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Abstract. In 2013, a new accelerator mass spectrometry (AMS) facility was inaugurated in Mexico. Since
then a substantial number of precise measurements of low concentrations of radioactive isotopes (14C, 10Be,
26 Al and Pu) have been made. This paper describes the extension to the isotope separator installed at the
end of 2017. It takes advantage of the 1 MV High Voltage Engineering Europa (HVEE) tandem accelerator
with the multicathode ion source (MCIS) and the fine-tuned injection system which delivers low-energy
beams into a multipurpose scattering chamber. The MCIS allows for a quick and smooth change of the ion
species to be accelerated. The ability to automatically tune all the optics in the injection system produces
an accelerator laboratory that can change the beam species, intensities and energies in a few seconds. The
careful and detailed study of the high-energy analyzing magnet using well-known proton resonances in *2C
and 2881, allowed for a calibration of the terminal voltage and beam energy. Stable ion beams with energies
as low as 300keV and as high as 8 MeV, from H to Fe, and with intensities in the range 10°-10'% particles
per second, were produced as listed.

1 Introduction

The installation of a new accelerator mass spectrometry (AMS) facility at the “Instituto de Fisica, de la Universidad
Nacional Auténoma de México” (IFUNAM) in 2013, expanded the experimental capabilities available in Mexico.

The history of the development of accelerator-based infrastructure in Mexico can be summarized, after the arrival
of the 5 electrostatic accelerators at IFUNAM, as follows: In 1953 a 2 MV Van de Graaff AN2000 was acquired; this
was followed by a 0.7MV AN700 in 1972. In 1984 a 5.5 MV CN-Van de Graaff was donated by Rice University, all
these made by HVECO, and finally in 1996 a 9DSH 3 MV NEC Pelletron was commissioned. Recently, our group has
been interested in the development of a local program on nuclear astrophysics and nuclear structure taking advantage
of our low-energy facilities. Some results can be found in the literature [1-6].

The new facility, based in a 1 MV Tandetron model 4110Bo-AMS, makes now possible the analysis of *C, 26Al,
10Be, 129] and 239:240:242py, 14C analyses have been the most requested and up to 800 samples per year have been
characterized in a variety of fields like: Physics, Chemistry, Geology, Geophysics, Archaeology, Environment, and
Biomedicine (see refs. [7-20]). The AMS facility includes three laboratories: for chemical pretreatment, carbon graphi-
tization and one for the preparation of isotope samples other than carbon.

This paper describes in some detail the extension made by the end of 2017 to the isotope separator (the accelerator
laboratory). We took advantage of the first part of the isotope separator laboratory: the 1 MV tandem accelerator
(HVEE), the multi-cathode ion source (MCIS) and the fine-tuned injection system to deliver low-energy beams into
a new beam line equipped with a multi-purpose scattering chamber, In the rest of the paper, this new facility will be
called the “nuclear beam line” (NBL). This modification turns the AMS laboratory into a hybrid one with multiple
applications such as ion beam analysis (IBA), surface modification of materials by ion implantation and nuclear and
atomic basic research.

Some IBA techniques have already been established, like particle induced X-Ray emission (PIXE) and Rutherford
backscattering (RBS) with protons. It is well known that standard 2 MeV RBS with alpha particles has good mass
separation to characterize complex materials [21]. Here, heavy ion RBS can be implemented using, for instance, 57Li,

# e-mail: marinlambarri@gmail. com (corresponding author)



Page 2 of 10 Eur. Phys. J. Plus (2019) 134: 590

Fig. 1. A panoramic photograph of the laboratory with the installation of the NBL.

9Be or 1213C beams. Other IBA techniques using heavy-ion beams such as energy recoil detection analysis (ERDA)
can be implemented to measure hydrogen concentrations of interest in material sciences [22]. Surface modification of
materials by ion implantation has also been implemented already in the NBL. For this application it is very attractive
to have the ability to produce beams of any element in the periodic table [23].

Nuclear astrophysics is a field where nuclear cross section data is scarce; however, the energy region of inter-
est requires measurements well below the Coulomb barrier where cross sections are very small (nano-barns or even
smaller) [24]. To carry out such measurements high beam currents, long periods of collecting data and high-efficiency
detection systems are required. Our facility is very well equipped to carry out such measurements [5,6]. The study of
the 12C + 12C fusion reaction at bombarding energies well below the Coulomb barrier, through the detection of the
proton and alpha channels, as well as the 10 + 160 fusion reaction, studied through the precise measurement of the
forward elastic cross section [25], are examples of work already in progress.

To conduct some of the studies mentioned above, a large-solid-angle-coverage detection array, with good angular
resolution and particle identification capability is needed. To meet such requirements, we built a system composed by
two-stage, all-silicon telescopes made by thin (20 um) double-sided silicon strip detectors (DSSSDs) with 5 x 5 mm?
active area and 16+ 16 strips, backed by 150 um pad detectors [26]. Up to four small-area telescopes (20-25 mm?) made
by ultra-thin surface barrier detectors (7-12 pm) backed by 300 pm passivated implanted planar detectors (PIPS) [27]
complete our detection system. To handle all signals, commercial preamplifiers [28] provide bias to the detectors and
deliver analog and time pulses which are treated with a new generation digital data acquisition system (DAQ), the
so called FEBEX-3 (Front End Board with optical link EXtension), developed and maintained by CS Experiment-
Electronics Department at GSI facility (Darmstadt, Germany) This setup runs on Linux on the framework of multi
branch system (MBS) environment [29)].

A general description of the facility is given in sect. 2. The detailed energy calibration of the NBL can be found
in sect. 3. Section 4 gives information about some of the beams already produced and delivered to the NBL. Finally,
sect. 5 offers the conclusions of this publication.

2 Components of the nuclear beam line (NBL)

The NBL main components are: a 90° analyzing magnet (HE-3), two Faraday cups, a beam profile monitor and
a scattering chamber. This NBL has turbomolecular vacuum pumps, electronic controlled vacuum gauges, electro-
pneumatic valves, and beam-slits. The vacuum along the whole line is kept between 10~8 and 10~7 mbar. The original
software that operated the AMS system was modified to include NBL operation (see fig. 1). The accelerator and all
the electronics along the vault are connected to a UPS system, protecting it against any power interruptions.

The scattering chamber was acquired without any auxiliary components such as: targets or detector holders,
Faraday cups, etc. Along with the IFUNAM shop we have built some of the items needed to perform experiments.

Figure 2 shows a photograph of the inside of the scattering chamber with an example of an experimental setup.
Here a holder supports up to 5 silicon-charged-particle detectors at different angles.

HVEE specifications state that magnet HE-3 was built identical to HE-2, installed in the original AMS beam line,
with a radius of 85 cm. For the magnet HE-2, a table with the magnetic field B (G) as a function of the magnet coils

current “¢” (A) was fitted with a straight line given by

By = 35.45i +29.0 (G).
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Fig. 2. The scattering chamber with a charged particle detector holder for up to 5 silicon detectors.

One of our first tasks was to perform the energy calibration for HE-3, that is, to obtain an equation for Bs wvs. i and
compare it to that for the HE-2 magnet.
Given the low energies attainable with our accelerator, the well-known relation for non-relativistic particles moving

in a uniform magnetic (dipole) field applies:
E
Bp = 1444/ mT (kGem),
z

where p is the radius of the trajectory of the ions (cm), B is the magnetic field (G), E their energy (MeV), “m” their
mass (u) and “z” their electric net charge. From this simple equation the magnetic field can be calculated to direct
the beam through the center of the beam line. It may be pointed out that most of the accelerators usually have a
digital instrument to measure the magnetic field to determine precisely the beam energy. However, in our system such
instrument is not installed. Instead, the magnetic field can be set through the magnet-coil current with a precision
of four significant digits and, therefore, the magnetic field is also known with the same precision. A typical example
of a numerical calculation is the *C?T isotope, where the accelerator voltage V is set equal to 1 MV. The energy of
the accelerated ions will be E = 3.035MeV (0.035MeV comes from the 35kV ion source extraction voltage). Using
the magnetic rigidity equation, the magnetic field will be: B = 5501 (G) and from the magnet calibrating equation,
the calculated current is ¢ = 154.3 (A), which is the value that the operator uses to start fine-tuning the machine for
routine 4C work.

3 Calibration of the NBL

Since one of the purposes of the installation of the NBL is the study of nuclear reactions (NR), the beam energy must
be determined with high precision, especially to measure NR cross sections where resonances occur.

The HE-3 magnet calibration was based on the analysis of the EBS (elastic backscattering) proton energy spectra
measured with Passive Implanted Planar Silicon (PIPS) from a proton beam bombardment of a thick glassy carbon
and a commercial silicon wafer (1 mm thick). EBS proton spectra were obtained by bombarding with protons of several
energies between 1.4 MeV and 2.1 MeV, measured with a detector located at 135°. The calibration was performed with
39 EBS proton spectra: 21 for 22Si(p, p)?8Si and 18 for 12C(p, p)*2C.

The quality of the PIPS charged-particle detector was verified using a standard triple-alpha source, which provided
a good energy calibration (see fig. 3).

For both targets, 12C and 28Si, the proton bombarding energy was always below the Coulomb barrier: 2.19 MeV
and 4.16 MeV, respectively. From classical physics one could expect to see pure Rutherford cross sections. However, the
experimental data show nuclear EBS cross sections for both. For the analysis of all the experimental spectra EBS cross
sections obtained from the IBANDL database [30]. Resonances at E, = 1.645MeV and 2.087 MeV for 2®Si(p, p)?®Si
and at E, = 1.735 MeV for 2C(p,p)'2C are clearly visible.

SIMNRA 7.01 [31] was used to analyze each of the EBS proton spectra. This code is the most commonly used
for ion beam analysis (IBA) of complex materials with a composition of multiple layers; with each different atomic
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Fig. 3. PIPS energy calibration using a triple a source.

concentration [32,33], SIMNRA includes RBS, NRA (NR analysis), and EBS cross sections. The output code gives the
atomic concentration profile of each element of the analyzed sample. The user provides the experimental spectrum and
proposes a chemical composition of the sample. Other input parameters are: beam particle and its energy, detector
energy calibration and FWHM energy resolution, the product numbers of beam particles times the detector solid
angle, etc. With that information, SIMNRA produces a simulation of the measured spectrum that is compared to
the data. Through an iterative fitting procedure, the energy of the beam and its intensity can be derived when the
requested level of agreement between the experimental and the theoretical spectra is achieved.

The following procedure was used to measure each spectrum. The spectrum data acquisition starts after the magnet
current “7” directs the proton beam to the target, each spectrum is then written in the disk.

The experimental proton spectra were simulated, and the assumed target compositions were pure, thick carbon
and silicon. A highlight for the simulation is that it was not necessary to integrate the charge of the proton-beam
current nor to input the bombarding energy since both parameters could be deduced from the simulation as explained
below.

Examples of the analysis are shown in figs. 4 and 5 for 28Si(p, p)2®Si and 12C(p, p)'2C, respectively. Data (black
dots) and the SIMNRA simulation (red dots) are presented and compare quite well.

In each spectrum, the proton bombarding energy E, was derived by fitting the data.

The two 28Si(p, p)?2Si spectra in fig. 4 correspond to bombarding energies above the resonance energy (2087 keV).
Notice the high sensitivity of the method given that a difference of just a few keV changes significantly the shape of
the simulated spectra allowing for an accurate determination of the beam energy.

The 2C(p, p)!2C case is shown in fig. 5. The deduced energies were 1712keV and 1905 keV for top and bottom,
respectively. The total number of incident particles can also be extracted from the simulation. In this example we
get 5.12 x 10'° and 4.49 x 10'° particles.sr. The resonance in the top spectrum is sharper given that the bombarding
energy is close to the resonance (1735keV), while in the bottom one the peak is broader due to the proton energy
straggling in the target after losing 203 keV. This feature is well reproduced by the simulation.

The simulation of most of the EBS spectra from the 22Si(p, p)?8Si and *2C(p, p)'2C are displayed in figs. 6 and 7,
respectively.

Figure 6 shows 28Si(p, p)?®Si data (black line) and the corresponding SIMNRA simulation (red line) for bombarding
energies between 1640 keV and 2235 keV. There are two well-known resonances in this energy interval at 1735keV and
2087keV. The true beam energy was then extracted in each case from the simulation.

Figure 7 shows now '2C(p,p)!2C data for bombarding energies between 1640keV and 1995keV. This is in the
range where a resonance at 1735keV occurs.

The simulation for all the spectra was found to be very sensitive to the proton bombarding energies and we estimate
that the energy can be correctly deduced from this analysis with an error not greater than 10keV. The fit of the high-
energy side of the spectrum is always very good and the difference of the measurement and simulation could arise
from the degradation of the calibration at very low energies [33].
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Fig. 4. ?®Si(p, p)*®Si data (black dots) and simulation (red dots). The deduced beam energies were 2195keV (top) and 2155 keV
(bottom), respectively.

Once the beam energy for each spectrum was obtained, it was used to calculate the magnetic field B3 through the
equation:
B3 = 144/85+\/ Ey  (kG).
The energy of the proton beam Fj is given by the high voltage V reading from GVM of the accelerator, with the
following equation:
Ey =2V]e| +0.035 (MeV).

As mentioned before, the 0.035 MeV energy is from the ion extraction voltage.

The result of the analysis of all 39 proton spectra is shown in the next two figures. In fig. 8, the magnetic field B3
is plotted as a function of the current “/” in the coils of the HE-3. Figure 9 compares the beam energy (Ej) from the
GVM reading and that extracted from the analysis of the proton spectra (Ej).

The resulting equations for the magnetic fields (in Gauss) of the two magnets HE-2 and HE-3 are

By =355i+29.0 (G),
Bs =35.4i+484 (G),

showing that both magnets are, indeed, almost identical.
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Fig. 8. The magnetic field Bs vs. i. The corresponding linear fit: Bz = 35.4i 4+ 48.4 (G).

The comparison of E} vs. Fg results in a linear dependence with a correlation factor of 0.998 as shown in fig. 9.
Therefore, one can conclude that the high-voltage GVM reading provides the beam energy to a fairly good approxi-
mation.

We explored how the hysteresis affects the magnetic field “B” as a function of the current
that the influence of hysteresis in our case is negligible.

Regarding the stability of these magnetic fields, we take AMS routine measurements as proof, since those can take
up to 80 hours and the *C/!2C ratio remains constant over the whole measurement.

[733))
7

. Figure 10 shows

4 Beams

AMS work required an ion source where unknown samples could be quickly compared with standard materials and
blanks. We have a carousel where up to 50 different cathodes can be mounted simultaneously. A computer-controlled
mechanism allows for the selection of any of them to be inserted in the cesium chamber and changed within seconds.
This feature can be very useful for the NBL in different scenarios. One of them, already in operation, is dedicated to
ion implantation.

In this application it can be very useful to have the ability to change beams from the ion that is being implanted
to, for instance, protons, in order to perform quick measurements of the concentration values attained.

Our injection system is very efficient. Very high currents of some species can be obtained for the most probable
charge state after stripping. e.g., 100 uA of 12C2T or 28Si%*, as shown in table 1. Under these conditions, beam currents
with very high-charge states can still be produced, even if they are not very intense.
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Fig. 9. Comparison of the E, (GVM) vs. E;s from the simulation of the *C(p, p)'?C and ?*Si(p, p)**Si spectra.

In the table, we show a few examples measured in the Faraday Cup of the scattering chamber. In all cases, the
high-voltage terminal of the tandem accelerator was set to 1 MV.

Notice that some fairly high charge states are measured, for 12C°%* and 28Si"*. This opens the possibility to perform
studies that require higher-energy beams than normally expected out of a 1 MV machine.

5 Conclusions

— This paper describes the extension of the 1 MV tandem accelerator (HVEE) with the installation of a new line that
takes advantage of the multicathode ion source (MCIS) and the fine-tuned injection system to deliver low-energy
beams into a multipurpose scattering chamber. The MCIS allows for a very quick and smooth change of the ion
species to be accelerated, and the ability to tune automatically all the optics in the injection system allow for an
accelerator laboratory that can change the beam species, intensities and energies in seconds.

— The detailed energy calibration of the beams in the NBL using EBS proton spectra from '2C(p,p)*?C and
28Gi(p, p)?®Si, the IBANDL data base and the SIMNRA simulation program proved to be a sensitive method
and served also to compare with the GVM reading from the tandem accelerator. This comparison shows a rea-
sonably good agreement between Ej, and Eg with a correlation factor 0.998, demonstrating that the GVM is well
calibrated and it can reliably be used to calculate the beam energy.
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Table 1. Corresponding currents for different beam species with different charge state.

Beam Current Intensity
(uA) (particles/s)
2ot 22.0 1.37 x 10**
12c2 82.0 2.56 x 104
1203+ 33.8 7.04 x 10"3
2ot 2.15 3.35 x 10*?
2ot 0.03 3.74 x 10*°
13g2t 0.83 2.59 x 102
133t 0.33 6.86 x 10!
Botr 0.02 2.65 x 10'°
48 it 0.01 4.68 x 10%°
483t 0.02 4.99 x 100
A8yt 0.01 1.87 x 10*°
28g2+ 20.9 6.54 x 10'3
28g3+ 12.8 2.66 x 1013
gt 3.32 5.18 x 102
28gio+ 0.78 9.74 x 10"
28gi6+ 0.11 1.14 x 10
28gi7+ 0.01 6.24 x 10°

— The calibration of the magnetic field in HE-3 yielded an equation Bjs ws. ¢ that turned out to be very similar to
that of magnet HE-2 installed in the AMS line and confirms that both magnets are very similar indeed.

— The new facility described in the present letter is open to receive proposals, for national and international collab-
orations interested in performing new experiments.

— Future and ongoing activities and extensions in the NBL of LEMA include: nuclear reactions of interest in astro-
physics (such as 12:13C+-12:13:14C) nuclear structure (clustering), nuclear hadronic radius determination, production
of mono-isotopic targets for nuclear physics experiments by ion implantation, as well as Ion Beam Analysis of sur-
faces and films.

— The new facility described in this publication is open to receive proposals to carry out original research in collab-
oration with national and international parties.
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