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Highlights 

Deuterium ion implantation of Eurofer with a new pulsed DC plasma 
source 

J. A. Pittarda,b∗, J. A. Smithc, A. Zafrad, E. Martí nez-Pan edad, N. A. Foxb  

• A new setup (ExTEnD) for low energy deuterium ion exposure has 

been assembled 

 

• ExTEnD can reach ion energies of 400 eV at a flux of 1018 m−2 s−1 

 

• Retention results of Eurofer were in good agreement with literature 

 

• Total retained deuterium dominated by exposure time 
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Abstract 

A new low energy ion source was developed. ExTEnD (Exposure to Low 

Energy Deuterium) uses an electrical discharge to create a plasma from 
which ions can be extracted via a biased sample stage - offering a simple and 

accessible setup to perform low energy ion exposure for hydrogen retention 
studies. Careful selection of operating conditions allowed stage current 

measurements to be used to estimate fluence, whilst the bias applied to the 

stage dictated the incident ion energy. The design and testing of ExTEnD is 

presented, alongside a preliminary study in which ion flux incident on 
Eurofer samples was varied in two ways. Thermal desorption results were 

broadly in good agreement with a variety of other studies, with three 
commonly observed desorption peaks present across the samples. The 

longer exposure time of the lowest flux sample resulted in a notable increase 

in retained deuterium. 

Keywords: Hydrogen, Retention, Plasma Facing Material 

 

1. Introduction 

One of the key challenges facing the success of commercial fusion reactors 

is the selection of appropriate plasma facing materials (PFMs). Such a 
material must withstand high fluxes of fast neutrons, high thermal loads and 

an interaction with hydrogen ions. The deuterium and tritium ions used in 
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fusion can react with the PFM in a number of different ways. Ions may 

permeate through the material (raising concerns over contamination and 
structural defects such as bubbles [1]), desorb from the material back into 

the plasma (known as recycling, results in cooling of the plasma) or simply 
be retained within the material (resulting in embrittlement in some 

materials, increasing the start-up tritium inventory and the need for 

detritiation during decommissioning [2, 3]). Therefore, the retention 
mechanisms of any proposed PFM, as well as other materials within a fusion 

reactor, must be understood and experimental setups are required to do so. 
A variety of different techniques have been developed to explore the 
interaction between hydrogen isotopes and materials. 

• Ion implantation - Although some lower energy ion beams have been 

used in retention studies [4, 5], typically, the energy range of an ion 
beam (103 − 106 eV) is orders of magnitude higher than the energy of 

ions incident on a PFM (101 eV) and therefore inappropriate. More 
specialised plasma-based setups have also been created [6, 7, 8], in 

which ions are extracted from a low temperature plasma at energies of 
101 − 103 eV. 

• Electrochemical charging - A bias is applied to a conductive sample 

submerged in a solution containing hydrogen ions [9]. Ions will 
saturate the surface and, over time, diffuse into the material. 

• Gas permeation - The sample is exposed to a hydrogen gas at elevated 

temperature and pressure. This method is commonly used to 
determine diffusion coefficients and permeation rates [10]. 

To explore retention of hydrogen isotopes in PFMs and other fusion 

relevant materials, a new low energy ion source has been assembled at the 

University of Bristol. Ions in ExTEnD (EXposure To low ENergy Deuterium) 

are extracted from a plasma formed via electrical discharge. In contrast to 
similar setups which use a microwave plasma, ExTEnD is a more accessible 

setup in terms of both simplicity and cost, whilst still maintaining good 
separation from the plasma, resulting in negligible sample heating and 
accurate measurement of ion energy and fluence which can be challenging in  
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glow discharge setups. Reliance on an electrical discharge meant careful 
selection of operating conditions was required. This work outlines the basic 

design and determination of operating conditions. More information on the 

design, assembly and testing of the setup can be found in [11]. To verify 

ExTEnD, a preliminary study is also presented, in which Eurofer samples are 
exposed at different fluxes. 

 

 
 

Figure 1: Diagram of ExTEnD with key parts indicated, as viewed from the back. 
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2. A new deuterium ion source - ExTEnD 

2.1. Design 

The final design of ExTEnD can be seen in Fig. 1. Similar setups broadly 

consist of three main sections: a deuterium plasma, a way to extract ions at a 
known energy, and a sample stage to expose the sample at a measured 

fluence. In ExTEnD, the plasma is created via an electrical discharge between 
two electrodes, beneath which the sample stage is positioned. Applying a 

negative bias to the sample stage extracts ions from the plasma at an energy 

approximately equal to the bias applied (assuming a plasma potential of a few 
volts). In a manner similar to a Langmuir probe, measuring the current 

required to maintain the negative bias can be used to indicate the flux of 
positive ions on the surface, allowing the fluence to be calculated. The use of 

a discharge plasma and biased stage allows for a relatively simple and 
accessible way of producing and extracting ions. 

The electrodes consisted of two tungsten rods. Electrode mounts were 

machined from a single piece of stainless-steel and consisted of a mounting 

plate at the base of a hollow tube. A collet was used to secure the electrodes 
to the mount offering a secure fit, whilst maintaining parallel electrode faces 

and avoiding the need to alter the brittle tungsten. The length of the electrode 
mounts and electrodes was selected to give a 20 mm electrode gap. Spacers 

can also be used to decrease this gap to 15 mm if desired. The powered 
electrode was connected to the power supply via the external face of the 

blanking flange it was mounted on. The live face was covered with a PTFE 
cover for safety. 

There were several key considerations surrounding the design of the 
sample stage beyond offering a secure mounting for the sample. The 

separation between plasma and sample stage impacts the flux of incident 
ions, the likelihood of a secondary plasma discharge forming on the stage, 

and the temperature of the sample. As such, the sample stage assembly was 

designed to allow the height to be adjusted. The top of the stage was 

electrically isolated from the sample stage mount to allow for the stage bias 
to be applied. 

The different components of the sample stage can be seen in Fig. 2. The 
baseplate was machined from a single piece of stainless-steel and consisted 
of a disc with a threaded rod protruding out of the bottom. This threads into  
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the sample stage mount, which takes a similar form to the high voltage 

electrode mount - a long stainless-steel tube mounted to a blanking flange. 
The internal top section of this tube is tapped. To adjust the height, the 

sample stage can be screwed in or out and secured in place with the locking 
nut. This design was simple and effective, but meant it was not possible to 

adjust the height during operation or under vacuum, and the sample stage 
must be removed to do this. This compromise was deemed acceptable as 

height adjustment was not expected to be required once standard operating 
conditions had been established. 

 

 

 

 
Figure 2: Sample stage assembly. A - Mounting tube affixed to blanking flange. B - Base plate 

and locking nut mounted. C - Mounted sample stage. 
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The insulating block was made from MACOR - a machinable ceramic 

material, which isolates the biased sample stage from the grounded base 

plate it was mounted to. The sample stage consists of a sample plate and 
window plate, which sit in a recessed region within the insulating block. The 

sample plate has a square 11 × 11 mm2, 1 mm recess in the centre to 
accommodate 10 × 10 mm2 samples. The window plate is used to secure the 

sample to the stage and give a defined implantation area. In the centre there 
is a square 8 × 8 mm2 window, ensuring a 10 × 10 mm2 sample will always 

have the same exposure area even if there is some lateral movement in the 
inset region. A laser cutter was used to cut out window plates from a tantalum 

foil and means different window sizes could easily be made for different 
samples. To load and unload samples, the tee at the bottom of the setup is 

removed and the sample stage assembly is withdrawn from the base. The 

window plate can then be removed, the sample placed in the recess of the 
sample plate, and the window plate reattached to secure the sample. 

ExTEnD is run as a static volume, meaning no gas flow is present during 

operation. Compared to continuous flow systems, a static volume system is 
much simpler and reduces gas wastage significantly, meaning the 500 ml 

lecture bottle mounted to the frame is sufficient for 10s of exposures (when 

filled to a few bar of D2). The concern for static flow systems is the potential 

build-up of contaminants during an exposure. With the addition of a mass 

flow controller and a needle valve, ExTEnD could be altered to allow for 
continuous flow operation in the future. 

Table 1: The range of variables used in testing of the new implanter. Combinations of the 

above conditions were selected to explore trends. 

Testing Parameters 

Pressure (Torr) 0.1, 0.2, 0.5, 1, 1.5, 2, 3, 5, 10, 20 

Electrode Power (W) 40–80, 10 W increments 

Stage Bias (-V) 0–800, 10–50 V increments 

Stage-Electrode Separation (mm) 25, 35, 50, 65 

Pulse toff (µs) 0.1–0.45, 0.5 increments 
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2.2. Testing 

A large variety of different conditions were explored in order to improve 

the general understanding of the setup and optimise conditions for 

implantation. The range of parameters tested can be seen in Table 1. These 

included: stage bias, stage height, chamber pressure, electrode power and 
pulse off time. Although the use of a discharge plasma offered a simple way 

to produce a plasma, it did place restrictions on many of these parameters as 
conditions must be maintained in which it is possible to produce a discharge 

across the electrodes, whilst avoiding unwanted discharges elsewhere. This 
section presents a summary of conclusions from across the testing phase. 

Stage current was measured for each of the conditions tested. It was 
hoped the current required to maintain a setpoint bias would indicate the ion 

current incident on the stage. With no bias on the stage, the current reading 
gives the balance between electrons and ions hitting the stage, with a positive 

current reading indicating a greater number of electrons. Under some 
conditions, the stage can act like the grounded electrode, and electrons can 

stream from the negatively biased powered electrode directly to the stage 

resulting in high positive current readings. This is unlikely to occur with a 
moderate negative stage bias, as the potential difference will be greater 
between the electrodes than the powered electrode to the stage. Conversely,  

 
Figure 3: Piping and instrument diagram of the implanter setup. Valves are labelled ‘V1’ to 

‘V8’, pressure gauges ‘G1’ to ‘G4’, and vacuum pumps ‘P1’ and ‘P2’. V7 is a three-way valve 

which has two positions ‘A’ and ‘B’, gas flow of these positions are indicated below the V7 

label. P1 was a turbo pump and P2 a dry scroll pump. G1 - Analogue gauge to measure gas 

cylinder pressure, G2 - Baratron (1 - 100 Torr) to monitor pressure during operation, G3 - 

Penning gauge for low pressure readings when pumping down, G4 - Pirani gauge to monitor 

scroll pump when pumping air. 
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Figure 4: Full assembly as used for first plasma. Valve and gauge labels (V1-V8 and G2-G4 

respectively) refer to Fig. 3. Sample stage assembly had not yet been fitted. 



12 

 

 

with a large stage bias that exceeds the stage-electrode breakdown voltage, 
electrons are emitted from the stage to the grounded electrode resulting in a  

large negative current measurement and the formation of a plasma 

discharge. Positive current measurements are a result of incident electrons, 
either from the plasma or from the powered electrode, whereas negative 

current readings are a result of incident positive ions or electrons emitted 
from the stage. For accurate fluence estimates, it is important that electron 

 
Figure 5: Image of an early hydrogen test plasma in ExTEnD, the pink colour is typical of a 

low pressure hydrogen plasma and is a result of the red and blue emissions of the Balmer 

series. Pressure: 0.1 Torr, Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs, 

Electrode-stage separation: 35 mm, Stage bias: 0 V 
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flow to and from the stage is avoided so the current measurement can be 
related to the number of incident ions. 

 

2.2.1. Plasma Form 

An early test plasma in ExTEnD can be seen in Fig. 5. At 0.1 Torr, a 

hemispherical plasma on the end of the powered electrode can be seen, as 

well as a secondary discharge along the internal of the 2.75” port that 
connects the main chamber to the Penning gauge and vacuum pumps. When 

increasing the pressure, the plasma is seen to increase in density, and 
condense around the electrodes, with the plasma sheath extending down the 

length of the powered cathode. The secondary discharge faded with 
increasing pressure and was no longer visible for pressures above 1 Torr. At 

pressures of 2 Torr and above with no stage bias, plasma discharge on the 
sample stage is visible, indicating a flow of electrons from the powered 

electrode. Applying a negative bias to the stage prior to striking the plasma 
decreased the potential difference between the cathode and the stage to 

below the breakdown voltage and prevented the discharge. 

2.2.2. Power Supply Variables 

A pulsed DC power supply with arcing suppression was used to create a 
discharge plasma across the electrodes and was run in constant power mode. 

In this setting, a voltage above the breakdown voltage is used and the 
supplied current is varied to meet the setpoint power. The voltage reading is 
time averaged across the pulses. Therefore, the pulse voltage, VP , is given by 

 

𝑉𝑃 =
𝑉𝑎𝑣𝑔

1−𝑓𝑡𝑜𝑓𝑓
,        (1) 

 

where Vavg is the voltage reading, f is the pulse frequency and toff is the off time 

of the pulse. Standard operating conditions used a f of 100 kHz and a toff
 of 3 

µs, giving a pulsed voltage 1.43 times greater than the voltage reading. 

Adjusting the pulse timings can be used to alter the stage current. Fig. 6 
shows a linear relation between the time the power supply is on for and the 

stage current, suggesting toff could be used to adjust ion current. However, it 
was unclear whether changes in pulse timings are truly reducing the ion flux 

or simply decreasing the time that the same high flux is being applied for 
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(reducing the average flux). If the latter were true, the linear fit of Fig. 6 would 
be expected to pass through the origin (directly proportional), meaning 
halving the pulse length would result in half the stage current. However, the  

intercept of 0.13 mA means halving pulse length gives a stage current of 

lower than half the original value. For example, going from a time on of 80% 
to 60% is a 25% reduction in pulse length but results in a 30% reduction in 

stage current. This lack of direct proportionality might suggest that longer 

pulse times increase the number of ions available during periods with the 

pulse off, meaning increasing or decreasing pulse length could be used to 
impact ion flux. 

Varying plasma power can also be used to adjust stage current as 
shown in Fig. 7. For a pressure of 1 Torr, a plateau can be seen from 70 W and  

 
Figure 6: Stage current as a function of percentage of pulse time period for which the pulse 

was on. The pulse off time was varied between 1.5 – 4.5 µs in 0.5 µs increments, whilst the 

100 kHz pulse frequency gave a time period of 10 µs. A linear fit has been applied giving a 

gradient of -0.072 ± 0.002 mA, an intercept of 0.13 ± 0.2 mA and an adjusted R2 of 0.98. 

Pressure: 0.1 Torr, Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs, Electrode-

stage separation: 65 mm, Stage Bias: -300 V. 
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above for the three stage biases tested, this is comparable to ion flux 

measurements made with a Langmuir produce in other setups [12]. Current 
values scale with increasing stage bias. With a fixed stage bias (-250 V), the 

power curves vary form and magnitude with different pressures, with lower 
pressures appearing more linear and showing limited evidence of a plateau.  

 

 
Figure 7: Stage current for varying plasma power. The top plot shows various bias voltages 

for a fixed pressure of 1 Torr, the bottom plot shows various pressures for a fixed bias of -250 

V. Pulse frequency: 100 kHz, Pulse off time: 3 µs, Electrode-stage separation: 35 mm. 

 



16 

 

 

 

 

 
 

Figure 8: A - Desired operation, plasma discharge between electrodes (0 V stage bias), 

measured current corresponds to incident ions. B - Plasma discharge between electrodes and 

from the stage to the grounded electrode (-700 V stage bias). C - Plasma discharge from stage 

to grounded electrode with electrode power supply off (-700 V stage bias). Pressure: 1 Torr, 

Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs, Electrode-stage separation: 35 

mm. 
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At 5.2 Torr, the pressure is too high for notable current measurements, with 
the power supplied to the plasma having no impact on the 0 mA current 

reading. It was thought that varying power may offer a true change in ion flux, 
in contrast to pulse timings which may only impact the average flux. 

 

2.2.3. Sample Stage Variables 

In order to determine operational conditions, stage bias ramps were 
performed at different pressures (for more information, see [11]). However, 

under some conditions, behaviour was observed that was suggestive 

electrode emission from the stage rather than the desired ion extraction. 
Sudden, step-wise, increases in stage current when increasing stage bias 

small amounts were observed, which are more indicative of exceeding a 
breakdown voltage than the smooth curve expected for ion extraction. This  

was confirmed with the observation of a discharge plasma on top of the stage 

(see Fig. 8). 

The consequence of this behaviour on stage current is presented in Fig. 9. 

During desired operation (Fig. 9A), there is only electron flow between the 
electrodes, and a negative bias on the sample stage is used to extract positive 

ions from the plasma. In this case, the ion energy is dictated by the stage bias 

and the stage current corresponds to the flux of incident ions on the surface. 

 
 
Figure 9: Simplified diagram of different sources of stage current, black arrows indicate the 

flow of electrons. A - Desired operation, discharge only between electrodes, measured 

current indicates incident ions. B - Discharge between electrodes and from the stage to the 

grounded electrode, measured current is the sum of ions incident on the surface and 

electrons leaving the stage. C - Discharge only present between grounded electrode and 

stage, measured current indicates electrons leaving the stage. 
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However, when the bias applied to the stage exceeds the breakdown voltage 

for those conditions, electrons stream from the negative stage to the 
grounded electrode, creating a Townsend avalanche and ionising hydrogen 

to form the plasma on the stage (as shown in Fig. 9B). Here, the stage is acting 
in a similar manner to the negatively biased powered electrode. When this 

occurs, the current reading no longer corresponds to the flux of ions hitting 

the stage but is a combination of electron emission and ions incident on the 
stage, and both ion flux and energy becomes unclear. With the electrode 

power supply off and a sufficient stage bias, only the stage discharge is 
present, and current measurements correspond to electrons leaving the 

stage (Fig. 9C). As the powered electrode is either negatively biased or 
isolated, electrons will always preferentially flow to the grounded electrode. 

Evidence of this can be seen in Fig. 8C, where plasma can only be seen on the 
stage and around the underside of the grounded electrode. 

When performing a bias ramp, the resulting IV curve is a combination of 
ion flux on the stage, and loss of electrons from the stage. In order to perform  

and measure ion extraction at a set energy, the stage-electrode discharge 

must be avoided, and conditions must be determined in which the electron 
flow between the stage and electrodes is negligible. The variables which 

influence the stage-electrode discharge the most are chamber pressure and 
stage-electrode separation. As such, bias ramps were performed at four 

different stage heights (corresponding to stage-electrode separation of 25, 

35, 50 and 65 mm) at six pressures (0.1, 0.5, 1, 2, 5, 10 Torr). In an attempt to 
determine at what stage bias the stage-electrode discharge forms, the 

electrode power supply was turned off and on at selected biases. With a 
negative stage bias and the electrode power supply off, any stage current 
must be a result of electron emission from the stage. 

      An example of these tests can be seen in Fig. 10. Current measurement 
with respect to time during the tests can be seen on the left, whilst the current 

measurement at each stage bias is presented on the right. The initial peaks 

on the current-time plot were a result the stage-electrode discharge with the 
electrode power supply off. This was done to get an estimate of the 

breakdown voltage prior to the bias ramp. The first off/on of the electrode 
power supply can be seen at around 500 s (-300 V bias). Here, the stage 
current returns to 0 mA when the plasma is off, indicating no electron flow is  
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present with the plasma off. The following bias step (560 s, -350 V) shows a 
decrease to a non-zero current measurement, indicating electron flow from 

the stage to the grounded electrode with the plasma off. The lowest voltage 
that this was true for is -320 V. For voltages higher than this, the reduction in 

current is consistently around 0.5 mA, as shown in the difference between 
plasma on and off in Fig. 10. 

 As the stage current is thought to be a combination of contributions from 

electron emission and incident ions, the difference between current 

measurements with the plasma on and off could be used to indicate ion 
current. However, there are clearly limitations to this simplification, as it 

relies on ion and discharge currents being independent of one another. 
Although it can be said with some certainty that the plasma off current is 

solely a result of electron flow to the grounded electrode, it cannot be said 
that this contribution remains the same with the plasma on. There is 

evidence of this at biases just below the stage-electrode breakdown voltage.  
 

 
Figure 10: Current measurements taken to measure breakdown voltage between the stage 

and grounded electrode. The figure on the left shows current with respect to time during this 

test. Initial spikes were a result of electron emission from the stage to the grounded electrode 

with the electrode power supply off. Following this, discrete steps in current are a result of 

changes in stage bias. Sudden drops in current are when the electrode power supply was 

turned off and on again. The figure on the right gives the measured stage current with the 

electrode power supply on and off, as well as the difference between them, for various stage 

biases. Pressure: 1 Torr, Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs, 

Electrode-stage separation: 65 mm. 
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For some conditions, the plasma off current was 0 mA but a stage discharge 

was present with the electrode plasma on. This indicates that, under these 
conditions, the current contribution from the discharge was not equivalent 

with the plasma on and off. Similarly, at this bias, the difference in current 

was greater than the constant value observed for biases beyond the 

breakdown voltage. These observations suggest the presence of free ions and 
electrons are enhancing the stage-electrode discharge, allowing it to occur 
despite the stage bias being below the breakdown voltage.  

The constant value observed in the current difference of Fig. 10 could be 

an indication of an ion saturation current as observed in IV curves of 
Langmuir probes. However, this constant value did not follow trends that 

would be expected for ion current measurements (decreasing with 
increasing pressure or separation). Furthermore, as the presence of the 
electrode plasma enhances the stage-electrode discharge, it is challenging to  

 
Figure 11: Breakdown voltage between the sample stage and grounded electrode for varying 

pressure (indicated by different symbols) and stage-electrode separation (indicated by 

different colours). Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs. 
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conclude with any confidence what this is a result of. Beyond the breakdown 
voltage the contribution from electron flow is effectively unknown, as it was  

concluded that discharge current is unlikely to be equivalent with the plasma 

on and off. Therefore, for effective ion extraction of known energy and 
measured flux, a bias beyond the breakdown voltage cannot be used and 

conditions must be selected that ensure the stage-electrode electron flow is 
not present with the plasma on. 

      Fig. 11 shows the highest voltage at which the stage current returned to 0 

mA for pressures up to and including 2 Torr. For pressures of 5 Torr or more, 
the bias supply would suddenly trip at high bias - indicating a stage current 

in excess of -10 mA and significant electron flow between the stage and 

grounded electrode. As no negative current readings were observed before 
this point, Fig. 11 presents the highest stage bias at which no trip occurred 

for p ≥ 5 Torr. Although not a typical measure of breakdown voltage, the shape 
of this curve bears a resemblance to a Paschen curve, with a minimum in 

breakdown voltage occurring at a pL of 5–10 Torr cm. This minimum is 
slightly higher than the 1 Torr cm determined via a more standard manner 

[13]. Measurements at 0.1 Torr are of particular interest. As can be seen in 
Fig. 11, this pressure gives pL values below the Paschen minimum and  
 

 
 

Figure 12: The difference between stage current with the stage current with the plasma off 

(left) and the electrode plasma on and off (right) and for varying stage biases. The stage-

electrode separation and resulting pL value is indicated in the legend. Pressure: 0.1 Torr, 

Power: 50 W, Pulse frequency: 100 kHz, Pulse off time: 3 µs. 
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therefore minimises the likelihood of the stage-electrode discharge 

occurring. Furthermore, ion current would be expected to drop off with both 
p and L, so minimising pressure should maximise the extracted ion current. 

As this is in contrast to discharge current which increases with pL below the 
Paschen minimum, meaning the two current sources can be separated by 
varying pL. 

Fig. 12 shows the stage current with the plasma off, and the difference in 

stage current with the plasma on and off, for a pressure of 0.1 Torr. As 

discussed, any measured stage current with the plasma off must be a result 
of stage-electrode electron flow. As the pL values for these datasets are all 

below the Paschen minimum, increasing pL results in a lower breakdown 

voltage and a larger current. In contrast, the difference in stage current 
decreases with increasing pL. The stage current with the plasma on is thought 

to be a combination of charge contributions from incident ions and electron 

emission from the stage. Although there are limitations, the difference 

between plasma on current and plasma off current could be used to indicate 
the ion current contribution1. The difference in current behaves in the same 

expected manner as ion current and decreases with L, whilst the plasma off 
current, which must be a measure of lost electrons, increases with L. 

Therefore, it was concluded that below the breakdown voltage at these low 
 

 
1 Under these conditions, the current contribution from stage-electrode discharge when 

present appears to be minimal, and below the breakdown voltage the difference in current 

is simply the measured stage current. 

 
 

Figure 13: The shortest stage-electrode separation of 25 mm (A) distorts the form of the 

plasma, whereas a separation of 35 mm (B) does not. Pressure: 0.1 Torr, Power: 50 W, Pulse 

frequency: 100 kHz, Pulse off time: 3 µs, Stage bias: -400 V. 
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pL values, the rate of electron emission from the stage is minimal and stage 
current can be used to measure incident ions on the stage. At higher 

pressures, the lower breakdown voltage creates more restrictions on 

possible operating conditions, and it becomes more challenging to 
differentiate between stage emission and ion extraction regimes. At 

pressures of 5 Torr and above, the applied bias had a minimal impact on the 
measured current (which consistently read low positive values) until a 

sudden arc would form at the breakdown voltage. This behaviour suggests no 

ion current could be measured at higher pressures due to the increased 

scattering effects, and any negative stage current measured is solely a result 
of electron emission from the stage. 

Based on these conclusions, a stage-electrode separation of 35 mm was 
selected. Although a shorter separation could help minimise the risk of stage 

discharge further, at 25 mm, the stage began to distort the form of the plasma 
as shown in Fig. 13. Standard operational conditions for ExTEnD can be seen 
in Table 2. 

 

2.2.4. Fluence Estimation 

Assuming a uniform beam distribution, and that stage current is a result 

of ions incident on the sample stage, the total fluence of deuterium incident 
on a sample during an exposure can be approximately determined. 

Integrating the stage current, I(t) over the time t, can be used to estimate the 
charge accumulated on the sample, 

𝑄𝑆𝑎𝑚𝑝𝑙𝑒 =
𝐴0

𝐴1
 ∫ 𝐼(𝑡)𝑑𝑡,       (2) 

Table 2: Standard operating conditions for ExTEnD. 

ExTEnD Exposure Conditions 

Pressure 0.1 Torr 

Stage-Electrode Separation 35 mm 

Stage Bias -400 V 

Electrode Power 50 W 

Pulse toff 0.3 µs 

Exposure Time Approx. 30 minutes 

Gas Deuterium 
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the fluence, 

𝑓 =
𝛼

𝑒𝐴1
∫ 𝐼(𝑡)𝑑𝑡,        (3) 

the average flux, 

𝐹𝑎𝑣𝑔 =  
𝛼

𝑒𝐴1𝑡0
∫ 𝐼(𝑡)𝑑𝑡,       (4) 

and the instantaneous flux 

𝐹 =
𝛼𝐼

𝑒𝐴1
 .          (5) 

Here, A0 and A1 are the exposure area and stage area respectively, α is the 

average deuterium cluster size (taken to be 2.96 D [7]), e is the charge of each 

ion and t0 is the exposure time. Using this calculation, a 0.1 mA stage current 

corresponds to a stage flux of order 1018 m−2 s−1. 

 

2.2.5. Temperature Measurement 

Temperature is known to have a significant impact on the uptake of 
molecules into a material. As ExTEnD has no temperature controlled stage, a 

one-time temperature measurement was taken. To perform the 

 
 

Figure 14: Sample stage temperature during exposure to plasma and when cooling down. The 

plasma and stage bias were both on for the first 30 mins, before being turned off and left to 

cool for time > 30 mins. 
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measurement, the secondary viewport was replaced with a thermocouple 

feedthrough, and a k-type thermocouple connected, with the probe secured 
directly to the stage. The temperature measurement was carried out under 

standard operational conditions (see Table 2). To ensure this stage 
temperature measurement was a close approximation to sample 

temperature, no sample was present, meaning the full surface of the stage 
was exposed. 

Fig. 14 shows the stage temperature during a 30-minute exposure 

followed by a cool down period. The maximum temperature measured was 

23.5 ◦C. Judging by the plateau in temperature, it seems reasonable to claim 

the sample is not expected to exceed a temperature of 25 ◦C, even for longer 

runs. 

3. Impact of ion flux on deuterium retention in Eurofer - a preliminary 
study 

3.1. Method 

For this preliminary study, deuterium ion exposures were conducted on 
reduced activation ferritic-martensitic Eurofer steel with the nominal 

chemical composition (wt.%): Fe-0.1C-9Cr-1.1W-0.45Mn-0.2V-0.12Ta. The 
material was supplied in the as-rolled condition as a 4 mm thick plate. Six 
equivalent samples with dimensions of 10 × 10 × 1 mm3 were extracted from 

the plate using electrical discharge machining (EDM). All sample surfaces 
were sequentially ground with silicon carbide (SiC) papers up to 1200 grit. 

The surface exposed to deuterium was subsequently mirror-polished using 
diamond suspensions with decreasing particle sizes, down to 0.25 µm. 

Four of the Eurofer samples were exposed in ExTEnD to different 
deuterium ion fluxes, whilst the other two samples remained unexposed. 

Post exposure, the deuterium and hydrogen retention was evaluated using 
thermal desorption spectroscopy (TDS). Eurofer was developed as a 

structural material for fusion applications [14], and was selected for this 
study as a fusionrelevant metal which had been tested in an established setup 

under similar conditions [6]. Sample preparation, exposure conditions, and  
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TDS procedure followed [6] as closely as possible to evaluate this new setup. 

Flux and fluence were estimated from the stage current using Eq. 4 and Eq. 3 
respectively. Exposures were carried out at ambient temperature, at an 
estimated fluence of 1.0×1022 m−2. The most notable difference between the  

exposures carried out here and in [6] was the flux. Under standard operating 
conditions, ExTEnD has an ion flux roughly an order of magnitude higher 

than DELPHI - the facility used in [6]. The flux in ExTEnD can be adjusted in 
two ways: the pulse timings and the plasma power. As discussed in section 

2.2, varying plasma power is thought to offer a true adjustment in flux, 

whereas it was unclear whether changes to pulse timings only altered the 
average flux. 

A summary of exposure conditions can be seen in Table 3. The intention 

for these experiments was to test four samples at one of three different fluxes: 
one sample at high flux, one sample at a low flux, and two samples at a 

roughly equivalent medium flux but with different toff and power values. Of 
the two mid flux samples, the higher power sample (sample C) was tested 

Table 3: Measured variables for four samples exposed at different fluxes in ExTEnD. ‘Pulse 

Power’ and ‘Pulse Flux’ are scaled in a similar manner to Eq. 1 to account for pulse timings. 

Sample A B C D 

Stage Bias (-V) 400 400 400 400 

Electrode Power (W) 70 40 50 30 

Pulse Power (W) 77 44 91 55 

Electrode Voltage (-V) 644 507 247 180 

Electrode Pulse Voltage (-V) 716 563 449 327 

toff (µs) 1 1 4.5 4.5 

Estimated Average Flux 

(×1018 m−2s−1) 

9.67 6.39 8.71 2.33 

Estimated Pulse Flux 

(×1018 m−2s−1) 

10.74 7.10 15.84 4.25 

Exposure time 

(minutes:seconds) 

17:33 26:27 19:33 71:28 

Estimated Fluence 

(×1022 m−2) 

1.02 1.01 1.02 1.00 
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first, with a long toff to reduce the power. For the other mid flux sample 

(sample B), the toff was reduced to the minimum feasible value and the 
smallest decrease in power (10 W) in an attempt to match the flux of sample 

C. Despite this, the flux for sample B remained lower than sample C. Although 
this could suggest variations in power offer more course adjustment, it is 

worth noting there is a notable variation day-to-day in measured ion 

currents, even for equivalent conditions. For sample B, the power was briefly 
increased to 50 W and, although an increase in current was seen, it did not 

reach the same ion currents as sample C despite the shorter toff. 

Post exposure, TDS measurements were performed using a Hiden 

Analytical Ltd Type 640100 TPD workstation workstation available at the 

Department of Engineering Science, University of Oxford [15]. The TDS 
procedure of [6] was also reproduced. Between exposure and measurement 

there was a gap of approximately 1 day (28 hrs in this study), and in both 

measurements the sample stage was heated from room temperature to 1273 
K at a ramp rate of 10 K min−1 and held at the maximum temperature for one-

hour. An AlN layer was placed between the heater and the sample as is 
commonplace in TDS measurements (although it is unclear whether one was 

used in [6]), meaning a temperature correction was required to account for 

the slower heat transfer to the sample. The correction was determined by 

measuring argon desorption from silicon, which displays a narrow peak at a 
known temperature. Background counts were measured for this temperature 

profile and removed from final results. Leak calibration tests were performed 
with both H2 and D2 to obtain calibration factors, with the calibration factor 
for HD taken to be the average between the two. 

Alongside the four exposed samples tested, two unexposed samples were 

also measured for reference. These samples were prepared in the same 
manner as the other samples and followed the same TDS measurement 

procedure. Both samples produced near identical results, so only one sample 
has been presented in the results. For all exposed samples, a base pressure of 

10−8 Torr was achieved pumping down overnight, suggesting the use of a 
static gas volume has not introduced excessive contaminants to the system. 

3.2. Retention Results and Discussion 

Desorption peaks from Eurofer samples align well with other deuterium 

retention experiments, including [6]. There have been a significant number 
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of studies exploring hydrogen isotope retention in Eurofer with TDS, with a 

wide variety of techniques used to introduce hydrogen into the metal. These 
methods include ion implantation [4, 5, 6, 16, 17, 18, 19, 20, 21], exposure to 

a glow discharge [8, 22, 23], plasma submersion [24], electrochemical 
charging [9, 25] and gas permeation [10, 26, 27]. Even when only ion 

implantation is considered, exposure temperature, flux, fluence and ion 

energy can impact uptake of hydrogen, whilst the temperature ramp rate and 
even the time between exposure and TDS measurement will play a role in the 

desorption of hydrogen. Despite this, similarities are observed between the 
TDS spectra of these studies. All data seems to present with some, if not all, 

of three desorption peaks, referred to as peaks 1–3. The most commonly 
observed peak was the low temperature peak (peak 1), reported in the 130–

220 ◦C range, [9, 16, 17, 19, 22, 25, 27] in good agreement with the 167 ◦C 
peak seen here. Furthermore, this is in very good agreement with the 175 ◦C 

seen in [6] from which the TDS procedure had been replicated. Some studies 
have also reported the presence of two higher temperature peaks [5, 6, 10, 

18, 21, 26], which are likely to correspond to the 420 and 630 ◦C peaks (peaks 

2 and 3 respectively) seen in this data. Typically, these peaks are diminished 
compared to the low temperature peak [6], but are still required for accurate 

fitting of desorption spectra [10, 26]. Furthermore, some have observed 
comparable retention in peaks 1 and 3 [26] (as is the case for sample B), and 

others have suggested fluence could play a role in the ratio between the peaks 
[18]. Some studies only observed higher temperature peaks with peak 1 

absent from spectra all together [5, 21]. Although modelling of TDS 
experiments [28] can help to characterise trapping sites, across the literature 

there are no clear trends between exposure conditions and which peaks are 
present. The high native hydrogen content of the reference sample highlights 

the presence of stable trapping sites within these samples. Desorption at high 
temperatures is likely a result of trapping in vacancies or other defects 
leading to very stable trap sites. 

The most obvious difference between the samples is the high retention of 
sample D which is almost three times higher than the next closest sample (see  
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Figure 15: Thermal desorption spectroscopy (TDS) measurements for four Eurofer 

samples exposed to deuterium ions under different conditions. An equivalent but 

unexposed reference sample was also measured. Masses 2, 3 and 4 were attributed to H2, 

HD and D2 respectively, counts were calibrated and scaled by exposure area to give 

molecules per area and plotted against the sample’s temperature, which was calculated 

by applying a temperature correction to the stage temperature. 
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Table 4). The only variable that correlates with the total retention in each 
sample is the electrode voltage, which decreases from sample A to D whilst 

retention increases. The only way the electrode voltage could influence 

retention measurements would be if the varying voltage was impacting the 
ion current measurement, leading to inaccurate flux estimation and different  

fluences between the samples. However, this is unlikely, as the maximum 

potential difference between the stage and powered electrode is around 316 
V (for sample A) which is below the breakdown voltage of 500 V for these 

conditions (see Fig. 11) so significant electron flow from/to the powered 
electrode is not expected. Instead, it is thought that the greater retention of 

sample D was a result of the longer exposure time. The fast diffusion of 

hydrogen isotopes in metals means the exposure time can play a significant 
role on hydrogen uptake depending on the technique used. For example, in 

electrochemical hydrogen loading, the surface becomes completely saturated 
with hydrogen which gradually diffuses into the sample and retention 

increases with time (up to a saturation point). In this work, 400 eV deuterium 
clusters are likely to penetrate small distances into the material. The shallow 

depth of the low-energy ions will mean that saturation of a thin layer would 
be expected. In this scenario, the surface concentration during exposure 

would be similar across the different exposures, and total retention would be 
dominated by the exposure time. For longer exposures, deuterium can diffuse 

from the saturated layer deeper in the material, allowing more deuterium 
into this top layer. Although no general trend between exposure time and 

retention was observed, the exposure times of samples A, B and C 
  

Table 4: Calibrated total counts from TDS data for Eurofer samples exposed in ExTEnD at 

different fluxes and a fluence of 1.0 × 1018 cm−2. Retention values have been scaled by 

exposure area (0.64 cm2) rather than sample size (1 cm2). 

Sample HD (×1016cm−2) D2 (×1016cm−2) Total D (×1016cm−2) 

A 2.41 0.735 3.88 

B 3.05 1.20 5.43 

C 4.63 1.65 7.92 

D 8.29 7.21 22.70 
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were all comparable, and different exposure conditions likely resulted in  

some fluctuations of retained deuterium. Sample D however had a much 
longer exposure time and subsequently much greater retention. Generally, 

the retention values determined of 1019-1020 m−2 are comparable to those of 
other studies [5, 16, 18, 20, 21]. 

Peak 1 in sample D also appears to have shifted 40 ◦C lower than the other 

samples. However, it seems that peak 1 actually consists of two smaller peaks 

(1a and 1b) at similar temperatures, meaning the shift is less significant than 
it initially appears. This can clearly be seen in the H2 spectra of the reference 

sample, where a dominant peak at 185◦C is observed with a shoulder at  

130◦C. On closer inspection, peak 1 of sample D appears less symmetric than 

the other samples, and deconvolutes well into two peaks as shown in Fig. 16. 
Therefore, it is believed that the apparent shift in peak 1 for sample D is 

actually a result of a more prominent peak 1a. Both peaks 1a and 1b must be 
highly stable binding sites, as they remain prominent in the unexposed 

 
 

Figure 16: Gaussian deconvolution of low temperature D2 peak of sample D. Counts were 

calibrated and scaled by exposure area to give molecules per area. The 2 peak fit gave an 

adjusted R2 of 0.997. ‘Peak 1a’ and ‘Peak 1b’ show the 2 peak deconvolution, with dashed lines 

indicating the peak positions of 123.5 ◦C and 152.7 ◦C. 
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reference sample. From this data alone, it is challenging to conclude what has 

caused this change in peak 1. It is possible that some physical difference 
between sample D and the other samples is present as a result of the different 

exposure conditions. This could have impacted which sites are occupied by 
both deuterium and hydrogen and changed the form of peak 1. Although peak 

1a aligns well with the shoulder peak of the reference H2 spectrum, the 

second peak of this spectrum is around 30 ◦C higher than peak 1b. Others 
have suggested shifts in peaks are a result of damage to the sample [6], 

further suggesting some physical difference between sample D and the other 
samples may be present post-exposure. 

The other notable difference between the spectra is the prominence of 

peak 3 in sample B. The high temperature of this peak implies desorption 
from very stable trapping sites (such as vacancies, voids or other defects) and 

suggests the surface of this sample may have been damaged during exposure. 

Although other samples presented some evidence of this peak, this was the 
only sample which gave counts similar to that of peak 1 in D2 counts. From 

these results, there is no clear reason as to why exposure conditions for this 
sample would result in additional damage compared to the other samples. At 

temperatures below 600 ◦C, spectra of sample A and B are remarkably 

similar. Both samples used the longer pulse, but sample B was at a lower 

power (40 W compared to 70 W). It is unlikely the presence of the high 
temperature peak is a result of the lower power as sample D (30 W) did not 

present this peak. Similarly, sample B had a lower flux than both A and C but 
not of D, meaning flux is unlikely to be the determining factor. Others [18] 

concluded the ratio between the high and low temperature peaks was 

impacted by fluence, with the traps corresponding to the first peak filling up 
last and the high temperature peak dominating at low fluence. Although this 

explanation aligns well with the data presented in [18], far lower fluences 
have failed to present the high temperature peak (in this work and much of 

the work referenced in this section). Again, differences in this paper and the 

work of others are numerous, making it challenging to directly compare 
results. 

Generally, the flux and fluence are thought to impact the surface 

interaction, and the formation of defects that result in deuterium trapping 
[29, 30]. Because of this surface interaction, the impact flux has is highly 

dependent on the material [31]. However, in this work, no clear trends were 
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observed in both flux and pulse flux. These observations are likely a result of 

surface saturation leading to comparable deuterium concentrations during 
the exposures, and total retention being mostly impacted by exposure time. 

Testing notably lower fluxes may result in lower surface concentrations 
during exposure - allowing flux to have a more obvious impact on total 

retention. Similarly, using significantly higher fluxes may increase damage 

sustained to the surface and impact retention mechanisms in this way. There 
was nothing to suggest the manner in which flux was varied (pulse timings 

or plasma power) impacted results, implying both of these could be used to 
adjust the flux and account for the day-to-day variations. Future work could 

look to vary fluence at a consistent flux to verify whether surface saturation 
is likely. 

4. Conclusions 

A new setup capable of performing low energy hydrogen/deuterium 
implantations at a controllable ion energy and measurable flux has been 

assembled and tested. Under standard operating conditions, ExTEnD can 
perform ion exposures across an 8×8 mm2 area at room temperature, with 

ion energies up to 400 eV (135 eV per D) and a flux of approximately 4 × 1018 

m−2 s−1. Use of a pulsed DC plasma aided the simplicity and cost of the setup, 

although it added restrictions on the exposure conditions possible. Through 
careful selection of operational conditions, it was possible to find settings 

which meant stage current could be used as an approximation for flux, and 
stage bias could be used to dictate ion energy. 

Retention measurements of Eurofer samples were in good agreement 
with a diverse selection of similar studies. Evidence of the three peaks 

commonly seen in Eurofer samples was observed, although exposure 
conditions could not be related to the absence of some peaks in the literature 

or in the data presented here. Additional and repeated measurements would 

be required before more definitive conclusions can be drawn. Similarly, there 

was no clear indications that power or pulse timings couldn’t be used to vary 
flux, but more testing would be required to ensure these could be used to 

account for variations in flux to maintain repeatability. Three of the samples 
tested gave comparable results, whilst the lowest flux sample presented a 

clear increase in retention. This observation was thought to be a result of 
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similar surface concentrations during the different exposures, meaning the 

increased exposure time of the low flux sample permitted more deuterium to 
diffuse into it. 
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