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1. Introduction 
 

The use of ion beams as a tool for material analysis and material modification has evolved 

over several decades. As the length scale of materials used in industry become smaller 

and smaller the need for better analysis and modification methods are required. The use 

of ion beams to modify and design materials allows for the alteration of a materials 

chemical, electrical, optical, mechanical and structural properties. Ion beam technology 

also allow for analysis of said material without significantly distorting the material that is 

studied [1]. Set-ups where the modification and analysis occur ex-situ presents a problem. 

Removing the transfer element in the experimental set-up, i.e. the moving the sample 

from modification location to the analysis location, will remove the possibility of material 

degradation due to exposure of ambient conditions. Therefore, the design of a set-up 

capable of sample preparation and modification, combined by in-situ characterization by 

ion beam analysis (IBA) techniques are desired [2]. For this purpose, a new set-up 

denoted as SIGMA (Set-up for In-situ Growth, Material modification and Analysis) has 

been recently developed at the 5-MV Pelletron Tandem Accelerator at Uppsala University 

[3]. The set-up opens the capability of preparing and modifying samples in Ultra High-

Vacuum (UHV) conditions and combine these processes with in-situ characterization by 

ion beams. 

In different systems, different IBA methods can be used to characterize materials based 

on the said material of interest. Rutherford backscattering spectrometry (RBS) is a 

method where the incident ion penetrates a sample and is elastically scattered, yielding 

information about the depth and mass of target atoms in the material [4]. It has a high 

detection sensitivity for heavy elements in a light matrix or on a light surface and has an 

analysis depth of a few micrometers. RBS is blind for light elements in a heavy matrix or 

a heavy substrate. An IBA method sensitive in detecting light elements method like RBS 

is Elastic Recoil Detection Analysis (ERDA). In ERDA the information is given by the 

atoms of the sample rather than the scattered beam ions.  More specifically, the primary 

ions enter the target in a forward scattering geometry and recoil nuclei kicked out from 

the target are detected [4]. In ERDA it is the ejected particle that is of interest rather than 

the scattering incident ion as it is in RBS.  ERDA has high sensitivity for light elements in 
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a heavy matrix or on a heavy substrate and an analysis depth range slightly below that of 

a micrometer. Another method is Nuclear Reaction Analysis (NRA) where the incident 

ions with a specific energy hit the target particles and undergo a nuclear reaction under 

resonance conditions for a sharply defined resonance energy [4]. The products of the 

reactions are in an excited state and emit ionizing radiation, both particle and gamma, 

when returning to the ground state. NRA is thus split into two categories depending on 

the detected radiation: particle-NRA and gamma-NRA. By changing the energy of the 

primary beam and considering the energy loss of the ions in the material, one can scan 

in depth the sample and generate a concentration versus depth distribution of the target 

element that undergoes the nuclear reaction. NRA is good for the selective detection of 

light elements. The final method is Particle Induced X-ray (PIXE) where the incident ions 

excite target atoms leading to the emission of X-rays. The energy of the X-rays is 

characteristic to the elements of the target. PIXE is commonly used as a supplementary 

method to RBS [4].  

In this work, improvements made on SIGMA will be presented. These enhancements 

consist of upgrading the IBA which includes the installation of new detectors for 

performing ERDA and PIXE as well as to examine the possibility of using the RBS 

detector for performing particle-NRA. Furthermore, the material modification capabilities 

of SIGMA were further developed. The chamber capability of in-situ ion implantation and 

IBA characterization was tested.   

 

2. SIGMA Chamber 

A schematic of SIGMA chamber can be seen in Figure 1. The vacuum system, capable 

of ultra-high vacuum, consists of a main chamber, a detachable load-lock chamber and 

a linear transfer arm. Both chambers are equipped with appropriate pump systems, i.e. 

three turbomolecular pumps and two rotary vane pumps for backing. The detachable 

load-lock chamber provides a quick method for introducing and removing samples into 

the main chamber where samples can be prepared using the material modification 

equipment as well as analyzed using the ion beam line that is located upstream of the 

main chamber. The main chamber is connected to the 5 MV Pelletron accelerator via a 
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pre-chamber equipped with a system of slits and beam collimators. These can be set with 

a precision of 0.05 mm and can be centered on and off axis. When not in use, the system 

is isolated from other parts of the beam line using gate valves. The base pressure during 

the presented project was in the range of 10-8 mbar, while the achievable pressure in the 

main chamber is of the order 10-9 mbar.       

 

Figure 1: A schematic of the beam line and the chambers make up SIGMA. The main components of the 
set up are labeled. The features circled in red (ERDA, PIXE, NRA) are the features that were added to 
the set-up in this experiment either through installation of a new detectors (X-ray detector, solid state 

detector) or the modification of already existing detectors (NRA). 

 

The main chamber is cylindrical, with a length of 50 cm and a radius of 12 cm, and it is 

equipped with multiple ports where equipment or viewports can be installed. The installed 

equipment allows for thin film growth, modification, sample cleaning and IBA 

characterization. The sample holders are mounted on a 5-axes goniometer. The 

goniometer allows for the sample to be moved in the x, y and z direction as well as being 

rotated in the azimuth or polar direction depending on equipment or detector used. 

Thermal treatment of the samples is also possible as the goniometer is equipped with a 

filament placed at the back side of the sample that can be used for sample annealing. 

This can be either resistive or, if the high voltage is turned on and the current through the 

filament is sufficiently high, e-beam.   
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The material analysis equipment which was installed prior to the start of this project 

included a solid-state detector, SSD, capable of performing RBS and EBS. An SSD is a 

radiation detector in which a semiconductor material such as germanium or silicon 

constitutes the detecting medium. This device consists of a PN junction where the 

depletion region is increased under the influence of a small reverse bias. When an 

incident particle enters the N-side it produces an electron hole pair. These charge carriers 

move under the influence of the bias. The migration of these carriers constitutes a pulse 

of current proportional to the energy of incident radiation particle. The current pulse is 

amplified and recorded. The silicon SSD in the SIGMA set-up has a thickness of 100 μm, 

can be moved to scattering angles between 90° and 180° with respect to the ion beam 

and has a solid angle of ΔΩ = (2.1 ± 0.1) msr. In addition to this SSD detector, a portable 

a High Purity Germanium (HPGe) is available for use at the tandem laboratory which is 

suitable for performing gamma-NRA [3]. The HPGe detector is a radiation detector where 

the germanium is the detecting medium. Germanium can be produced with much larger 

thickness, a few centimeters, compared to silicon. This allows gamma radiation of up to 

a few MeV to be deposited in the crystal, something that is not possible due to the limited 

thickness of silicon. The drawback of the HPGe is that it must be cooled down with liquid 

nitrogen (77 k). At higher temperatures the electrons have enough energy to jump the 

band gap resulting electrical noise while at the liquid nitrogen temperatures the energy of 

the gamma radiation is required for the electron to jump the gap. To maximize the solid 

angle during measurement, the HPGe detector was placed at the position shown in Figure 

1 at an angle of 90° with respect to the ion beam. 

The material modification equipment is located on the opposite side of the large viewport. 

This includes equipment capable of thin film growth, modification and ablation. For thin 

film growth there is a triple source e-beam evaporator that has three separate cells 

allowing for simultaneous evaporation of up to three target materials. The beam spot of 

the evaporator is roughly 20 mm and is located 93 mm from the exit aperture of the 

evaporator to that of the sample. The Prevac IS40 installed in the chamber is an extractor 

type ion source that generates an ion beam with a Gaussian beam profile. The applied 

acceleration voltages ranges from 0.12 kV to 5 kV and directs the ions toward the sample 

at an angle of 18° with respect to the beam direction. The ion source is the tool used to 
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implant hydrogen in this project. The hydrogen is supplied to the ion source through a gas 

feeding system that is capable of injecting other gases into the system as well, such as 

oxygen.  

3. Improvement of IBA Capabilities  
 

The detectors described in the previous section allowed for EBS/RBS and gamma-NRA 

data to be collected but the SIGMA system had room for improvement and during the 

project three more IBA techniques were made possible by installing two new detectors 

and adjusting the already installed SSD detector. 

 

3.1 PIXE 
 

The first detector that was that was installed was silicon drift detector, SDD, capable of 

measuring PIXE spectra. It was installed at an angle of 135° and the solid angle for this 

position was calculated to be ΔΩ = (3.3 ± 0.2) msr, while the energy resolution was 

FWHM=136 eV for Fe-Kα characteristic energy [3]. The SDD was very sensitive and 

initially there was a lot of interference noise that was recorded in the first spectra. After 

multiple attempts, the electronics for the SDD was placed in a separate rack from all other 

electronics in order to get rid of the noise. Once this was done, a protective sheet had to 

be placed in-front of the detector in order to protect it from backscattered particles. A 

Mylar foil with a thickness of 207 μm was added in order to do this. The thickness was 

calculated based on the ability to stop a 5 MeV proton. This was specifically chosen as it 

is a common product of a reaction between the incoming 3.1 MeV 4He and F since many 

samples of interest in experiments taking place in SIGMA include F.  

Furthermore, the Mylar also reduces the pile-up contribution of Bremsstrahlung and low-

energy characteristic X-rays in the electronics. Figure 2 shows a spectrum taken using 

the installed SDD of a piece of W exposed to an ion beam of 3.1 MeV He. 
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Figure 2: A PIXE spectrum obtained by the irradiation of a bulk W target by a 3.1 4He beam.  

3.2 ERDA 
 

ERDA would allow as to quantify the amount of H present in the sample and can be 

potentially performed simultaneously with RBS/EBS and PIXE. For this, a second SSD 

had to be installed inside the chamber at an angle of 40° with respect to the beam 

direction. An aluminum holder was created by the technicians where extra care was taken 

to isolate the detector from any ground loops. This was done by using ceramic 

components that connected the holder to the arm of the holder. The armature can be 

seen in Figure 3 where the circular blank disk at the end of the is the SSD.  

 

 

Figure 3: The homemade insulation aluminum holder where the SSD detector is mounted at the 
right end of the armature (the blank disk).  

 

The solid angle of the new SSD was found to be ΔΩ = (1.9 ± 0.1) msr [3]. It is necessary 

to stop the backscattered beam ions in order to be able to detect H recoils without 

overlaps. To filter sufficiently 4He ions scattered at an angle of 40ο, a sheet of aluminum 

foil was placed in front of the detector. The stopping range of 3.1 MeV 4He in Al was 
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calculated to be 11.4 μm. H and D, with recoil energies of 1.17 and 1.62 MeV respectively, 

had ranges of 18.2 μm and 21.4 μm in Al [5]. This depth had to be considered when 

choosing the thickness of the Al filter. Since H and D has to be able to pass through the 

aluminum foil thickness was set to be 13.2 μm. Figure 4 shows an ERDA spectrum taken 

using the installed SSD detector where W was exposed to a beam of 3.1 MeV 4He.  

 

 

Figure 4: H recoils from a sample of bulk W where the H on the sample appear due to 
contamination during exposure to ambient conditions.  A beam of 3.1 MeV 4He was used to 

perform ERDA. 

 

3.3 Particle NRA 

 

The final adjustment in the chamber was made to the SSD already installed, enhancing 

its capability of distinguishing particles emitted from NRA reactions for D detection. This 

was done by adding an Al foil in front of the detector that would block backscattered 3He 

up to an energy of 2 MeV from reaching the detector. 3He was chosen with future 

experiments in mind where the objective would be to quantify the D concentration 

implanted in a bulk sample. As the 3He ion beam interacts with D, present in the sample 

and undergoes a nuclear reaction: D(3He,p)4He [6].  

To test the possibility of performing 3He NRA for D detection in SIGMA, a CD4 sample 

was used. In this case, 3He also reacts with the carbon isotopes, 12C and 13C, yielding a 

high energy proton along with 14N and 15N depending on the isotope [7]. Along with these 

protons, a large unwanted background count rate of backscattered 3He would also be 

detected by an SSD detector. In order to remove the background, the range of the 2 MeV 

3He was calculated and found to be 6.52 μm in the Al foil using TRIM [10]. A sheet of 
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aluminum foil with a thickness 7 μm was placed in front of the SSD detector to block the 

3He. Figure 5 shows a spectrum of 3He interacting with a target of CD4 where the marker 

highlighted in red is the region of interest. In comparison to the 2 MeV 3He, the protons 

produced in the nuclear reaction with D has an energy of 11.75 MeV. These protons have 

a range of 852 μm in the Al foil and thus would penetrate the blocking foil and reach the 

detector easily [10]. Due to the high energy of the protons, they only partially deposit 

some of its energy in the detector as the 100 μm silicon crystal is not sufficiently thick to 

stop the protons. The energy deposited by the protons results in overlapping peaks in the 

spectrum. Figure 6 shows a simulation of the experimental spectrum produced by 

SIMNRA [5]. The region consists of three peaks representing the protons produced by 

the three different reactions described when the 3He beam hits the sample of CD4. The 

proton from interaction of the 3He and D (turquoise), the proton from the interaction 

between 13C and 3He (blue), and the proton from 12C and 3He (dark yellow). If the Al foil 

had not been present, additional signals of the backscattered 3He would also be present 

and since the elastic cross section of 3He backscattering is much higher than that of the 

nuclear reactions it would have made analysis impossible.  

 

 

Figure 5: Spectrum measured by the modified SSD for particle-NRA between the incident ions 
of 2 MeV 3He and CD4. The region marked in red is the region of interest where the protons 
produced from the interaction between 3He and D and C isotopes are identified. The protons 

from the three reactions overlap making it difficult to separate and identify them. 
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Figure 6: The region of interest analyzed using software SIMNRA in order to identify the three 
different protons contributing to the red region in Figure 5. The protons from the 3He and D 

reaction (turquoise), the protons between13C and 3He (blue), and of between the 14C and 3He 
(dark yellow). 

 

4.  Development of material modification capabilities 
 

With the installation of the new detectors and the modification of older detectors complete 

the next phase was to test the extended material modification capabilities of SIGMA. Up 

to this point, the ion gun connected to the system had only been used to sputter materials 

using Ar. An additional potential capability of the ion gun is to use it to implant ions in 

samples of interest. Thus, as an initial experiment to test the optimal sample placement, 

relative to the ion gun, for H implantation in a Silicon wafer was conducted. After 

implantation, future experiments will need to anneal the implanted samples, so a small 

experiment was thus conducted to establish the annealing parameters for the SIGMA set-

up.  
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4.1 Optimization of H implantation parameters and mapping   

 

To optimize the in-situ implantation set-up in SIGMA, the optimal position of the sample 

being implanted relative to ion gun was investigated. To do this a large Si wafer of, see 

Figure 7, was placed in the chamber and implanted with hydrogen. The dimensions of the 

wafer were roughly 55 mm by 20 mm. In order to implant hydrogen, a pure silicon wafer 

was placed in the chamber at an angle of 7o with respect to the surface normal. The wafer 

was placed at this angle in order to reduce channeling which is a phenomenon that 

describes the scenario where the stopping power is much smaller in on direction 

compared to another. By adjusting the wafer this is avoided and the hydrogen is more 

likely to interact with crystalline structure of the silicon.  After the wafer was inserted, the 

base pressure 9.0x10-8 mbar was established and then the chamber was flooded with H 

and H2 until the partial pressure of H reached 10-6 mbar. The ion gun, see figure 1, was 

then turned on with a beam flux of 1.5 μA/cm2 (13.5 μΑ) and an accelerating voltage of 2 

kV. The hydrogen is injected in the chamber and enters the ion gun, becomes ionized 

and the hydrogen ions are accelerated towards the wafer where they are implanted. The 

implantation time was 240 minutes.  

 

Figure 7: The large Si wafer that was implanted with hydrogen for the optimization of the ion-gun 
position. The dimensions of the wafer were 55 mm by 20 mm. 
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After implantation the wafer was taken out of SIGMA and broken into seven pieces. The 

seventh piece being the small central protrusion on the lower side of the wafer. These 

were then placed inside the T4-2 chamber located right next to the SIGMA chamber. All 

seven pieces were mounted and Time of Flight-Energy (ToF-E) ERDA was used to 

measure the hydrogen concentration of each of the small pieces. A beam of 36 MeV 

Iodine was used to perform the measurements. The ToF detection system works by 

measuring the time of flight of the recoiled particles of the same momentum. This allows 

for the separation of lighter and heavier elements allowing for the concentration of 

hydrogen to be identified. The concentration of hydrogen on each of the small wafer was 

measured and then plotted against the respective x and y position. This is shown in Figure 

8. 
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Figure 8: The normalized hydrogen concentration across the surface of the large Si wafer. The 
concentration is the highest in the middle of the right half of the wafer.  

From Figure 8 one can see that concentration of hydrogen was centered in the upper 

right central region. The optimal position of the wafer relative to the gun is then -5 mm 

and 10 mm in the x-coordinate and between -5 mm and 5 mm in the y-coordinate. Based 

on Figure 8 one can see that it would worth the repeat the experiment again and measure 

a similar region located right above region measured in this experiment in order to get a 

complete map of the implantation region.  
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4.2 Temperature Calibration  

 

In the SIGMA chamber there are two methods to elevate the temperature of a sample, 

resistive heating or e-beam heating. Resistive heating is done by passing current through 

the filament and heating it. To achieve higher sample temperatures, one can heat the 

sample by an electron beam. After a certain current is reached, there is electron emission 

from the filament. Negative HV of -650 V is then applied to a plate behind the sample 

relative to the filament. This accelerates the emitted electrons toward the sample heating 

it. The temperature that is recorded in the SIGMA is measured by a thermocouple that is 

permanently installed on the goniometer. In future experiments, samples will be annealed 

so it is of interest to establish the annealing parameters in order to anneal future samples 

in a constant and reproducible manner.  

 

Figure 9: The temperature correlation of the sample holder (SH), i.e. thermocouple on the 
goniometer, and that of a sample (S), i.e. thermocouple on the sample holder, with a base 

composition of Si. The SH-S relation is linear initially when resistive heating is used, but this is 
limited since it is very time consuming and has a low maximum temperature limit. When the high 
voltage is turned in one can see the big jumps in temperature in just a few minutes, before the S 

temperature flattens out and stabilizes.  

To establish these parameters the correlation between the temperature of the permanent 

thermocouple and the temperature of a sample located a movable sample holder had to 

be established. To do this a sample holder with an additional thermocouple installed was 

placed in the chamber. The sample chosen was Si as it is the wafer mainly used in this 
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project. The temperature of the Si wafer was elevated using first only resistive heating 

and then after fifteen minutes both resistive and e-beam heating. The resulting correlation 

can be seen in Figure 9 where the green is the temperature recorded by the thermocouple 

located on the goniometer, the blue is the temperature recorded by the thermocouple 

located on the sample holder and the red dots represents occasions when the filament 

current used for e-beam heating was altered. The HV was turned on at 15 minutes with 

a current of 1.15 A and then gradually increased.  

5. Application: Implantation and Thermal Retention of Hydrogen in Si 
 

One of the potential solutions to the worlds growing energy need may be hidden in nuclear 

fusion [8]. One of the most critical aspects in constructing of thermonuclear reactors is 

the construction of the inner wall [9]. The inner wall is the first part of a tokamak that 

encounters any elements that escape the magnetically confined plasma [11]. Due to its 

proximity to the plasma, the inner is subject sever physical conditions including neutron 

and charged particle bombardment, uneven and heavy heat loads, photon irradiation and 

atomic hydrogen exposure. These conditions lead to damage, due to erosion, gas capture 

and deposition, of the inner wall. The deposition of plasma material will lead to the 

deposition of fuel in the wall, where the fuel of future reactors are deuterium and tritium. 

Walls constructed of materials containing carbon are particularly at risk to this as carbon 

has an affinity for hydrogen isotopes. The use of carbon fiber composites and tungsten 

as building materials for inner walls have led to a great deal of interest in quantitatively 

profiling the of deuterium in the plasma facing material [12]. Being able to implant in-situ 

deuterium in materials used for the walls of fusion reactors (such as W and Be) and 

subsequently anneal the sample and get the evolution of D depth profile as a function of 

temperature is a goal for future experiments at the SIGMA set-up. Before these advanced 

experiments can be conducted, preliminary experiments must be conducted to test if the 

SIGMA chamber is capable of these requirements.  

As a pre-experiment, a Si wafer was implanted with hydrogen and the hydrogen profile 

was measured all in-situ in the SIGMA chamber. The Si wafer was implanted for 251 

minutes with the settings of the ion gun set to a beam flux of 1.5 μA/cm2 (13.5 μΑ) and 
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an accelerating voltage of 2 kV. The wafer was exposed to these conditions for 251 

minutes. After the implantation an oxidation layer was added in order to prevent hydrogen 

from migrating out of the wafer.   

Gamma-NRA was then used to measure the concentration of hydrogen at different depths 

of the wafer. This was done using a 15N beam where the energy of the incoming ions was 

adjusted incrementally from 6.35 MeV to 6.55 MeV. The resonance energy of the reaction 

1H(15N,αγ)12C was found from literature to be 6.385 MeV [13].  At this energy the incoming 

15N ions are most likely to react with the implanted H. Changing the energy incrementally 

meant that the incoming ions could penetrate deeper into the wafer before reach the 

resonance energy. When the resonance energy was reached the 15N would react with 

the H. Thus, the higher the energy, the further the ion would penetrate the wafer before 

the 15N had been attenuated sufficiently for it to react with the implanted H. Using this 

method, a depth profile was generated. This depth profile is shown in Figure 10 as the 

solid black line where the peak H concentration was located at a depth of 20 nm. 

Following the gamma-NRA analysis, the wafer was thermally annealed to a temperature 

of 430oC using both resistive and e-beam heating. During annealing two measurements 

were taken using a beam energy of 6.4 MeV, corresponding to a depth of 20 nm. These 

two measurements are shown in Figure 10 as the pink marker for 100oC and the green 

marker for 200oC. These measurements showed that the hydrogen concentration at the 

point of highest concentration decreased when the material was exposed to elevated 

temperatures. 

After annealing gamma-NRA was used again to scan the wafer for H. The measurements 

are represented by the red line in Figure 10. The red line indicates that most of the H had 

migrated out of the Si wafer. Comparing this to the H depth profile of blank silicon wafer 

confirmed that the H had migrated out of the wafer. The H profile of blank Si wafer is 

shown by the black dashed line in Figure 10. 

To quantify the amount of H implanted in our wafer, a reference sample with a known H 

percentage (18.5%) was measured [14]. Eventually, the hydrogen concentration was 

found to be 33%. The depth profile of the reference sample is shown in Figure 10 by the 

dashed blue line. Finally, for comparison, the distributions of implanted H+ (2 keV H) and 
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H2* (1 keV H) in Si were simulated using TRIM [10]. These are shown by the dashed 

yellow and purple line in Figure 10.  
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Figure 10: The hydrogen depth profiles from in-situ implantation of H and H2 in Si. The black line is after 
implantation and the red line is after annealing. The blue line is the depth profile of a reference sample 
and the simulated depth distribution of 1 keV and 2 keV are shown in yellow and purple dashed lines.  

 

This pre-experiment showed that the ion gun functioned well as an implantation tool and 

that that the implantation and the following gamma-NRA analysis could be performed in-

situ without complication in the SIGMA chamber. From the experimental data an excel 

spread sheet was developed which, with some simple inputs from the laboratory and the 

computer program TRIM, can calculate the expected amount of implanted hydrogen 

concentration after a certain time period or the amount of time needed to reach a certain 

amount of concentration. The spreadsheet can be used in future experiments for quick 

calculations in order to determine the appropriate experimental parameters.  
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6. Conclusion 
 

In this project, the SIGMA, an in-situ analysis and materials modification chamber at the 

Tandem acceleratory laboratory of Uppsala University was introduced. The IBA methods 

of the chamber was presented as well as the three new methods installed at the chamber. 

This includes a new SDD for PIXE, a new SSD for ERDA and adjustments made on the 

already installed SSD for it to perform detect particles from particle-NRA. Furthermore, a 

method was established for implantation of samples in the chamber. This was exemplified 

by the successful implantation of H in Si and the subsequent release of H during the 

annealing of the wafer. This was all done in-situ showing the potential of the system for 

further experimentation 
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