping with the
acceptance region of the solenoid separator placing the target 55 cm
inside the magnet and the gas catcher 72 cm behind the magnet. Thus,
high transmission efficiencies of around 50% and higher are reached
for heavy transfer products (see Fig. 10 (b)). Scattered target material
and transfer products with similar masses as the target nucleus are
successfully suppressed as indicated by the blue colors in Fig. 10 (b).
Assuming a beam current of 10!! 48Ca jons per second and a target
thickness of 0.5 mg/cm? 251Cf, around 500 ions per second of scattered
target material will reach the entrance window of the gas-catcher. The
ratio of neutron-rich ions of interest around Z = 101 and N = 162
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Fig. 11. Acceptance plot of the solenoid separator for 2! Md. The green area indicates
the acceptance region of the solenoid separator. Ions that are released from the target
with the corresponding magnetic rigidity and angle of emission will reach the entrance
window of the gas-catcher. The dashed lines show the distribution of the produced
ions of 261Md.

to the remaining heavy products (unwanted-proton-rich and close to
target nuclei) improves by a factor of 200 comparing Fig. 10 (a) and

(o).
4. Conclusion

A Python code has been developed to simulate the ion traces
through a solenoid magnetic field. The code allows to determine the ac-
ceptance region of any solenoid separator and is thus a crucial tool for
planning of experiments using various target and beam combinations.
With the code the optimal positions of the components of any solenoid
separators can be calculated based on the acceptance region of such a
device. The simulation code is capable to read in input files containing
differential cross sections, kinetic energies, and angle of emission of
ions and to calculate automatically their charge states.

We used the code for initial design studies of the NEXT solenoid
separator. In order to optimize the longitudinal position of the com-
ponents of the separator, we selected two MNT reactions 130Xe+198pt
at 6MeV/u to produce nuclei around N = 126 shell closure and
48Ca+251Cf to investigate neutron-rich transfermium nuclei. Based on
our simulations, we determined a fixed position of the gas-catcher
around 70 cm to 80 cm downstream from the magnet that is suited
for both reactions. We found the distance of 15 cm between the target
and the Faraday cup as a good balance to suppress background and
still achieve sufficient transmission yields of the isotopes of our interest.
Within the NEXT, the position of the target wheel is adjustable inside
the magnet in order to shape the acceptance region. Based on our
simulation, transmission yields of around 5% to 20% for nuclei around
N = 126 in the reaction 136Xe+198Pt are realistic. For heavy neutron-
rich transfermium isotopes produced in 44Ca+251Cf, transmission yields
above 50% are achievable.
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