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Abstract 
To investigate the material loss rate of solid and liquid divertors a Quartz Crystal microbalance was 

implemented in the linear plasma device Magnum-PSI. It has been tested if and with what accuracy 

the deposition rate can be linked to the loss rate. This has been done by exposing targets of 

Tungsten, Molybdenum, Copper, Tin and Lithium to different fusion relevant plasmas (𝑛𝑒~ 1020 −

1021 m−3,  𝑇𝑒~1 − 5 eV) at B-fields up to 1.3 T. Is has been found that the QCM is a very sensitive 

device: plasma transitions, target and beam dump motion, and magnetic field ramping can all be 

observed on the QCM signal. For single measurements with constant plasma conditions, all effects 

are reversible and maximum accuracies of 0.1 Angstrom were obtained. To use the QCM for a whole 

day measurement or single measurements with plasma changes, it is recommended to do some 

additional measurements. However, the deposition can’t be linked to the loss rate, since the loss 

distribution is not known. 
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List of variables 
Variable Definition Units 

Vsf Floating potential V 

kTe Electron temperature. In fusion applications temperature is often 
denoted as kT 

eV 

kTi Ion temperature eV 

Vp Plasma potential V 

Vtarget Target potential V 

Vbias Bias potential V 

Γ𝑠𝑠
𝑖  Ion flux to solid surface Ions/(m2 s) 

Γ𝑠𝑒
𝑖  Ion flux to sheath edge Ions/(m2 s) 

cs Ion sound speed m/s 

mi Ion mass Kg 

nse Ion density at sheath edge Ions/m3 

n0 Upstream ion density Ions/m3 

𝛼𝑣 Condensation constant - 

R Re-deposition constant - 

pv Vapor pressure Pa 

pa  Ambient pressure Pa 

mLi  Lithium atomic mass Kg 

Tsurf Surface temperature K 

Nat Frequency constant of the crystal: 166100 Hz cm 

D Thickness of deposited layer Cm 

dq Density of single crystal quartz: 2.649 g/cm3 

df  Density of the film g/cm3 

Fu Frequency of unloaded crystal Hz 

Fl Frequency of the loaded crystal Hz 

Z Acoustic impedance ratio - 
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1 Introduction 
Glaciers are melting, the sea level is rising and extreme weather conditions occur more and more 

frequently. More than 97 percent of the climate scientists agree that these phenomena are caused by 

climate change, due to an increase of carbon dioxide in the atmosphere[1][2]. 

Next to these rising CO2 concentrations, the world is in a need for more and more energy. Economic 

growth is inevitably linked to increasing energy demands. This means that in the future, the energy 

demands will rise further, creating even more stress on the current energy sources and on the 

climate[2]. 

Many alternative energy sources exist. This research will be focused on fusion. Fusion is the reaction 

in which 2 light nuclei merge and produce a new particle with less mass than the input mass. This 

excess mass is converted into energy. The most promising option for commercial use is the reaction 

between deuterium and tritium nucleus, producing a helium nuclide, a neutron and a lot of energy[3]: 

𝐷1
1 + 𝑇 → 𝐻𝑒 + 𝑛 + 17.6 𝑒𝑉2

4
1
2      (1) 

The advantages of fusion are huge: 1 kg fuel produces an equal amount of energy as more than 8 ∙

106 kg of gasoline, fusion doesn’t produce any CO2 and finally, the fuel is in principle inexhaustible. 

Deuterium can be found in water and tritium can be produced by a reaction between lithium and 

neutrons. The known reserves of lithium are sufficient to last for thousands of years[3]. 

Although fusion has a huge potential, it can’t be exploited yet. This is because fusion with net energy 

output is a very difficult process to achieve on earth. Temperatures of over 100 million Kelvin are 

required. This is because two colliding nuclei have to overcome the potential barrier between the two 

nuclei[3]. 

At such temperatures, the fuel in a fusion reactor will become a plasma, which consists of charged 

particles. Because the particles are charged, they can be confined by magnetic fields. This report will 

be focused on plasma confinement in a donut shaped reactor, a tokamak, which is the most effective 

way to confine a plasma. Charged reaction products can be removed in several ways, but the most 

investigated and most promising option is the use of a divertor. This is a small region at the bottom of 

the tokamak, to which the particles are guided by the magnetic field lines, where the particles collide 

with the wall and subsequently are removed, see figure (1)[2][4]. 

 

Figure 1: A tokamak in which the plasma is guided towards the divertor by magnetic fields lines. At the divertor the particles 
can cause sputtering of the divertor, as will be discussed in section 2.2[5] 
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Because the particles have much energy, the wall has to be very strong to withstand this high energy 

particle bombardment. Many options for solid materials have been investigated and are currently 

being investigated, but it has proven to be very hard to find a solid material that can withstand these 

high energy particles, as will be discussed in the next chapter[4]. 

Another promising option is to cover the divertor with a liquid metal to protect the divertor from the 

high energy particles. This metal can be inserted onto the divertor and will sputter or evaporate, but 

it can easily be replaced by inserting more liquid metal. Possible drawbacks of this method are that 

the evaporated gaseous metal will coat the wall of the fusion reactor, dilute the fuel of the reactor 

and possibly cause unwanted reactions. Therefore, it needs to be examined at what rate the liquid 

metal is lost.  

The Dutch Institute for Fundamental Energy Research (DIFFER), is specialized in fusion research. The 

main research facility of DIFFER is Magnum-PSI, a linear plasma generator. Magnum-PSI can generate 

plasma conditions similar to those in a real fusion reactor, viz. a steady state ion flux of up to 1025 ions 

m-2 s-1, at electron temperatures in the electron volt range, with magnetic fields up of 2.5 T[6]. 

In this research, a Quartz Crystal Microbalance (QCM), which is a mass balance with a resolution of 

1.9 ∙ 10−16 g, will be used to determine the amount of deposition of sputtered or evaporated particles 

on a substrate[7]. It will be tested if and with what accuracy the QCM can be used in the harsh 

conditions inside Magnum-PSI. It will also be analyzed if, how and with what accuracy this deposition 

can be linked with the loss of wall material. The research question of this analysis will be: 

How and with what accuracy can the QCM be used to determine the loss of wall material during 

Plasma-Surface Interactions inside Magnum-PSI? 
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2 Theory 
In this chapter, the theory necessary to understand the remainder of the report will be covered. At 

first the interaction area between the plasma and the divertor, called the sheath, will be analyzed. 

Then, the interaction between the plasma and the divertor will be analyzed and finally the principle 

of the QCM will be explained.  

2.1 The Sheath 
A plasma consists of electrons and ions. The plasma in the reactor is neutral, but because ions are 

much heavier than electrons, the electrons have a much higher thermal speed. As a consequence, the 

electron flux to the wall will initially be much larger than the ion flux to the wall. The electrons will 

charge the wall with a negative voltage. As a consequence, electrons will be repelled and ions will be 

attracted. This process continues until the ion flux to the wall is equal to the electrons flux. This causes 

the formation of a thin layer of a few Debye lengths in thickness around the wall, which is called the 

sheath. For hydrogenic plasmas, this floating potential Vsf is typically around 3𝑘𝑇𝑒, where 𝑘 is the 

Boltzmann constant and 𝑇𝑒 is the electron temperature[4].  

Due to this floating potential, the ions get extra energy in the sheath. In case of a floating potential, 

the ion energy at the target is given by equation (2):[4] 

𝐸𝑖𝑜𝑛 = 2𝑘𝑇𝑖 + 3𝑘𝑇𝑒 ≈ 5𝑘𝑇𝑒     (2) 

Where 2𝑘𝑇𝑖 is due to the thermal motion of the ions and 3𝑘𝑇𝑒 is due to the floating potential, where 

𝑇𝑖 is the ion temperature. In this derivation it has been assumed that in Magnum-PSI the electron and 

ion temperature are equal [4][8]. 

In case of an applied bias Vbias to the target, the ions get extra energy, so in this case the ion-energy at 

the target is given by equation (3):[4] 

𝐸𝑖𝑜𝑛 = 5𝑘𝑇𝑒 + 𝑒(𝑉𝑠𝑓 − 𝑉𝑡𝑎𝑟𝑔𝑒𝑡)    (3) 

Where the 5𝑘𝑇𝑒 is the energy of the ions in case of a floating potential and 𝑒(𝑉𝑠𝑓 − 𝑉𝑡𝑎𝑟𝑔𝑒𝑡) is the 

extra energy the ions get due to the applied bias. In equation (3) 𝑒 is the charge of the ions in 

elementary electron charge units and 𝑉𝑡𝑎𝑟𝑔𝑒𝑡 is the potential at the target[4]. 

Since the sheath is very thin, it can be assumed that the flux of ions into the sheath edge is the same 

as the flux of ions on the wall: Γ𝑠𝑒
𝑖 = Γ𝑠𝑠

𝑖 , where Γ𝑠𝑒
𝑖  is the ion flux at the sheath edge and Γ𝑠𝑠

𝑖  is the ion 

flux on the solid surface[4]. 

The shielding of the sheath potential by the sheath is not perfect. A small fraction of the potential is 

not shielded and is applied over a small region behind the plasma, which is called the pre-sheath. This 

pre-sheath is necessary for the formation of the sheath which requires that the ion velocity at the 

sheath entrance vse is equal to or larger than the ion sound speed cs. It is usually assumed that at the 

sheath entrance the ion velocity is equal to the ion sound speed. This is called the Bohm criterion, 

given by equation (4):[4] 

𝑣𝑠𝑒 ≥ 𝑐𝑠 = √
𝑘(𝑇𝑒+𝛾𝑇𝑖)

𝑚𝑖
      (4) 

Here 𝛾 is a constant which is 1 for an isothermal flow and 5/3 for an adiabatic flow with isotropic 

pressure. mi is the ion mass.  For the conditions in Magnum-PSI, 𝛾 = 5/3 is  the most appropriate.  
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It can further be assumed that the ion density at the sheath entrance is half the upstream ion density, 

and therefore the ion flux to the wall is given by equation (5)[4]: 

Γ𝑠𝑠
𝑖 = 𝑛𝑠𝑒𝑐𝑠 =

1

2
𝑛0𝑐𝑠      (5) 

Here nse is the ion density at the sheath entrance and n0 is the upstream ion density in the central 

plasma.  

All these equations will be used to calculate the sputter flux, as explained in section 2.3. 

2.2 Plasma surface interaction 
When the plasma hits the surface, the plasma can cause erosion and evaporation of the wall. Erosion 

can be divided into chemical erosion and physical sputtering. Only physical sputtering will be analyzed. 

Physical sputtering is the ejection of particles from the target. If the energy of the incoming particle is 

larger than the binding energy of the particles in the target, momentum transfer can cause the ejection 

of particles from the target. Some of the lost particles will be re-deposited on the target by processes 

which will be discussed in section 2.6. For an overview of all processes, see figure (2)[4]. 

 

Figure 2: Overview of the most important processes during PSI with Γion the incident ion flux, Γsputter the physical sputter flux, 
Γevap the evaporation flux and Γredep the re-deposition flux[9] 

2.3 Sputtering 
The sputter flux, which is defined as the number of sputtered particles per m2 per second, is given by 

equation (6): 

Γ𝑠𝑝𝑢𝑡𝑡𝑒𝑟 = (1 − 𝑅) ∗ 𝑌 ∗ Γ𝑠𝑠
𝑖      (6) 

In this equation R is the re-deposition fraction, as explained in section 2.6 and Y is the sputter yield, 

which is defined as the number of sputtered particles per incident ion. The sputter yield is dependent 

on the energy of the incident ions. 

2.3.1 Angular sputter distribution 
The angular sputter distribution indicates the intensity of the sputtered particles (the amount of 

sputtered particles) at different angles, normalized on highest measured intensity. For metals at low 

energetic ion bombardment, this angular sputter distribution can be complicated, see figure (3). It 

depends on the crystal structure of the metal, on the energy of the incident ions and on the kind of 
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plasma used[10][11][12]. Knowledge about angular sputter distribution and the exact mounting angle of 

the QCM are required to link the deposition on the QCM to the sputter rate at the target.  

 

Figure 3: Angular sputter distribution of W particles under Ar+ bombardment for Ar+ energies of 50 eV, 100 eV and 150 eV. 
The dashed lines are experimentally obtained results, the solid line is the distribution predicted with a model[11] 

2.4 Evaporation 
In a real fusion reactor, the temperature of the divertor can become sufficiently high for the material 

to evaporate. Evaporation can be described by the Hertz-Knudsen equation: 

Γ𝑒𝑣𝑎𝑝(𝑇𝑠𝑢𝑟𝑓) = 𝛼𝑣(1 − 𝑅)
(𝑝𝑣−𝑝𝑎)

√2𝜋𝑚𝐿𝑖𝑘𝑏𝑇𝑠𝑢𝑟𝑓
   (7) 

Here 𝛼𝑣 is the condensation constant. This is the ratio between the number of particles that stick to 

the QCM and the number of particles that collide with the QCM. 𝑝𝑣 is the vapor pressure of the target 

material at the surface, pa is the ambient pressure above the surface, which is usually assumed to be 

zero, m is the atomic mass of the target material and 𝑇𝑠𝑢𝑟𝑓 is the temperature of the surface[9][13]. 

In this report, only evaporation of lithium will be discussed in detail. The vapor pressure for lithium is 

given by equation (8):[13] 

ln(𝑝𝑣) = −
18880

𝑇𝑠𝑢𝑟𝑓
− 0.4942 ln(𝑇𝑠𝑢𝑟𝑓) + 26.89   (8) 

For evaporation it is commonly assumed that the evaporation is dominated by diffusion. Kinetic theory 

of gases has shown that evaporation can be best approximated by a cosine distribution.[13] 

2.5 Re-deposition 
Particles can be sputtered as neutrals or as ions. Evaporated particles will always be neutral. But due 

to collisions with electrons, also neutrals can become ionized. The ionization mean free path is strongly 

dependent on the electron temperature. Charged particles will experience a Lorentz force from the 

magnetic field B and start gyrating around these field lines. If the field line about which the ion gyrates 

is within the radius of this gyration (the Larmor radius RL), the ion will collide with the wall and be re-

deposited, see figure (2) and (4). Positively charged particles will also experience an attractive force 

by a negatively charged target. Especially in case of a biased target, this attractive force can be quite 

strong. Therefore the net loss of particles can in certain circumstances be much less than the gross 

loss of particles[4]. 
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Figure 4: A neutral particle W0 which gets ionized (W+) starts gyrating around the magnetic field B. If the ionization length is 
smaller than the Larmor radius (RL), the particle can be re-deposited on the target[4].  

2.6 Quartz Crystal Microbalance 
The working principle of a quartz crystal microbalance (QCM) relies on the characteristics of a 

piezoelectric material. Piezoelectric materials are anisotropic crystals which can generate an electric 

dipole when they are compressed. An external applied voltage causes the crystal to deform. So a 

mechanical oscillation can be imposed by an alternating voltage. These oscillations depend on the 

characteristics of the piezoelectric material used. A deposition of material onto the crystal will change 

the frequency of the oscillation and in this way mass depositions can be measured with a resolution 

of 1.9 ∙ 10−16 g[7].  

The frequency shift accompanied a mass deposition, or the other way around: the accumulated mass 

by a given frequency change is described by the Z-match technique, given by equation (9)[7]: 

𝐷 =
𝑁𝑎𝑡𝑑𝑞

𝜋𝑑𝑓𝐹𝑙𝑍
∙ arctan [𝑍 ∙ tan (

𝜋(𝐹𝑢−𝐹𝑙)

𝐹𝑢
)]    (9) 

In this equation D is the thickness of the deposited layer [cm], Nat is the frequency constant of the 

crystal [ 166100 Hz cm], dq is the density of the single crystal quartz [2.649 g/cm3], df is the density of 

the deposited layer [g/cm], Fl is the frequency at the end of the deposition [Hz], Fu is the frequency at 

the beginning of the experiment [Hz] and Z is the acoustic impedance ratio.  

This equation is valid for crystal lives above 60%. The fundamental start frequency of the crystal is 6 

MHz. A crystal live of 60% means that the frequency has decreased to 3.6 MHz. 

The Z-ratio was introduced to link the acoustic properties of the crystal with the acoustic properties 

of the material being deposited. It turns out however, that for crystal lives above 90%, the error in the 

measurement is very small for even large errors in input value of the Z-ratio. This was also observed 

during calculations where the error was of order 10-4 A° for a Z-ratio which was 10 times larger than 

the actual value [14]. 
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3 Experimental setup 
The setup for this experiment can be seen in figure (5). This picture contains the most important 

components of Magnum PSI and the QCM to understand how the measurements were done. All 

components will be shortly discussed. 

 

Figure 5: Experimental setup of the experiment. A plasma source produces a plasma which is directed to a target. The beam 
dump can be lowered to expose the target. After lowering the beam dump, the target will drive from parking range to 
exposure range. Sputtered particles from the target will collide with the QCM. An analog signal of the QCM and the external 
oscillator will be converted in a digital signal by the STM-2. This signal can be analysed on a computer. Thomson scattering 
measurements can be done to determine ne and Te just before the target and just after the plasma source. 

3.1 Plasma production and confinement 
To start with, the whole experiment is conducted in a vacuum chamber which is surrounded by a 

superconductive magnet, which is not drawn in figure (5). For these experiments only helium, argon 

and hydrogen plasmas will be used. This plasma is confined and directed to the target by means of the 

super conducting magnet. The magnet is also used to re-deposited particles which are ionized after 

they are ejected from the target. For the experiments done, magnetic fields between 0.2 T and 1.4 T 

were used.  

3.2 Target and beam dump 
Just before the target, a beam dump is located to stop the plasma beam. The beam dump is used to 

tune the plasma beam until it has the right characteristics, without exposing the target. When the 

beam has the right characteristics, the beam dump will be lowered and the target will be driven to 

exposure range. This is at the same position as the beam dump when the beam dump is up, see figure 

(5). The exact position of the target can be adjusted to make sure the surface of different targets will 

be equally close to the source, if the thickness of the targets is different.  
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3.3 Quartz Crystal Microbalance 
The QCM (INFICON front load single sensor)[15] is also located in the vacuum chamber. It is mounted 

at 25 cm from the target, when the target is in exposure position. The exact angle φ between the QCM 

and the plasma beam, as indicated in figure (5), is unknown, but it will be around 45°. The QCM is 

water cooled, to reduce or even eliminate the 

temperature dependence on the measurements. The 

QCM is connected to an external oscillator, which allows 

for the use of a 15 m BNC cable to connect with the STM-

2 (Inficon, PN 074-613-P1D)[7]. In this way, the STM-2 and 

the computer can be located outside the experiment 

room. The STM-2 is connected to the computer with a 

USB cable. Without the external oscillator, the internal 

oscillator of the STM-2 should be used. In that case the 

STM-2 and computer would have to be within 15.2 cm 

from the QCM, so this means inside the experiment 

room.[7] See figure (6) for an overview of the most 

important components of the QCM.  

 

3.4 Diagnostics 
Thomson scattering is available just before the target and behind the plasma source to determine the 

electron temperature Te and the electron density profile ne of the plasma. In the lithium experiments 

the Thomson scattering at the source was used. In all other experiments, the Thomson scattering at 

the target was used.    

An infrared camera is used to determine the temperature of the target. The infrared camera looks at 

the target through several mirrors. Since the emissivity of the target and the reflectivity of the mirrors 

is not exactly known, the measurements of the infrared camera may be quite inaccurate. A systematic 

error of 50 °C is quite possible.   

3.5 Targets 
Different targets will be used in the experiments. Targets of tungsten, molybdenum and copper 

consisted of a pure metal. The circular targets were mounted in a clamping ring with an aperture of 

22 mm. So the exposed area was 22 mm.  

The targets of tin consisted of a molybdenum mesh, prefilled with tin. This target was also mounted 

in a clamping ring with an aperture of 22 mm. 

Targets of lithium consisted of a tungsten mesh, with a reservoir of lithium and a capillary system to 

supply the top layer constantly with new lithium in case the lithium evaporates or sputters. So in this 

case the top layer will remain lithium. This target was also mounted in a clamping ring, but this time 

the aperture was 25 mm.  

  

Figure 6: The QCM used in this report, with the 
indication of the water cooling pipes, the sensor 
itself and the cable to the external oscillator[15] 
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4 Results 
In this section the results of tests with the QCM will be discussed. All results will be discussed in terms 

of the thickness of the deposited layer, because this is more illuminating than a frequency change and 

because the mass of a deposited layer depends not only on the frequency change, but also on the 

absolute frequency, see equation (9). At first it has been tested if the QCM worked properly. Then 

several measurements were done on molybdenum, copper, tin and lithium targets with different 

plasma and magnet settings to test the influence of all the settings.  These test will be discussed in 

chronologic order. The tests were done on several crystals, to allow for post analysis of the crystal. For 

a complete overview of the different tests, see table 1. These are only the test which were recorded 

with the QCM. The first crystal was exposed to other shots as well, but these shots were not recorded.  

Table 1: Overview of the measurements done with the QCM with different crystals and different plasma and magnet 
settings and different bias ranges used 

Date Crystal 
number 

Target material Number 
of shots 

Plasma Conditions (B-field 
range, bias range) 

23-5-2017 1 Tungsten 7 Helium and 
hydrogen 

0.6 T – 1.4 T,  
0 V – (-70 V) 

6-6-2017 1 Molybdenum 7 Argon 0.3 T – 0.4 T, 
-50 V 

7-6-2017 1 Molybdenum and 
1 shot on copper 

8 Argon 0.2 T – 0.6 T, 
0 V – (-50 V) 

8-6-2017 2 Copper 11 Argon and 2 
shots with 
helium 

0.2 T – 1 T 
0 V – (-50 V) 
 

9-6-2017 2 4 shots on tin, 2 
shots on 
molybdenum  

6 Argon 0.2 T – 0.4 T, 
-30 V – (-50 V) 

15-6-2017 3 Tungsten and 
lithium 

21 Helium 0.4 T – 1.4 T, 
0 V 

 

4.1 Testing of the QCM 
To test whether the QCMB worked properly, a first test was done with breathing on the sensor. A 

sudden decrease in frequency was measured as expected, because moisture on the sensor will shortly 

increase its mass and therefore induce a decrease in oscillating frequency. 

Also tests in open air, without deposition were done to see how the QCM responds. These 

measurements were done with an input density of 1 g/cm3 and a Z-ratio of 1.  At the moment the 

QCM was connected and the measurement started, the thickness increased to 10 Angstrom in about 

1 hour. After the first hour it increased with only 0.8 Angstrom the next half hour. Repeated 

measurements show that after the first hour, the signal fluctuates a little. In some measurements the 

thickness decreased and in some measurements the thickness increased. The largest deviation 

observed was 0.8 A° in one hour. Therefore the maximum error will be assumed to be 1 A° per hour.  
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4.2 Tungsten targets 
The first test measurements were done on tungsten dummy’s, mostly with helium and hydrogen 

plasma. Experiments were done without bias and with biasing up to -70 V. These energies are too low 

to sputter tungsten[10]. Also the temperature during the exposure reached maximum values of about 

1000 °C. Too low to melt the tungsten. Therefore no deposition is expected and a steady line would 

be expected, but this is not what was observed during the experiments.  

4.2.1 Tungsten targets with no bias 
For tungsten targets without bias a small negative deposition was measured and some other effects 

were measured during the exposure, see figure (7). 

 

Figure 7: Measured signal with the QCM during a tungsten target exposure to 14 slm helium with a B-field of 1.4 T, with 1: 
transition from 6.6 slm argon to 14 slm helium, 2: exposure, 3: back-transition to 6.6 slm argon 

Several shots were done on tungsten targets, and the shape of the deposition during the experiment 

was in all experiments similar to figure (7). Section 1 is the time where the plasma was converted from 

6.6 slm argon to 14 slm helium. In section 2 the target was exposed to the helium. Section 3 accounts 

for the back transition from helium to argon. 

The difference in thickness between the value before and after the exposure is −0.11 ± 0.05 A°. This 

value was calculated using the first 10 seconds before and after the exposure. The same method will 

be used in the remainder of the report.  More measurements like this were done with a maximum 

difference between the start and end value of −0.8 ± 0.1 A°. The end value was all the time slightly 

smaller than the begin value. 

4.2.2 Tungsten with bias 
The results of the tungsten targets with bias applied, look a little different than the results without 

bias applied, see figure (8). Most of the sections, as indicated in figure (8) are similar to those in figure 

(7). Only section 2,3 and 4, which account for the same sections in figure (7) need some explanation. 

Section 2 is the target exposure, just as in the previous figure, but now in section 3 suddenly a bias of 

-70 V is applied. This causes a decrease in thickness. In section 4 the bias was suddenly removed, the 

target was retracted and the plasma was converted back into an argon plasma. Now the removal of 

the bias causes a sudden increase in thickness. But at the end, the thickness of the layer on the crystal 

is again about the same as before the exposure. Now a small increase of 0.7 ± 0.1 A° is observed. 
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Figure 8: Measured thickness on a QCM during the exposure of a tungsten target to 14 slm helium plasma, with 1: 
transition of argon to helium plasma, 2: exposure of the target to the helium plasma, 3: bias of -70 V applied, 4: bias 
removed, back transition of the plasma to argon and retraction of the target, 5: relaxation of the system 

4.3 Molybdenum targets 
Tungsten has a very small sputter yield and a large threshold energy. Therefore the next experiments 

were done with targets which should sputter during ion bombardment in fusion relevant 

circumstances.  

The first targets exposed were molybdenum targets. They were exposed to 3.2 and 4 slm argon with 

B-fields between 0.2 T and 0.6 T. Exposure times between 10 and 60 seconds were used and some 

shots were done without bias and some with a bias of -50 V.  

4.3.1 Molybdenum targets without bias 
During these short exposure, the temperature remained below 300 °C. At these temperatures 

molybdenum won’t melt. Therefore the only loss mechanism will be sputtering of the molybdenum. 

Without bias, no clear deposition can be seen. But the effect of movement of the target and beam 

dump can be clearly seen, see figure (9). 

 

Figure 9: Measured thickness on a QCM during the exposure of a molybdenum target to 3.2 slm argon with a B-fielf of 0.2 T 
without bias 
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Molybdenum targets with bias 
All results of molybdenum exposure with bias were in perfect accordance with each other, see figure 

(10). The same effects were observed. Only the magnitude of the effects differs for different plasma 

settings. 

 

Figure 10: Measured thickness with the QCM for a 60 seconds exposure of a molybdenum target to 3.2 slm argon plasma at 
a B-field of 0.4 T and with a bias of -50 V. Thomson data: ne = 0.73 ∙ 1020 m-3 and Te = 1.64 eV. In this figure, 1: lowering the 
beam dump and driving in the target, 2: Apply bias and 60 seconds exposure, 3: Remove bias, retract target and rising of 
beam dump 

In these measurements, clearly 3 regions can be distinguished. The first region takes about 5.5/6 

seconds and is the time in which the beam dump was lowered and the target was driven to the 

exposure position. Region 2 is the exposure time. At the moment the exposure time starts, a bias of -

50 V was applied to the target. This causes the sudden drop in thickness on the QCM, just as with the 

tungsten experiments. After stabilization, a clear straight line develops, indicating a constant sputter 

rate. In region 3, the bias is removed, the target is retracted and the beam dump rises again, which 

causes a sudden increase in thickness. The end value of the thickness is higher than the start value, 

indicating that something has deposited on the crystal.   

Similar settings gave similar results for the rate of thickness increase. It however appears that a lower 

magnetic field increases the sputter rate and diminishes the effect of the bias and target and beam 

dump motion, see figure (11). The loss rate is about 3.5 times larger in the lower field settings.   

 

Figure 11: QCM signal during 2 shots on a molybdenum target with 3.2 slm argon and -50 V bias. Target 1 was exposed for 
60 seconds with a B-field of 0.3 T, target 2 was exposed for 20 seconds with a B-field of 0.6 T. 3 sections can be 
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distinguished with A: lowering of the beam dump and driving the target to exposure range, B: applying bias and exposure, 
C: removal of bias, retraction of target and rising of beam dump 

4.4 Copper and tin experiments 
The experiments with copper and tin targets and an argon plasma gave results similar to those with 

molybdenum. The structure of the QCM signal is exactly the same. It is also again observed that a 

lower magnetic field yields a higher sputtering rate. Also with these experiments, the temperature 

reached a maximum of about 300 °C. Therefore the copper won’t melt, but the tin, which has a melting 

point of around 230 °C, will melt at these temperatures. So the deposition on the QCM in the tin 

experiments was caused by sputtering and evaporation.  

However, exposure of the copper targets to a 8 slm helium plasma gives a clearly deviating result. The 

deposition on the QCM is much smaller, see figure (12).  

 

Figure 12: Measured thickness on a QCM during copper target exposure to a 3.2 slm argon plasma in figure 1 and a 8 slm 
helium plasma in figure 2. In both figures the B-field was 0.4 T and a bias of -50 V was applied. Also in both figures, 3 
regions can be distinguished. A: lowering of beam dump and moving forward of the target, B: apply bias and 30 seconds 
exposure, C: remove bias, retract target and rise of beam dump. In figure 2, the motion of the target and beam dump after 
the exposure can’t be identified, since the effect is too small.  

For the copper exposure to a 8 slm helium plasma, a deposition of (3.51 ± 0.05) A° is measured. In 

similar settings, but now with an argon plasma, a deposition of (19.06 ± 0.06)  A° was measured. The 

only difference between the 2 shots was that in the helium shot the source current was 125 A instead 

of 105 A. This will be further discussed in section 5.7. 

4.5 Lithium targets 
The experiments with lithium were done without an applied bias. Below 0.6 T, no clear deposition was 

observed. It was observed that no lithium melted below this magnetic field. The shots can clearly be 

identified from the QCM signal, but they look a little different than the dummy shots, see figure (13). 
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Figure 13: Measured thickness on a QCM during the exposure of a lithium target to 8 slm helium at 0.4 T, with 1: plasma 
transition to helium, 2: relaxation, 3: lower beam dump, drive in target and exposure, 4: drive out target, 5: rise beam 
dump, 6: back transition to argon plasma 

In this figure, 6 distinct sections can be distinguished. Section 1 is the transition from an argon to a 

helium plasma. In section 2 nothing changes. In section 3 the target was driven to exposure range, the 

beam dump was lowered and the target was exposed to the helium plasma for 10 seconds. In section 

4 the target was retracted and in section 5 the beam dump was risen again. Section 6 is the back 

transition of helium to argon. It is evident that with the lithium targets, the thickness doesn’t go 

immediately to exact the same end value as the start value. It takes some time, much more time than 

in the previous experiments, to go to a steady value. But it was impossible to determine how long it 

takes exactly to go to a steady end value and if this end value is the same as the start value, for 2 

reasons: the experiments were done quite frequently, so the system had not enough time to reach a 

steady equilibrium and the signal measured with the QCM was quite unstable at some moments, see 

figure (14). This could also be observed through the cameras installed in Magnum-PSI where at some 

moments the plasma beam was clearly oscillating. The most obvious reason is that the plasma source 

was damaged. Figure (15) shows the measurement with a spectroscope 60 seconds after figure (14). 

2 high peaks are observed at 32.4 nm and 32.7 nm. These wavelengths correspond to copper lines. 

Since the plasma source is made of copper, this means that the plasma source is damaged or being 

damaged during the measurements.  
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Figure 14: Measured thickness on a QCM during steady 3.2 slm argon plasma at a B-field of 1.4 T. The noise indicates that 
the plasma source was unstable 

 

Figure 15: Spectrum measured with a spectrometer. The 2 high peaks are peaks at 32.4 nm and 32.7 nm, which corresponds 
to copper lines 

However, in high field settings, starting at about 0.6 T, a deposition started to occur. One lithium target 

was exposed to 8 slm helium twice with a B-field of 0.6 T and with only 4 minutes between the two 

measurements. This was the first time a clear deposition was measured. It was observed that a big 

part of the top layer of lithium of the targets melted during this second exposure, so now the lithium 

could evaporate as well. After this measurements, 4 different high B-field shots were done on 3 

different lithium targets. Shots were done with magnetic fields of 1 T and 1.3 T. The other settings 

were left unchanged. The depositions obtained for equal B-fields are about the same, as will be 

discussed in section 5.3.2. The deposition looks like figure (16). 
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Figure 16: Measured thickness on a QCM during the exposure of a lithium target to 8 slm helium plasma with a B-field of 
1.3 T 

The first bump in figure (16) is the transition of 3.2 slm argon to 8 slm helium and the last bump is the 

back transition to argon. The other effects are due to motion of the target and motion of the beam 

dump. In figure (16) the plasma is more stable, but immediately after the measurement the 

fluctuations start again.   
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4.6 Other effects measured with the QCM 
During the experiments done, some interesting results were found, which will now be discussed 

briefly. 

4.6.1 Ramping of the B-field 
When the plasma is turned off, ramping of the B-field can’t be seen on the QCM signal. However, with 

a plasma turned on, ramping the B-field changes the signal on the QCM. Ramping the field up causes 

a decrease in thickness and ramping the B-field down causes an increase in thickness on the crystal, 

see figure (17). It is also observed that during the ramping of the B-field the rate of increase or 

decrease of the thickness is not really stable. These fluctuations in thickness are however quite small, 

with a maximum deviation about 2 Angstrom, but definitely not negligible. Immediately before and 

after the ramping, measurements where performed. Therefore only the ramping part is showed. 

Other measurements show that after the ramping a new equilibrium state is reached. 

 

Figure 17: The effect of ramping up to from 0.2 T to 0.6 T with an input density of 8.93 g/cm3 at 3.2 slm argon plasma in 
figure 1 and the effect of ramping down from 1 T to 0.4 T with an input density of 8.93 g/cm3 at 3.2 slm argon plasma in 
figure 2 

4.6.2 Plasma ignition/shut off plasma 
Ignition of the plasma causes a sudden decrease of the thickness of the layer on the crystal and 

shutting the plasma off causes a sudden increase in thickness, see figure (18). In the beginning the line 

is increasing a little, which can be explained by the previous measurement which was just finished, or 

by a little unstable plasma source. Then 3 sudden changes in thickness can be distinguished. At point 

A the plasma was turned off and at point B the plasma was ignited.  After plasma ignition or plasma 

shutdown, it takes some time for the thickness to stabilize. After approximately 400 seconds the line 

has stabilized, but after the plasma was turned off the line keeps decreasing with approximately 0.5 

Angstrom per hour, which is due to the random fluctuations as discussed in section 4.1. It was also 

observed that the effects of plasma ignition and turning off the plasma are larger for a larger B-field, 

see also figure (18). 
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Figure 18: Effect of plasma ignition/shut off. In both figure at A the plasma was turned off and at B the plasma was ignited. 
Both figures were measurements with an argon plasma of 3.2 slm and a density input value of 7.3 g/cm3. In figure 1 the 
first rise was at a magnetic field of 0.2 T and the other two peaks where at a B-field of 0.4 T. The magnetic field was ramped 
down during the time the plasma was off. In figure 2, the magnetic field was 1 T. 
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5 Discussion 
Targets of tungsten, molybdenum, copper, tin and lithium were used to test the QCM and see how 

precise and accurate measurements can be performed with the QCM. The accuracy and different 

effects measured with the QCM will now be discussed.  

5.1 Sensitivity 
At the moment the QCM is connected to the computer, it takes about 1 hour until the signal becomes 

quite stable. In order to have the most precise measurements, the QCM should be connected 

approximately 1 hour before the exposure starts, to eliminate this effect. But the effect is still very 

small. As discussed in section 4.1, about 10 Angstrom deposition was measured in the first hour for 

an input density of 1 g/cm3, which would for example correspond with a deposition of about 1 

Angstrom for molybdenum (same frequency change, but molybdenum has larger density). Assuming 

that the maximum fluctuation after the first hour is 1 Angstrom/hour this would correspond with a 

maximum deviation of 17 Angstrom for a whole day experiment with a density of 1 g/cm3.   

5.2 Precision of the deposition rate 
During the experiments with the tungsten targets, where transitions between 6.6 slm argon plasma 

and 14 slm helium plasma were used, it was observed that the end value of the thickness deviated 

slightly from the start value, with a maximum of 0.8 ± 0.1 A°. The end value was most of the time 

smaller than the start value. So either some material was removed from the crystal or the plasma 

settings at the end are not exactly the same as before the exposure. This last reason is the most 

plausible reason since the QCM has shown to be highly sensitive to the plasma settings and it is hard 

to imagine a way to remove some material from the crystal just by changing the plasma. Therefore in 

measurements were the plasma was changed during the exposure, a maximum error of 1 A° for an 

input density of 19.3 g/cm3 will be assumed.  

For the measurements with the molybdenum targets, but also with some copper targets, long 

exposures between 30 and 60 seconds were done and the plasma was not changed during exposure. 

A steady deposition rate could clearly be identified, as in figure (10). This deposition rate can be 

calculated in two ways. It can be calculated by determining the slope of the thickness increase (method 

1) or by taking the difference between the start and end value of the thickness and dividing this by the 

exposure time (method 2). For method 2 this value was calculated by using the first 10 seconds before 

and after the exposure and an additional error was included for the stability of the line 1 minute before 

the exposure. This has been done for 5 long exposures with an obvious deposition, see table 2. The 

molybdenum targets were exposed for 60 seconds and the copper targets for 30 seconds.  

Table 2: Determination of the loss rate in 2 different ways for 5 shots with a 3.2 slm argon plasma with an applied bias of -
50 V. Method 1: Determination of the slope of the thickness increase. Method 2: Difference between the end and start value 
divided by the exposure time. Also the B-field, and Thomson data are provided. The molybdenum targets were exposed for 
60 seconds and the copper targets for 30 seconds. 

Trigger 
number 

Target Measured rate 
with method 1 

Measured rate 
with method 2 

B-field 
[T] 

Mean ne 

[m-3] 
Mean Te 

[eV] 

9824 Molybdenum 0.356 ± 0.001 0.359 ± 0.002 0.4 T 6.9 ∙ 1019 1.6 

9827 Molybdenum 0.3570
± 0.0008 

0.358 ± 0.002 0.4 T 4.5 ∙ 1019 1.6 

9828 Molybdenum 0.894 ± 0.005 0.899 ± 0.004 0.3 T 2.6 ∙ 1019 1.6 

9863 Copper 0.278 ± 0.004 0.297 ± 0.004 0.8 T 2.6 ∙ 1020 1.5 

9866 Copper 1.422 ± 0.003 1.439 ± 0.005 0.2 T 1.9 ∙ 1019 0.7 
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For the shots with trigger number 9824, 9827 and 9828 the measured rates are self-consistent. The 

shots with trigger number 9863 and 9866 give slightly deviating results for the two methods. This is 

because it’s hard to determine the exact slope of the thickness increase. For the two last 

measurements, the slope obtained with method 1 during the last 7 seconds of exposure, was (0.305 ±

0.004) A°/s and (1.445 ± 0.008) A°/s respectively. This is higher than the measured rate with method 

2. Since it is hard to determine the exact slope of the thickness increase, method 2 will be advised to 

calculate the deposition on the crystal.  

During short measurements, it is impossible to determine this deposition rate with method 1, because 

the effect of the bias, plasma transitions and beam dump/target movement hasn’t evanished. But the 

large exposure time experiments provide convincing evidence that the difference between the end 

and start value of the thickness is equal to the actual deposition. The precision of the deposition 

depends on how stable the line is after the exposure.  

5.3 Comparison of measured rates with expected erosion and evaporation rates 
With the theory discussed earlier, it is possible to predict the loss rates during several exposures and 

to compare these with the measured depositions. This has been done for sputtering and evaporation 

and the results will be discussed below. 

5.3.1 Sputtering 
Comparison of measured deposition rates with expected deposition rates has been done for the same 

5 shots as in table 3. Since for the copper and molybdenum, the targets didn’t melt, the measured 

rate will be caused only by sputtering and not by evaporation. The error in the measured rate depends 

on how steady the line was after the exposure. The estimated sputter rate has been calculated by 

using an isotropic distribution. This is the gross sputter rate, so without taking the re-deposition into 

account. The incident ion flux has been calculated by the method described in appendix A. 

Table 3: Estimated and measured sputter rate for 5 different shots with a 3.2 slm argon plasma and a bias of -50 V, but with 
different targets and B-fields. Also the mean electron density and temperature at the target is given 

Trigger 
number 

Target Estimated 
sputter 
rate [A°/s] 

Measured rate 
[A°/s] 

B-field 
[T] 

Mean ne 

[m-3] 
Mean Te 

[eV] 

9824 Molybdenum 0.077 0.359 ± 0.002 0.4 T 6.9 ∙ 1019 1.6 

9827 Molybdenum 0.05 0.358 ± 0.002 0.4 T 4.5 ∙ 1019 1.6 

9828 Molybdenum 0.026 0.899 ± 0.004 0.3 T 2.6 ∙ 1019 1.6 

9863 Copper 0.937 0.297 ± 0.004 0.8 T 2.6 ∙ 1020 1.5 

9866 Copper 0.03 1.439 ± 0.005 0.2 T 1.9 ∙ 1019 0.7 

 

It can be seen that there is a large error between the estimated sputter rate and the measured sputter 

rate. It must first be mentioned that the estimated sputter rates are based on quite some 

approximations. It has been assumed that the ion temperature is equal to the electron temperature. 

It has furthermore been assumed that at the sheath entrance, the ion speed is equal to the ion sound 

speed and it has been assumed that the ion density at the sheath entrance is half the upstream ion 

density. It is not exactly known if these assumptions are correct and how large this systematic error 

is. Besides this systematic error, there is also an error in the expected sputter rates due to an error in 

ne and Te and due to misalignment of the beam, see appendix B. The observational error in ne and Te 

is 8% and 10% respectively. And finally it must be mentioned that an error in the ion energy at the 

target of 10 eV, might result in an error in the sputter yield of a factor 5, depending on the target and 

plasma[10]. Therefore the error in the estimated rate can be quite large. But since the estimated sputter 



26 
 

rate is not consistently larger or smaller than the measured rate, the aforementioned reasons can’t 

be the full story.   

Another important observation is that the measured rate is higher than the expected rate in most 

measurements. It would be expected that the estimated rate is an upper limit for the measured rate, 

since these estimations don’t take re-deposition into account. This inconsistency can be explained by 

the sputter distribution. An isotropic distribution was chosen. However, regarding the results, a larger 

fraction is sputtered in the direction of the QCM than in case of a isotropic distribution.  

It is further observed that in case of a lower B-field, the measured rate increases. A possible reason 

could be that a larger B-field causes a larger re-deposition. However, the exact mechanism is unclear.  

For measurement 9827, the power of the roots pump was decreased. Therefore the pressure in the 

target chamber increased from 0.55 Pa to 0.85 Pa. This can explain the difference in electron density 

and therefore also the lower estimated sputter rate for measurement 9827 compared to 

measurement 9824. But it is observed that the measured rate is almost exactly the same, whereas it 

is expected that the sputter rate is proportional to the electron density. No explanation for this was 

found.  

For the 2 copper measurements, a higher rate is measured where a much smaller rate would be 

expected. The first explanation might be that the electron temperature in shot 9863 is about 13.5 

times larger than the electron temperature in the shot 9866. A higher electron temperature, means a 

smaller ionization length and therefore a larger re-deposition. A second explanation might be that the 

B-field in shot 9863 is 4 times larger than the B-field in shot 9866 and it has already been observed 

that a larger B-field yields a larger re-deposition. These 2 explanations would predict a larger re-

deposition in shot 9863 than in shot 9866, but it is disputable whether this can explain the observed 

difference, because the re-deposition has to be 150 times larger in shot 9863 than in shot 9866 to 

explain the observed difference.  

A final explanation might be that the QCM measure with high accuracy inside Magnum-PSI. This would 

mean that the QCM can only be used for qualitative measurements and not for quantitative 

measurements. It is recommended to test the accuracy of the QCM with some other measurement 

techniques, as discussed in chapter 6. 

5.3.2 Evaporation 
The measurements with lithium showed no deposition below 0.6 T. During these measurements, the 

lithium didn’t melt, so the only possible loss mechanism is sputtering. According to the Thomson 

scattering measurements, electron temperatures between 4 eV and 5 eV were reached in these 

helium shots. Doing the same calculations as before for lithium, this shows that sputtering rates of 

dozens of Angstrom/s should be reached[10]. However no deposition is observed. A possible and 

plausible explanation for this is that almost all sputtered particles are re-deposited. This makes sense, 

since according to literature, the re-deposition yield for lithium sputtering can be more than 99%[13]. 

With the double shot at a B-field of 0.6 T and at B-fields above 0.6 T, suddenly a deposition was 

observed. Higher B-fields cause a higher heat flux and therefore the targets started to melt. Also at 

the second shot at 0.6 T the target started to melt. This was also observed on camera’s installed in 

Magnum. Since the electron temperature didn’t change, it can be assumed that all deposition is 

caused by evaporation. The lithium evaporation flux can be calculated with equations (7) and (8). Since 

diffusive evaporation can be best approximated by a cosine distribution, this can be used to determine 

the deposition rate on the target for different temperatures, see figure (19) and appendix B. This can 
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be compared with the measured deposition rate, see table 4. In this table, also the maximum 

temperature is an average over a small area, so it is not quite the maximum temperature of the target. 

Table 4: Overview of the measured deposition rate for exposures of lithium targets to 8 slm helium plasma at magnetic 
fields of 1 T and 1.3 T and the measured mean and maximum temperature of the target 

Trigger number B-field 
[T] 

Mean temperature 
[°C] 

Max temperature 
[°C] 

Measured 
deposition 
rate [A°/s] 

9689 1 T 498 °C 724 16.3 ± 0.3 
9691 1 T 606 °C 968 15.8 ± 0.1 
8695 1.3 T 520 °C 681 25.3 ± 0.1 

8696 1.3 T 533 °C 931 24.37 ± 0.06 

 

The actual deposition could be determined quite precise, since the line was quite stable before and 

after the exposure. Therefore the error in the measured deposition is quite small. 

 

Figure 19: Plot of the estimated deposition rate on the QCM, assuming a cosine evaporation distribution and a re-deposition 
factor of 0.99  

Assuming that the re-deposition fraction is 99% and the condensation constant is 1, the measured 

deposition rates correspond with target temperatures of 700 – 800 °C. This is quite good in accordance 

with the observed temperatures. It should however be noticed that not too much value should be 

attached to this estimated deposition rate. The mean temperature is a very bad indication of the 

evaporation flux. It can be seen from figure (19) that 100 °C temperature difference can account for 

one order difference in the estimated evaporation flux. The temperature of the sample will definitely 

not be constant over the whole sample and will change during the exposure. It was observed that 

some droplets formed on the surface of the target. These droplet will have a higher temperature than 

the surroundings and consequently have a higher evaporation flux. Therefore, the mean temperature 

doesn’t represent the actual situation, but an integral over the whole surface over the exposure time 

should be done to get an accurate estimate of the evaporation. Besides this argument it should be 

noticed that the IR camera is not very accurate, see section 3.4. This also reduces the accuracy of the 

estimated deposition. But it is still very illustrative to see that the estimated temperature is in the 

same range as the measured temperatures.     
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5.4 Effect bias 
As described in section 5.2, the rate of deposition multiplied with the exposure time was for long 

exposures consistent with the difference between the start and end value. Regarding this observation, 

it can be safely assumed that the effect of a bias is reversible.  

5.5 Effect of plasma 
It has been discussed that ignition of the plasma decreases the thickness on the QCM and turning the 

plasma off increases the thickness on the QCM. From the available data, it can’t be concluded whether 

this effect is reversible or not. Some measurements seem to validate that this process is reversible but 

other measurements contradict this observation.  

5.6 Effect of B-field 
With no plasma ignited, ramping of the B-field doesn’t influence the QCM signal. However with a 

plasma ignited, it has been shown that ramping the field up decreases the thickness and ramping the 

field down increases the thickness. Therefore it can be assumed that the measured effect during B-

field ramping is due to changing plasma properties. It has also been observed that the thickness 

doesn’t decrease and increase in a linear way during ramping. Some bumps are observed. This can be 

caused by 2 different processes: The most plausible explanation for this is that it’s due to small 

inconsistencies in the plasma parameters due to an unstable plasma source. This is the most plausible 

reason, since the deviations are not equal in size during different ramping occasions. The second 

plausible explanation is that during B-field ramping, the plasma properties change and a new 

equilibrium needs to be established. However, since the B-field keeps changing, no equilibrium 

situation can be reached and this can cause these bumps.  

Although the effect of the B-field is clear, it can’t be concluded that the effect of B-field ramping is 

reversible. Not enough data is available to be sure about this. To be sure that the effect of the QCM 

on plasma ignition/shut off and B-field changes are reversible, some additional measurements are 

recommended, as explained in the chapter 6. 

5.7 Copper measurement 
It was observed that the sputter rate for the copper targets was lower with a 8 slm helium plasma 

than with a 3.2 slm argon plasma while the sputter yield is approximately the same for both shots[10]. 

Since no Thomson data was available for both shots it is hard to determine the reason for this lower 

sputter rate. Also the exact effect of a different source current is not known. Therefore the exact 

mechanism causing a lower sputter rate with a helium plasma is not clear.  

5.8 Deviating tin measurement 
For the tin target, also long exposure times till 90 seconds were used with a bias of -50 V. It has already 

been explained that for the molybdenum and copper targets, the steady deposition rate multiplied 

with the exposure time was almost equal to the difference between the start and end value of the 

thickness. For tin targets also such a steady increase was observed, just like figure (10), but now the 

difference between the start and end value was larger than this rate multiplied by the exposure time. 

The rate of increase can be determined by 2 methods, just like in section 5.2. The rate of increase 

according to method 1 is 2.155 ± 0.006 A°/s and according to method 2 is 3.033 ± 0.004 A°/s. An 

explanation for this difference can be found in the structure of the deposition, see figure (20). At the 

moment the bias is applied, the thickness increases very fast for a few seconds and then a steady rate 

develops. The most plausible explanation is that the sample was contaminated. This contamination 

was sputtered immediately at the moment the ions hit the target with a large energy.  
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It is also observed that the effect of the bias and the beam dump/target motion is really small. This is 

caused by a low magnetic field.  

 

Figure 20: Signal measured with the QCM during an exposure to a tin target, which might be contaminated. A 3.2 slm argon 
plasma with a B-field of 0.2 T and a bias of -50 V were used. 
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6 Future work 
It is recommended to test whether the plasma ignition/shut off, plasma transitions and magnetic field 

settings are reversible and if these settings are reversible, at what time scale the plasma transitions 

are reversible. The following measurement is recommended: Start with no magnetic field and no 

plasma. Ingnite and turn off the plasma 5 times. Ramp the field from 0 T in 5 steps of 0.2 T to 1 T. 

Ramp every time when the plasma is ignited. Immediately after ramping, switch to a 14 slm helium 

plasma for 30 seconds. Do this also 5 times. Then shut off the plasma and ramp down to 0 T. Expose 

only the beam dump and use a 3.2 slm argon plasma to keep the ion energy low to make sure no 

sputtering is happening. Make sure Te doesn’t exceed 2 eV. Afterwards the crystal can be removed 

and analysed to make sure no deposition took place. A deposited layer can be clearly seen on the 

white substrate, see figure (21). If the frequency afterwards is the same as the frequency before the 

measurement, it can be concluded that all previously described effects are reversible. If this is not the 

case, it should be investigated what the influence is of these different settings and the QCM can’t be 

used during a whole day measurement where plasma settings change.  

 

Figure 21: The QCM crystal after experiments with molybdenum and copper. This is crystal 1 from table 1 

If the plasma settings are reversible a second measurement is also recommended: check on which 

time scale the plasma transitions are reversible. Switch between a 3.2 slm argon plasma to a 14 slm 

helium plasma at B-fields of 0.2 T, 0.4 T, 0.6 T, 0.8 T and 1 T. Expose the beam dump to this helium 

plasma for 30 seconds and subsequently turn back to a 3.2 slm argon plasma. After each measurement 

wait at least 5 minutes or until the signal has stabilized. In this way it can be checked at what time 

scale plasma transitions are reversible.  

To be sure about the accuracy, measurements of the real thickness on the crystal should be compared 

with the measured deposition. Since the depositions are really small, the thickness should be 

measured with a very precise technique like the ‘scanning electron microscope’ or the ‘’scanning 

tunnelling microscope’. This is especially important since the deposited thicknesses discussed in this 

report where the thicknesses calculated by the STM-2 software. These thicknesses were a little bit 

different than the thicknesses calculated with the Z-match technique (a few Angstrom difference). I 

have tried to contact INFICON twice to ask them what formula they use, but they didn’t respond. So 

for high accuracy measurements in the future, the deposition should be compared with the thickness 

measured with another very precise thickness measurement device and it should be tried again to 

contact INFICON. 
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The QCM could be used to measure the sputter distribution for different targets, by mounting the 

QCM at different angles φ, see also figure (5). If the sputter distribution is known, the QCM could be 

used to measure sputter yields. However, in experiments where evaporation and sputtering occurs, it 

will be difficult to determine the loss rate, since the distribution of lost particles depends on the 

incident ion energy and on the temperature of the target, which is not constant during the exposure.  

The QCM can also be used to monitor the stability of the plasma and in this way it could also be used 

to detect source damage or source failure.  

  



32 
 

7 Conclusion 
It can be concluded that there are 2 ways to determine the deposition for single measurements. It is 

possible to obtain the deposition by multiplying slope of the increasing thickness with the exposure 

time. This method can only be used for exposure times of 30 seconds or more and the accuracy is 

limited by the steadiness of the slope. This method is not recommended to use. The seconds method, 

which is preferred, takes the difference between the end and start value. The accuracy depends on 

the steadiness of the signal before and after the exposure. Errors of less than 0.1 A° have been 

obtained. Next to the uncertainty caused by the steadiness of the signal, there is also an uncertainty 

due to drift of the signal. If the STM-2 is connected to the computer, the error is 0.0002 A°/s for a 

input density of 1 g/cm3. This accuracy is possible in case the plasma doesn’t change during the 

exposure. In case the plasma is changed to a 14 slm helium plasma, an additional error of 20 A° per 

measurement is included for an input density of 1 g/cm3. To increase the accuracy, some additional 

measurements are given in section 6. 

The QCM can also be used for a whole day experiment. There are some indications that the effects of 

changing the magnetic field and igniting/shutting off the plasma are reversible. However, to be 

absolutely sure that these effects are reversible, some recommendations are given in section 6. If the 

STM-2 is connected to the computer 1 hour before the start of the measurement and if all these 

effects are reversible, the accuracy is limited by the steadiness of the signal and by the drift in the 

signal. The highest accuracy obtainable is 0.1 A° for the error in the steadiness in the signal plus an 

error of 1 A°/hour due to the drift in the signal.  

It can further be concluded that the measured deposition rates are in the same order as the predicted 

loss rates. Differences between the expected loss rate and the measured loss rate is primarily caused 

by a lack of knowledge about the sputter distribution, lack of knowledge about the re-deposition yield 

and a large uncertainty in the temperatures measured with the IR camera. Since the sputter 

distribution is not known, the QCM can’t be used to determine the loss rate in sputter experiments 

yet. Assuming that the cosine distribution for diffusive evaporation describes the real evaporation 

perfectly, the QCM could be used for pure evaporation processes, but this is not the primary goal of 

PSI research in Magnum-PSI. 
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Appendix 

Appendix A: Determination of incident ion flux 
The Thomson measurements were done 3 times just before the target exposure. The average of these 

measurements was used to get the best approximation of the electron density and temperature. The 

electron density distribution looks like figure (A1).   

 

Figure A1: Thomson measurement of the electron density distribution just before the target with the location of the target 
indicated.  

The target is not exactly in the middle of the peak of the density distribution. So the alignment was 

not perfect. This will introduce an error in the estimated ion flux. It was assumed that the peak of the 

distribution was in the center of the target. The target was divided in in half circles, over which the 

density and temperature where assumed to be constant. So the flux was summed over all these 

separate areas, see figure (A2) 

 

Figure A2: Indication of the Thomson measurements (red stars). The black and orange half circles indicate the position of 
the target. The blue circles indicate the position of a small part of the beam. The beam is not aligned exactly right so the 
center of the beam is not at the center of the target. The flux was calculated by integrating over the black/orange half 
circles but a more accurate measurement would be an integration over the blue half circles 

In this picture, the red stars indicate the Thomson measurements, the half circles with black lines are 

the circles over which is integrated. The blue circles indicated the actual distribution of the Thomson 

measurement. So the Thomson measurement indicated with a green star was integrated over the 

orange area, but it should be integrated over the blue area. This induces an error in the estimates.   
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Appendix B: Cosine distribution 
It is assumed that the atoms are sputtered in a cosine distribution. The contribution of the sputtered 

particles 𝑆𝛿𝐴 in a small circle with radius R, at an angle 𝜃 with the target and with thickness height h 

is given by equation (B1), see figure (B1). 

𝑆𝛿𝐴 = 2𝜋𝑟 ∙ ℎ = 2𝜋𝑅𝑠𝑖𝑛(𝜃) ∙ 𝑅𝑑𝜃    (B1) 

The total contribution for the cosine scattered particles in the upper half sphere 𝑆𝐴 is: 

𝑆𝐴 = 2𝜋𝑅2 ∙ ∫ sin(𝜃) cos(𝜃)𝑑𝜃 =

𝜋/2

0

𝜋𝑅2 

The contribution for the sputtered particles on the QCM are calculated by using an approximation. 

The QCM has a small area AQCM. Since the radius of the QCM is very small, it is assumed that the QCM 

is actually a circle with radius 2𝜋𝑟 occupying an area between two angles 𝜃1 and 𝜃2 which is equal to 

the actual area of the QCM. Now the total contribution for the particles scattered on the QCM can be 

calculated in the same way: 

𝑆𝑄𝐶𝑀 = 2𝜋𝑅2 ∙ ∫ sin(𝜃) cos(𝜃)𝑑𝜃 =
1

2
𝜋𝑅2[cos(2𝜃1) − cos (2𝜃2)]

𝜃2

𝜃1

 

Here 𝜃1 is the angle at which the QCM is mounted and 𝜃2 is the slightly larger angle due to the small 

area of the QCM. Assuming a small area, it can be assumed that 𝜃2 − 𝜃1 ≪ 1 and therefore that 

sin(𝜃) is constant over the area of the QCM. Thus this means that 𝜃2 is given by: 

          2𝜋𝑅2 sin(𝜃1) ∙ ∆𝜃 = 𝐴𝑄𝐶𝑀    (B2) 

𝜃2 =
𝑟𝑐𝑟𝑦𝑠𝑡𝑎𝑙

2

2𝑅2sin (𝜃1)
+ 𝜃1 

Now the fraction of the scattered particles hitting the QCM is given by:  

𝑆𝑄𝐶𝑀

𝑆𝐴
=

1

2
[cos(2𝜃1) − cos (2𝜃2)] 

 

Figure B1: The contribution of the deposited particles on the QCM at angle 𝜃1 can be calculated by integrating over the 
circular disk between 𝜃1 and 𝜃2 with thickness h. R is the radius of the sphere and r is the distance between the center of 
the plasma beam and the QCM.  
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Attachments 
All the measurements can be found in an uploaded dataset. This dataset contains the null 

measurement in open air and all the other measurements done with a logbook included where all 

measurements can be found. 

Dataset: 

Camp, S. (2017). Quartz Crystal Microbalance (QCM) measurements inside Magnum-PSI. Eindhoven 

University of Technology. Dataset. https://doi.org/10.4121/uuid:47b6c1d8-d3fd-4a96-9167-

44e905b160aa 

 

https://doi.org/10.4121/uuid:47b6c1d8-d3fd-4a96-9167-44e905b160aa
https://doi.org/10.4121/uuid:47b6c1d8-d3fd-4a96-9167-44e905b160aa

