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ového nebo erbiového (podle aktuálního nastavení) terče, kde
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Solid-State Catcher, kde byly umístěny uhlíkové fólie, které sloužili
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Introduction
This work is focused on the material analysis of foils that were used in the Mass Analyzer of Super
Heavy Atoms (MASHA), which was the content of my internship at Flerov Laboratory for Nu-
clear Reactions at Joint Institute for Nuclear Research in Russia. The whole work consists of several
parts, which are not only in the main part but also in the appendix. It was necessary to fragment
the individual data into several dozen files and calculate the fluences and make a correction ac-
cording to faraday cap (F2C), which was successful with Experiment I (EXP I). For Experiment
II (EXP II), faraday cap (F2C) has stopped working and therefore the fluctuations for Experiment
II are inaccurate. The individual foils removed from the safe were not described and most of the
described foils were helped by my colleagues on the MASHA (Mass Analyzer of Super Heavy
Atoms) control panel. The Experiment II (EXP II) foils were removed from the degrader and
described. SEM, EDX and XPS analysis was performed in cooperation with the nanolaboratory
at Flerov Laboratory for Nuclear Reactions. After returning from my internship, I initiated addi-
tional measurements at Palacký University at the Department of Experimental Physics. Additional
measurement methods include an Olympus digital microscope, XRD, SEM and EDS analysis.

7



1 Theoretical part
1.1 Cyclotron U-400M
The isochronous U-400M cyclotron is in operation since 1991. Main tasks of cyclotron U-400M are
producing of radioactive ion (fig.1) beams (RIBs), reactions with exotic nuclei and study prop-
erties and structure of light exotic nuclei. The cyclotron was originally intended for acceleration
ion beams with energies of 34/50 MeV/nucleon and A/Z = 3/3.6 , where A is atomic weight of
the accelerated ion and Z is ion charge when accelerated. At the beam extraction is used stripping
foil method. In 2008 the cyclotron possibilities have been extended by additional ion beams with
A/Z = 8/10 at energies of 4.5/9 MeV/nucleon and it opened new door for synthesis the new super
heavy elements and applied research. In the cyclotron U-400M is used superconducting Dubna
ECR Ion Source (DECRIS-SC2). The beam is focused by solenoidal lens. It is situated between
the ECR and 90◦ magnet. According to fig.2 is possible to see outputs from cyclotron U-400M to
specific experiments, for example MASHA, ACCULINNA-1, ACCULINA-2 and COMBAS. [1, 2, 3]

Figure 1 Table with specific ion of beam line, ion energy values and output intensities
for different nucleis edited and obtained from [2]

Figure 2 Schema of U-400M setup obtained from [2]
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1.2 Mass Analyzer of Super Heavy Atoms (MASHA)
MASHA (Mass Analyzer of Super Heavy Atoms) is based on the beam line of Cyclotron U-400M
(fig.2) at Flerov Laboratory of Nuclear Reactions (FLNR) at Joint Institute for Nuclear Research
(JINR), Dubna, Russia. Constructed as the mass-spectrometer in a large variety of masses (from
1 to 450 a.m.u.) and for on-line measurements of the physical properties of superheavy elements
(SHE), such as decay energy and modes, mass and half- lives. MASHA is used for a fundamental
investigations in nuclear physics. The MASHA setup (fig.3) is a combination of the ISOL (Isotope
Separation On-Line) method of synthesis and separation of radioactive nuclei with the classical
magneto-optical mass analysis, allowing mass identification of the synthesized nuclides in the wid
range of masses. MASHA was related to study the neutron-rich nuclei near the N=126 neutron
shell closure. These nuclei were planned to be produced in the multi-nucleon transfer reactions
with mass-to-charge ratio separation of the target like fragments. This had to be in favor of in-
creasing the yield of newborn nuclei. It was also expected that a prior determination of masses
of the nuclei under investigation will essentially facilitate the analysis of their decays with using
the hybrid pixel detectors of the TIMEPIX type. These detectors have a high spatial and energy
resolution and allow one to count a single β- or α-particle.[5, 6, 7, 8, 9]

Figure 3 Schema of MASHA setup obtained from MASHA group

1.2.1 Ion-optical layout

A magneto-optical mass-to-charge ratio analyzer includes four dipole magnets (D1, D2, D3a,
D3b), three quadrupole lenses (Q1, Q2, Q3), two sextupole lenses (S1, S2) and a focal plane de-
tector system. [5, 6, 7]

1.2.2 ECR ion source

The ECR (Electron Cyclotron Resonance) ion source operates at the microwave generator fre-
quency of 2.45 GHz. The incoming atoms of nuclear reaction products are ionized to the charge
state Q=+1 and accelerated to 40 keV by a three-electrode electrostatic lens. The ion beam formed
is separated by the magneto-optical mass-to-charge ratio analyzer. With this ion source it is possi-
ble to get beam currents consisting almost entirely (100 %) of singly-charged ions. The ionization
efficiency of about 90 % is obtained even for noble gases. [5, 6, 7]

1.2.3 Targed box

Target system represents a block of rotating targets, assembled into cassettes. The disc rotates at f =
25 Hz and the rotating target was used in this yields to higher efficiency and heat distribution. The
ion beam collided with the target and then the reaction products are stopped in catcher. [5, 6, 7]

9



Figure 4 Schema of target box included with hot solid catcher edited and obtained from
[10]

1.2.4 Hot solid catcher

The injection of the complete fusion reaction products to the ECR ion source took place after it
stopped inside polygraphene catcher unit. After emission from the target the reaction products
passed through the separating foil and stopped in a graphite foil heated up to 1800-2000 K. The
nuclear reaction products diffused in the form of atoms from the graphite into the vacuum volume
of the hot solid catcher. Moving along the vacuum pipe they reached the ECR ion source. [5, 6, 7]

Figure 5 Scheme of hot solid catcher; 1. Target sector on Ti surface; 2. Separating foil
(Graphene 300µm/cm2); 3. Graphite absorber (Carbon nanotubes graphene)-
1,5 mg/cm2; 4. Graphite foil 50 mg/cm2 (Heater) obtained from [10]
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1.2.5 Detectors and control systems

For detection of nuclear reaction products a multiple detectors system at the focal plane of the
mass-separator was installed. The front detector was a multi-strip silicon structure fixed on the
surface of glass-cloth laminate. It had an area of 240 x 35 mm2 and consisted of 192 strips with a
pitch of 1.25 mm. The detectors on righ and left side had 16 strips and upper and lower detectors
had 64 strips. The all detectors had 300 µm thickness. They were used to determine the energies
of the α emmition and the spontaneous fission.
The control of the ion-optical elements of the mass-separator, the vacuum system, the ECR ion
source and the hot catcher was made on the base of the standard LabVIEW packet with personal
computers located in the control room of the MASHA facility. [5, 6, 7]

1.3 Degrader
The degrader is used to reduce the energy of the incoming ion beam. The energy of the argon ion
beam accelerated on the U-400M cyclotron was changed using a titanium degrader which is on
the same frame as the target. [11]

Figure 6 Images of degrader which was used in experiment E0919 and obtained from
members of MASHA group.
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1.4 High quality multi layer graphene sheets prepared by pyrolysis of thin
polyimide films

The key elements of particle accelerators are the charge removal foils, which are used to adjust the
charge of the ions to achieve good acceleration. Carbon foils are the most promising candidates
due to their low density and excellent thermomechanical properties for accelerators. They can be
exposed to high intensity rays. After irradiation with a strong ion beam, carbon foils are subject
to deformation, radiation damage and mechanical stress. Another problem is radioactivation. In
this respect, the carbon purity of the charge removal films is also a key factor in preventing un-
wanted radioactivation. Graphite is well known as a thermally stable material with high electrical
and thermal conductivity. In contrast to commercially available films, it is possible to prepare
high-quality multilayer graphene sheets, which are prepared by pyrolysis of thin polyimide films
at temperatures of 2900 - 3000 ◦C. In the article, they found that the films have high thermal dif-
fusivity, high carbon purity, excellent thickness uniformity and good mechanical properties. All
indications are that multilayer graphene sheets have a high potential for charge removal films that
have a longer life even when irradiated with the highest intensity ion beam. [13]

1.5 Efficiency of carbon foils in Hot Solid Catcher according to experiment
The stability of the separation efficiency of the mercury and radon isotopes that were produced
as a whole was studied by the fusion reaction of 40Ar + 144Sm and 40Ar + 166Er. A new design
of a solid heat trap based on a thin carbon foil with an admixture of nanotubes was used in the
experiment. At the same time, lifetime tests were performed at 1800 ◦C at an ion beam current of
0.5 µA. Treatment with a 40Ar ion beam with a current of 0.5p µA on a carbon foils with nanotubes
showed stable separation efficiency for 85 hours. The previous version of the fixed hot air trap with
a thick carbon absorber reduced the separation efficiency by 6 times in the same time. As we can
see at fig.7. [15]

Figure 7 Graph shows different efficiency between two different carbon foils which was
used in experiment. The red line at graph is efficiency of poly-graphene paper
and black line is efficiency of nanotube paper. The graph has been taken from
[15] .
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2 Experimental part
Experiment E0919 was realized from 05.09.2019 to 25.09.2019 and was divided into two experi-
ment parts. Experiment I has been launched from 07.09.2019 to 15.09.2019 and Experiment II has
been launched from 17.09.2019 to 25.09.2019. The main difference between Experiment I and Ex-
periment II was a degrader with different foils. On Experiment I and Experiment II with following
marking Experiment I as EXP I and Experiment II as EXP II. In EXP I were analyzed graphene foil
from [12] and graphene with mixture of nanotubes from [14]. The foils were analyzed before and
after irradiation, where a possible change was observed. In HSC there was the effect of radiation
and temperature (around 1800 - 2000 K according to 1.2.4). The degrader is located in front of
the hot solid catcher (HSC) as its seen at fig.4 and served primarily to degrade the incoming ion
beam. The fluence of all used foils was calculated for EXP I from fig.8 and for EXP II from fig.9
(details of calculations were added at appendix as excel tables 1, 1 in electronic version). There
is not temperature detector in the experimental setting (except HSC). The material change could
only occur under the influence of temperature and gradual cooling. It didn’t have to be due to
radiation. This could be due to a combination of temperature and radiation. We cannot say with
100 percent accuracy whether the main factor of change was temperature or irradiation, or a com-
bination of both. Similarly in part EXP II, where nickel and titanium foils were on the degrader.
Doses for individual films were also calculated in EXP II, but without correction. The foils in the
experiment were exchanged. In EXP I irradiated foil 2.5.5 was by mistake changed for alluminium
foil, in EXP II irradiated foil 2.6.2 and irradiated foil 2.6.4 were also changed. In EXP I foils 2.5.3
and 2.5.4 were analyzed because the irradiated foils 2.5.1 and 2.5.2 burned. Foil 2.5.5 was used but
there is no mention of its use in the data files and therefore it was not analyzed. In EXP II foil 2.6.5
was not analyzed because, as with EXP I, its used is not mentioned anywhere. Due to the com-
plexity of the whole experiment, an extensive material analysis was performed, thanks to which
it was possible to reveal both the low efficiency of the pure graphene film and the confusion and
shortcomings of the E0919 experiment. The measuring was realized on two institutes. First SEM,
EDS and XPS analysis were realized with cooperation of research department for Ion-implantation
nanotechnology and radiation material science at FLNR JINR. Second SEM, EDS, XRD and digi-
tal microscopy were realized with cooperation of department of experimental physics on Palacký
University.
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2.1 Fluence
All fluences were calcuted from raw data by an author. Calculation could be find in appendix (1).
In fig.8 the green lines are acquisition stop time, because is really important to calculate with every
emmision value.

Figure 8 Spectrum of emission energy (red) from emission detector and from faraday
cap (white) for EXP I. Green horizontal line divide spectrum on 96 data files.

Figure 9 According to missing spectrum of emission energy here is the table which was
obtained from MASHA database, where we can find emission values for every
data file for EXP II. Values from emission detector (second column) were used
for fluence calculation (details of calculation can be find in appendix 1).
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2.2 Commercial used foils and their properties
In this section I will introduce commercial metal and carbon foils which were used in experiment
E0919. Also I describe their thickness and fluences. The supplier of titanium foils, which was used
in EXP II was HAMILTON PRECISION METALS 1780 ROHRERSTOWN ROAD LANCASTER, PA
17601-2334.

2.2.1 Aluminium foils which were used in EXP I in degrader + titanium foil

List of foils thickness and fluences

1 Aluminium foil with thickness -> 5.87 µm (Fluence = 2.11926 · 1017 cm−2) (According to
fig.33 they were burned)

2 Aluminium foil with thickness -> 9.32 µm (Fluence = 2.18321 · 1017 cm−2) (According to
fig.33 they were burned)

3 Aluminium foil with thickness -> 16.7 µm (Fluence = 1.01207 · 1017 cm−2)

4 Aluminium foil with thickness -> combined with 20.5 µm + 5.87 µm (Fluence = 6.93921 ·
1016 cm−2)

5 Titanium foil with thickness -> 2 µm (Not analyzed)

2.2.2 Titanium and nickel foils which were used in degrader EXP II

List of foils thickness and fluences

1 Titanium - (2 µm + 3 µm) - 41.5 mm (Fluence = 1.80415 · 1016 cm−2)

2 Nickel - 14.92 mg/cm2 (8µm) - 71.5 mm (Fluence = 8.31592 · 1015 cm−2)

3 Nickel - 4.41 mg/cm2 (5µm) - 101.5 mm (Fluence = 2.486 · 1016 cm−2)

4 Titanium - 1.337 mg/cm2 (3µm) - 131.5 mm (Fluence = 6.06879 · 1015 cm−2)

5 Titanium - 0.939 mg/cm2 (2µm) - 161.5 mm (Not analyzed)

2.2.3 Carbon foils which were used in EXP I in Hot Solid Catcher

List of foils thickness and fluences

1 Graphene - 5.0 µm ± 0.2 µm (Fluence = 4.61122 · 1016 cm−2)

2 Graphene mixture with nanotubes - 1.5 µm (Fluence = 2.61568 · 1017 cm−2)

15



2.3 Carbon foils and their properties for hot solid catcher
In this section I will introduce company suppliers of carbon foils and their properties.

2.3.1 Multi-Layer graphene (MLG) from KANEKA CORPORATION

Multi-layer graphene was bought from KANEKA CORPORATION around 20. November 2017.
Thickness of MLG is 5.0 µm ± 0.2 µm. Extent of foils is 40×40 mm and was bought 10 pieces. [10]

Company description of GRAPHINITY „GRAPHINITY is a high thermal conductive graphite sheet
that has been developed through our high polymer technologies and ultra heat treatment techniques. This
material can spread heat from a heat source quickly, and can decrease the temperature of it.“ [12]

Features

• High thermal conductivity (more than three times as high as copper and six times as high
as aluminum)
→ GRAPHINITY can spread heat in planar direction, and can suppress a heat spot.

• Light weight: Density about 2 g/cm3, thickness : 25 µm, 40 µm

• Flexible (withstands repeated bending, R = 2 mm, 180◦, more than 10000 times bending)
→ Easy to manufacture such as punching and bending.

• High electromagnetic shielding effect

• Extremely low water absorption

Materials Thermal conductivity [W/mK] Density [g/cm3]
GRAPHINITY [1] 1500 2.0
Copper [2] 402 8.9
Aluminium [2] 237 2.7
Polystyrene [2] 0.12 1.0-1.1

Table 1 Table of thermal conductivity and density obtained from [12]

Figure 10 Cross-sectional TEM image and scheme of graphene structure obtained from
[12]

2.3.2 Graphene foils from Applied Nanotech, Inc.

Graphene foils was bought from Applied Nanotech Inc. in 2015. Thickness of graphene foils is
around 1.5 µm. Diameter of foils is 4 cm (4.5 from 11) and was bought 5 pieces. The purity is
99.9% and the density is 1.5-2.0 mg/cm3. [14]
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Company description of Graphene foils „We offer carbon films and foils based on high-strength
graphene. Free-standing foils are available made with 100% graphene or with carbon nanotube enhanced
graphene (CNT+graphenemixture) for added strength and stiffness. These applications are used on critical
components for machines used in medical imaging (such as PET scans).“[14]

Features

• Long lifetime (exceeding 7.500 µA-hr)

• Custom sizes (up to 26 cm diameter)

• Competitive pricing

• Electrical resistance

• Superior thermal conductivity

• Foil mounting options (bare foils, cut to size, mounted on frames)

• High mechanical strength

Ideal for

• Stripper foil

• Radiation windows

• Gas-cell windows

• X-ray windows

• Ion-beam windows

• Thermal management applications

Figure 11 Example of graphene mixture with nanotubes foil obtained from [14]
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2.3.3 List of devices for foil analysis

• SEM and EDX were made on S-3400 N (Hitachi) scanning electron microscope equipped
with the Thermo Scientific Ultra Dry EDS detector at 20 kV accelerating voltage [JINR mea-
suring]

• EDS data analysis was made with Thermo Scientific NSS 3.3 software package [JINR mea-
suring]

• XPS was made using a Thermo Fisher K-Alpha spectrometer with monochromatic Al k-alpha
X-ray source (providing an energy of 1486.6 eV). The beam spot size is 400 μm and for surface
charge neutralization a compensating electron flood gun was used [JINR measuring]

• Scaning Electron Microscopy Tescan Vega 3 [UPOL KEF measuring]

• Olympus digital microscope DSX1000 was used for macro surface pictures with Software
OLYMPUS Stream [UPOL KEF measuring]

• Bruker D8 ADVANCE powder diffractometer operated in Bragg-Brentano parafocusing ge-
ometry with LYNXEYE position sensitive detector (in 1D mode, angular opening 2.943◦)
with Co X-ray tube as a radiation source (voltage 35 kV, current 40 mA) with software
DIFRAC. EVA v5.1
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2.4 Carbon foils for hot solid catcher of EXP I
In this section I analyzed used graphene foils from experiment E0919 from first part of EXP I.
The foils were analyzed as pair of nonirradiated and irradiated carbon foils. First will be shown
analysis of reference carbon foil and in following figure will be irradiated carbon foil for better
clarity.

2.4.1 Multi-layer graphene foil

This section will shown the difference between nonirradiated and irradiated multi-layer graphene,
which was used at begining for two days and eneding for two days of experiment Exp I. Calculated
fluence value for this multi-layer graphene foil was 4.61122 · 1016 cm−2.

Figure 12 Nonirradiated multi-layer graphene which was bought from KAKNEKA com-
pany from Japan according to 2.3.1

Figure 13 Irradiated multi-layer graphene which was used at MASHA experiment E0919
in Hot Solid Catcher according to journal in appendix 1

At the fig.14 is smooth surface of fig12 with dirt on it. On the other hand the irradiated foil
fig.15 of fig.13 is possible to see crumpled surface, which was caused by incoming ion beam, by
heat which was conducted from graphite foil in close proximity in hot solid catcher and by ma-
nipulation with it.
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Figure 14 Nonirradiated multi-layer graphenes surface measured by Olympus digital
microscope DSX1000 in brightfield (BF) mode in different scale (200 and 50
µm)

Figure 15 Irradiated multi-layer graphenes surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (200, 100 and 50
µm)
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Figure 16 Nonirradiated multi-layer graphenes surface measured by SEM Tescan Vega 3

Figure 17 Nonirradiated multi-layer graphenes surface measured by SEM Tescan Vega 3
in EDS mode for elemental mapping (C, CL, Mn)
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At the first three images of the fig.16 is shown matrix as the supplier scheme in fig.10 from
polystyrene with containing of chlorine from fig.17. The contamination of matrix by chlorine is
also proven by EDS graphs seen in fig.18, where chlorine has the second largest contamination.
The last two images of fig.16 shown us the corner of nonirradiated multi-layer graphene foil, where
is possible to see the graphene layers.

Figure 18 Nonirradiated multi-layer graphenes surface measured by SEM Tescan Vega 3
in EDS mode for elemental mapping as a graph
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Figure 19 Irradiated multi-layer graphenes surface measured by SEM Tescan Vega 3
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The fig.19 show us the irradiated multi-layer graphene foil (13), where are shown the main
changes after irradiation. On the surface grew carbon fibers and the matrix is not possible to find.
According to fig.20, where EDS mapping did not shown chlorine content and any other element
(higher purity after irradiation). It can cause the reduction of efficiency as is shown in graph 7.

Figure 20 Irradiated multi-layer graphenes surface measured by SEM Tescan Vega 3 in
EDS mode for elemental mapping as a graph
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Figure 21 Graphs show us XRD measuring of nonirradiated and irradiated multi-layer
graphene foil

XRD at fig.21 and XPS at fig.22 measuring shown us, that there are no large difference changes
in crystal structure. Small deviation could be caused by heat or by crumpled surface, where the
obtained signal could not be clear.
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Figure 22 Graphs show us XPS measuring for carbon element of nonirradiated and irra-
diated multi-layer graphene foil
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2.4.2 Graphene foil with mixture of nanotubes

This section will shown the difference between nonirradiated and irradiated graphene mixture
with nanotubes, which has been replaced by multi-layer graphene (13). The foil was in experiment
Exp I for six days without replacing. Calculated fluence value for this graphene foil with mixture
of nanotubes was 2.61568 · 1017 cm−2.

Figure 23 Nonirradiated graphene mixture with nanotubes which was bought from Ap-
plied Nanotech, Inc. from USA according to fig.11

Figure 24 Irradiated graphene mixture with nanotubes still on holder which was used
at MASHA experiment E0919 in Hot Solid Catcher according to journal in ap-
pendix1. Also is possible to see the silver part of graphite heater on holder
under graphene foil with mixture of nanotubes
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Figure 25 Nonirradiated graphene mixture with nanotubes surface measured by Olym-
pus digital microscope DSX1000 in brightfield (BF) mode in different scale
(100 µm)

Figure 26 Irradiated graphene mixture with nanotubes surface measured by Olympus
digital microscope DSX1000 in brightfield (BF) mode in different scale (200
and 100 µm)
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Figure 27 Nonirradiated graphene mixture with nanotubes surface measured by SEM
Tescan Vega 3

Figure 28 Nonirradiated graphene mixture with nanotubes surface measured by SEM
Tescan Vega 3 in EDS mode for elemental mapping
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Figure 29 Irradiated graphene mixture with nanotubes surface measured by SEM Tescan
Vega 3

Figure 30 Irradiated graphene mixture with nanotubes surface measured by SEM Tescan
Vega 3 in EDS mode for elemental mapping

At fig.25 and at fig.27 we can see the smoth surface of nonirradiated foil fig.23. As we can
see, this foil has not any matrix form from another material according to EDS measuring, which
is shown at fig.28, where is clear higher purity of carbon element, than at fig.18. It means after
irradiation we can not expect changes in elemental mapping as it shown at fig.30. Also we can see
at fig.26 and at fig.29 there are no visible surface changes.
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Figure 31 Graphs show us XRD measuring of nonirradiated and irradiated graphene foil
with mixture of nanotubes

According to result of XRD (31) and XPS (32) measuring we can not observed any differences
between nonirradiated and irradiated graphene foil with mixture of nanotubes, probably it can
cause better efficiency as is shown in fig.7.
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Figure 32 Graphs show us XPS measuring for carbon element of nonirradiated and irra-
diated graphene foil with mixture of nanotubes
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2.5 Foils for degrader of EXP I
In this section were analyzed metal foils from EXP I (1), where alluminium foils at fig.34 and at
fig.35 were burned (too thin) and could not be analyzed. With titanium foil marked as Ti No.5
shown at fig.46 was different problem, because in journal (1) was not any mention in data files
about changing foils setup to foil at fig.46, but from the fig.33, where is placed in petri dish # 5
AL we can observe significant damage from heat on his surface. Was realized measuring, where
irradiated foil was not titanium foil as is wrote in journal (1). The EDS analysis showed, that
foil is alluminium. During the experiment could be possible to replace any foils with another.
According to this confusion were analyzed foils Al No.3 and Al No.4. Every metal foil before
measuring with Olympus digital microscope DSX1000 was cleaned with isopropylalchol, because
before was greasy surface.

Figure 33 Irradiated metal foils which was taken down from degrader with window
holders
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2.5.1 Alluminium foil No.1

Figure 34 Nonirradiated alluminium foil marked as No.1 with thickness 5.87 µm and
with fluence 2.11926 · 1017 cm−2 was used in degrader

2.5.2 Alluminium foil No.2

Figure 35 Nonirradiated alluminium foil marked as No.2 with thickness 9.32 µm and
with fluence 2.18321 · 1017 cm−2 was used in degrader

The alluminium foils were not been analyzed, because their thickness was to low and were
burned during the experiment as we can see at fig.33. It means, that foils are not able for applica-
tion in degrader.

34



2.5.3 Alluminium foil No.3

Figure 36 Nonirradiated alluminium foil marked as No.3 with thickness 16.7 µm and
with fluence 1.01207 · 1017 cm−2 was used in degrader

Figure 37 Nonirradiated alluminium foils No.3 surface measured by Olympus digital mi-
croscope DSX1000 in brightfield (BF) mode in different scale (200 µm)

At fig.37 of nonirradiated foil from fig.36 we can see the surface with small dent. Low thickness
cause manipulation with foils harder. It is really easy to crumple it. After irradiation the foil was
not burned, but in the middle of foil was seen heat effect, where the ion beam going through the
foil. This irradiated part was analyzed and at fig.38 is possible to see surface changes and heat
exposure cause melting on surface. Also at images from SEM at fig.39 we can observe surface
changes.
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Figure 38 Irradiated alluminium foils No.3 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (500 and 200 µm)

Figure 39 Images of alluminium foils No.3 before and after irradiation measured with
SEM Hitachi S-3400 N

At fig.40 from XRD measuring we can observe, that the second peak after irradiation has better
signal. It could be cause by irregularities on surface. By XRD software was determined crystallog-
raphy as COD 4313217, which is defined as cubic crystallography structur according to crystallog-
raphy open database [16]. At. fig.41 we can see difference between nonirradiated and irradiated
foil. According to [17] it could be probably changes from alluminium oxyde to alluminium metal.
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Figure 40 Graphs show us XRD measuring of nonirradiated and irradiated alluminium
foil No.3
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Figure 41 Graphs show us XPS measuring for alluminium element of nonirradiated and
irradiated alluminium foil No.3

38



2.5.4 Alluminium foil No.4

Figure 42 Nonirradiated alluminium foils marked as No.4 with thickness 16.7 µm and
with fluence 6.93921 · 1016 cm−2 was used in degrader

Figure 43 Nonirradiated alluminium foils No.4 surface measured by Olympus digital mi-
croscope DSX1000 in brightfield (BF) mode in different scale (200 µm)

Was analyzed one foil from fig.42, because was used only one foil and in journal 1 is not any
mention about it. It menas that thickness of analyzed foil is unknown. At fig.43 we can see nonir-
radiated surface. The surfuce is corrugated from production.

We can see at fig.44 irradiated alluminium foil No.4 from fig.33. It is possible to observe the
part of foil, where the ion beam going through the foil, because is charred. The colored stain on
the first image is grease and was tried cleaned by isopropyl alcohol. The difference on the surface
between fig.43 and fig.44 is big. The irradiated foil changed surface structure and cause heat the
surface is melted. At the graphs 45 we can see the peak difference also same as at fig.40 and gained
signal from them is really low. The trend of narrowing peak after irradiation is possible to see at
every XRD measuring in this theses which could be caused by heat and following cooling.
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Figure 44 Irradiated alluminium foils No.4 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (100, 200 and 500
µm)
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Figure 45 Graphs show us XRD measuring of nonirradiated and irradiated alluminium
foil No.4
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2.5.5 Titanium foil No.5

Figure 46 Nonirradiated titanium foils marked as No.5 with thickness 2 µm was used in
degrader

The fig.46 was not mention at journal 1, when the setup was changed to foil No.5 not even once.
The foil will not be analyzed here, because we do not know anything about it. Were made SEM
and EDS analysis and was proven, that the irradiated foil used in EXP I in degrader as foil No.5
was alluminium foil.
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2.6 Foils for degrader of EXP II
In second part of the experiment E0919 I analyzed metal foils which was also used as degradation
foils. All foils were analyzed, because they are from nickel and titanium and their durabillity of
incoming beam is bigger then alluminium foils. Same as in first part, I used same measurment
and as I expected also here was made some misstakes. One of the biggest misstake is replacement
of irradiation nickel foil see at fig.53 for titanium foil with unknow thickness. Same problem is
with titanium foil No.4 see at fig.63, where irradiated foil was not from titanium, but from nickel
with unknow thickness. In data files of Exp II nobody mention Titanium foil No.5. see at fig.68 It
means, that this foil was obviouslly irradiated see at fig.47, but there are not any note of changing
experiment setup to fifth position.

Figure 47 Irradiated metal foils which was taken down from degrader with window
holders
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2.6.1 Titanium foil No.1

In this section was analyzed titanium foil which was obtained from window holder see at fig.47.
In journal 1 was used combination of two titanium foils with diffrent thickness, but at window
holder was only one foil. Therefore was analyzed only one titanium foil.

Figure 48 Nonirradiated titanium foils marked as No.1 with thickness 2 µm and 3 µm
and with fluence 1.80415 · 1016 cm−2 was used in degrader

Figure 49 Nonirradiated titanium foils No.1 surface measured by Olympus digital mi-
croscope DSX1000 in brightfield (BF) mode in different scale (200 µm)

At fig.49 we can see smooth surface without any damage. It is not perfect flat, because the
thickness made it hard for any manipulations. After irradiation see at fig.50, were created on
surface small bumps. Durability of this foil during the experiment was without any damage, on
the other hand alluminium foils as it see at fig.33 were more damaged. At fig.51 is not see any
diffrence before and after irradiation.

After irradiation the peaks grew up and also were created two new peaks. According to XRD
software analysis it was determined as cubic crystallography structure with COD 1534878 [19].
Before and after irrabiation the HCP structure was preserved with COD 9016190 according the
crystallography open database from [18]
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Figure 50 Irradiated titanium foils No.1 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (200 and 100 µm)

Figure 51 Images of titanium foils before and after irradiation measured with SEM Hi-
tachi S-3400 N
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Figure 52 Graphs show us XRD measuring of nonirradiated and irradiated titanium foil
No.1
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2.6.2 Nickel foil No.2

In this section nonirradiated foil is from nickel and the irradiated foil is from titanium. Were
analyzed both of them, but tha data could not be compare, because there are not any information
about irradiated foil. Was expected that the foil will be from nickel, but it is not. According to this
exchange here would not be data commented except XRD graphs.

Figure 53 Nonirradiated nickel foils marked as No.2 with thickness 8 µm and with flu-
ence 8.31592 · 1015 cm−2 was used in degrader

Figure 54 Nonirradiated nickel foils No.2 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (200 µm)

The spectrums from XRD see at fig.57 are different, it is because they are two different materi-
als. Nonirradiated from nickel a irradiated from titanium. For nickel XRD software determined a
COD 4320489 according to [20] which is cubic crystal structure. On the other hand irradiated tita-
nium foil No.2 was determined a COD 9008517 by XRD software, which is HCP crystal structure
according to [21]. If the irradiated foil is same foil, which was used same as here 2.6.1, is possible
to observe similar peaks of nonirradiated titanium foil see at fig.52.
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Figure 55 Irradiated titanium foils No.2 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (200, 100 and 50
µm)

Figure 56 Images of nickel foil No.2 before irradiation and titanium foil No.2 after irra-
diation measured with SEM Hitachi S-3400 N
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Figure 57 Graphs show us XRD measuring of nonirradiated nickel foil No.2 and irradi-
ated titanium foil No.2
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2.6.3 Nickel foil No.3

Figure 58 Nonirradiated nickel foils marked as No.3 with thickness 5 µm and with flu-
ence 2.486 · 1016 cm−2 was used in degrader

Figure 59 Nonirradiated nickel foils No.3 surface measured by Olympus digital micro-
scope DSX1000 in brightfield (BF) mode in different scale (200 µm)

At fig.58 is reference foil, which was obtained from members of MASHA group. At fig.59 is
the surface of nonirradiated nickel foil No.2 and it is relatively clean. After irradiation see at fig.60
the surface was changed. At the second image of fig.60 is melted part on the surface.
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Figure 60 Irradiated nickel foils No.3 surface measured by Olympus digital microscope
DSX1000 in brightfield (BF) mode in different scale (200 and 100 µm)

Figure 61 Images of nickel foil No.3 before irradiation and after irradiation measured
with SEM Hitachi S-3400 N

At fig.61 first image is nonirradiated nickel foil No.2 and the second one is irradiated. The
surface change is visible. Is not smooth without damage and also not homogenous. The spectrums
from XRD measuring see at fig.62 show us, that there is no crystal structure change. Same as for
nonirradiated nickel No.2 53 was determined same COD 4320489 by XRD software according to
[20], which is cubic crystal structure.
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Figure 62 Graphs show us XRD measuring of nonirradiated nickel foil No.3
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2.6.4 Titan foil No.4

Similar problem happened at 2.6.2, happened here, but here was exchanged titanium foil for nickel
foil with unknown information, without anymention.

Figure 63 Nonirradiated titanium foils marked as No.4 with thickness 3 µm and with
fluence 6.06879 · 1015 cm−2 was used in degrader

Figure 64 Nonirradiated titanium foils No.4 surface measured by Olympus digital mi-
croscope DSX1000 in brightfield (BF) mode in different scale (200 µm)

Titanium foil at fig.63 was obtained from members of MASHA group. At fig64 is nonirradiated
surface of titanium foil, where we can not see any crumled. At fig.65 is possible to see surface of
irradiated nickel foil, which is very similar to fig.60. Because one measuring of nonirradiated
titanium and nickel was done before, at fig.66 is only irradiated nickel foil No.4, where is possible
to see different roughness of surface.
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Figure 65 Irradiated nickel foils No.4 surface measured by Olympus digital microscope
DSX1000 in brightfield (BF) mode in different scale (200 and 100 µm)

Figure 66 Images of nickel irradiated foil No.4 measured with SEM Hitachi S-3400 N

At fig.67 are two spectrums from XRD measuring, where the difference between them is large.
It means, that there are two foil from different material. XRD software determined nonirradited
as titanium foil with COD 9008517 according to [21], which is HCP crystal structure. On the other
hand the irradiated foil was determined as nickel with COD 4320498 according to [20], which is
cubic crystal structure. The bigger signal for first peak could be caused by the roughness of suface.
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Figure 67 Graphs show us XRD measuring of nonirradiated titanium foil No.4 and irra-
diated nickel foil No.4
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2.6.5 Titan foil No.5

Figure 68 Nonirradiated titanium foils marked as No.5 with thickness 2 µm

This foil see at fig.68 was obtained from members of MASHA group. This foil was not men-
tion at journal 1. According to fig.47 the fifth foil was irradiated, it means was used during the
experiment, but this change was not noted and therefore was not analyzed.
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3 Discussion
3.1 Carbon foils discussion
In the case of non-irradiated graphene foil on electron microscope images, we can see the ma-
trix in which the graphene structure is deposited. After irradiation, the absence of this matrix
is   visible and it probably melted by heat. EDS images before and after graphene irradiation no
longer show elements other than before irradiation. Surface amorphization after irradiation is
well visible on newly grown fibers on the surface. This decomposition of the matrix could cause
a reduction in the efficiency of capturing the newly formed products. In contrast, graphene foil
with an admixture of nanotubes showed more rugged and high-temperature resistance in the ex-
periment. Non-irradiated graphene foil with nanotubes does not indicate any matrix presence, as
was the case with pure graphene foils and higher carbon purity. After irradiation, the results do
not differ significantly and we can state that the structure has been preserved. The reduction in ef-
ficiency can be attributed to the effect of irradiation, where there may have been more space in the
structure due to collisions of newly formed products with the foilm. We can see surface changes
before and after irradiation in Olympus digital microscope images, but these surface changes in
nanotube-doped graphene do not interfere with the structure, which can be confirmed by XPS and
XRD measurements, where the spectra have hardly changed. For graphene with a matrix, slight
changes can be observed in both XPS and XRD.

3.2 Alluminium foils discussion
For EXP I, only foils No.3 and No.4 were analyzed, because foils No.1 and No.2 did not withstand
the temperature effect due to their thickness and they tore and spread across the tube. For the
aluminum foils No.3 and No.4, both the non-irradiated and the irradiated crystal structure was
preserved (COD 4313217). In both cases, the irradiated foils have an uneven surface due to tem-
perature and handling. On the irradiated foils, we can observe the temperature effect, which was
achieved due to ion energy loss in material of the incoming beam with an energy of about 265 MeV.
In the spectra from XPS measurements, we can observe that the non-irradiated foil is aluminum
oxide, but the irradiated foil is only pure aluminum. Due to the temperature effect, the impurities
evaporated.

3.2.1 Titanium and Nickel foils discussion

For EXP II, all foils except No.5 Ti were analyzed due to missing information. It is mentioned only
in the initial setup of EXP II, but was not used during the experiment according to the journal
1, but its use in the experiment is obvious. Due to the absence of information on foil No.5, no
analysis was performed, but measurements were performed. According to the journal, foil No.1
consisted of two foils, but there was only one in the experiment. We can only speculate whether it
is a 2 or 3 µm foil, because measuring the thickness would be unreliable due to the creased surface.
In the images from the Olympus digital microscope, we can observe small surface changes that
could be caused by temperature effects. In the XRD spectrum of the irradiated foil, we can ob-
serve an additional 2 peaks. Non-irradiated foil No.1 has only the HCP structure (COD 9016190),
which is characteristic of alpha titanium. In the irradiated foil, we can observe not only the HCP
(COD 9016190) but also the BCC (COD 1534878) structure, which was formed due to the tem-
perature effect during the experiment. In foil No.2, there was an unfortunate exchange of nickel
for titanium. We can already observe a significantly different surface from the image from the
digital microscope. This claim was supported by the EDS carried out in sector Ion-implantation
nanotechnology and radiation materials science in FLNR JINR and also by the XRD, where the
spectrum is completely different and no similarity is maintained. The relevant XRD software only
identified the irradiated foil as titanium HCP (COD 9016190). An unirradiated No.2 nickel foil was
identified as FCC (COD 4320489). The No.3 nickel foil in the Olympus digital microgroup shows
a significant surface change. I believe that due to the temperature effect, growth of crystal grains.
Furthermore, on the XRD spectra, a small peak was identified as glass, since it was too thin a foil
that was on a glass substrate, the signal from the substrate could get into the XRD. Both unirradi-
ated and irradiated nickel No.3 were identified by the FCC using XRD software (COD 4320489).
Excluding this small deviation, the nickel foil before and after irradiation does not show any struc-
tural changes. Similarly to foil No.2, there was a confusion on foil No.4. Titanium was exchanged
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for nickel here as in foil No.1 it is titanium HCP (COD 9016190) and in the irradiated foil similarly
to foil No.3 it is FCC nickel (COD 4320489).
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Conclusion
In the first part of the EXP I experiment, in the analysis of carbon foils, the probable cause of the low
efficiency of the graphene foil (not) containing the matrix in which the graphene is deposited was
found. In contrast, graphene foil with an admixture of nanotubes was a far better and more suitable
candidate for the experiment not only because of its material stability during the experiment, but
also due to its long-term efficiency. In the second part of EXP I, too thin aluminum foils proved
unsuitable for reducing the energy of the ion beam. Aluminum foil with a thickness of 16,7 µm
proved to be an ideal candidate for sufficient temperature resistance to reduce the energy of the ion
beam. After irradiation, it remained in the form of pure aluminum. In EXP II, all foils have proven
to be durable. However, the most interesting are titanium foils, which have a BCC structure. In
summary, I would like to make recommendations when conducting experiments, so that careful
records are made of the course of the experiment and changing the settings to avoid errors and
inaccuracies.
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JINR Joint Institute for Nuclear Research
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MASHA Mass Analyter os Super Heavy Atoms
HSC Hot Solid Catcher
F2C Faraday Cap
ECR Electron Cyclotron Resonance
RIBs Radioactive Ion Beams
CNTs Carbon NanoTubes
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Appendix 1 Photodocumentation
This appendix was created according to my intership to FLNR JINR. During my intership I created
this documents and can help readers understand the experiment and calculations.

• Journal 0919 (EN).pdf (41 pages)

• Used foils for HSC and degrader.pdf (23 pages)

• Fluence MASHA EXP09191 I + HSC.xlsx (2 lists)

• Fluence MASHA EXP09191 II.xlsx (2 lists)
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