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 A B S T R A C T

Quartz crystal microbalances (QCMs) are capable of detecting mass changes down to 10 pg cm−2 s−1, but 
thermal and stress effects must be accounted for, even when SC-cut (stress-compensated) crystals are used. 
In this study, we examine the compatibility of two measurement techniques: A high-sensitivity QCM and ion 
beam analysis (IBA). When used hand in hand, IBA can complement the information obtained from a QCM by 
providing element-specific data. Our results show that the QCM operation is strongly influenced by the power 
dissipation of the ion beam. Since QCM operation requires thermal equilibrium, IBA should be performed after 
the QCM measurements. Large frequency changes occur during irradiation and the thermal relaxation after 
irradiation. We model these effects, which are due to both the direct temperature effect on the frequency and 
the influence of thermal stress. The frequency response has a fast and a slow component. The fast frequency 
change (within ≈1 s) is related to the inhomogeneous temperature distribution in the quartz plate, while the 
slow component is due to the low thermal conductivity between the quartz crystal and the holder. Further 
effects such as the influence of the beam damage on the crystal frequency are discussed.
1. Introduction

A quartz crystal microbalance (QCM) is a versatile tool widely 
used to quantify mass changes, particularly in monitoring layer growth 
during thin film deposition [1–6]. It can also provide quantitative 
information on mass changes during sputtering, which is important 
for various applications. In nuclear fusion, for example, plasma-facing 
components in fusion reactors are bombarded by fuel or seeding gas 
ions, leading to surface erosion [7–9]. Recent studies have successfully 
used the QCM technique to quantify relevant erosion cases [10–13] as 
well as implantation [14]. Similarly, it is feasible to investigate the 
erosion of planetary bodies lacking a protective atmosphere through 
laboratory experiments that mimic space weathering effects [15–18]. 
For all these applications, QCMs stand out by their high sensitivity 
allowing detection of mass changes down to 10 pg cm−2 s−1 [10,19]. 
For gold, this corresponds to ≈2 × 10−5 monolayers per second. How-
ever, QCMs can only detect net mass changes, but cannot provide 
information on mass change by individual elements, which is crucial 
when studying compound materials: Effects like preferential sputtering 
or simultaneous mass changes by implantation and sputtering cannot be 
disentangled using a QCM only. Therefore, complementary approaches 
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that can close this gap are desired to gain further information during 
erosion experiments.

Standard IBA techniques are Rutherford backscattering spectrom-
etry (RBS) [20] and elastic recoil detection analysis (ERDA) [21]. 
In both cases, an ion beam, typically in the MeV energy range, is 
directed onto a sample of interest and either backscattered projectiles 
(for RBS) or scattered recoils (for ERDA) are detected. While ERDA is 
an efficient tool for detecting light elements, RBS is most efficient in 
the quantification of heavy elements. A full IBA setup, combining both 
RBS and ERDA, thus provides a powerful elemental analysis tool for 
a wide range of applications [22]. However, IBA is usually blind to 
surface erosion, as long as the composition remains unchanged and the 
change of the film thickness is below the sensitivity limit. Combining 
a QCM sensor with IBA techniques is therefore highly desirable from 
two perspectives. IBA and QCM provide complementary information; 
the elemental composition is given by IBA and the erosion or deposition 
rate in terms of mass change is measured by the QCM. A combination of 
both experimental techniques could, in principle, enable new measure-
ment procedures and broaden the scope for future erosion experiments. 
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First experiments using a combination of IBA and QCM have been 
presented in Ref. [23] and show a significant influence of the MeV ion 
beam on the crystal frequency. However, the reasons for this response 
of a QCM to MeV ion beams have not been investigated so far.

In typical applications as a deposition monitor, a QCM experiences 
thermal loads of several eV per deposited atom (latent heat upon 
condensation plus thermal radiation from the evaporation source). For 
sputtering measurements, the energy deposited is higher, usually in the 
order of 1 keV per sputtered atom [10,11]. In these applications, the 
energy deposited is typically spread out over a comparably large area 
on the quartz crystal. While standard (low-cost) AT-cut quartz crystals 
are usually sufficient for deposition monitoring, the higher thermal load 
and the associated thermal stress during sputtering experiments make 
it advisable to use the SC (stress-compensated) cut, since its frequency 
has a vanishing sensitivity to radial stress [24]. In an IBA setup, the 
energy per incident ion is much higher, typically in the low MeV 
range, and the beam is usually focused, exacerbating the problems of 
temperature increase and thermal stress. The main aim of this study is 
to investigate the influence of MeV ion irradiation on a highly sensitive 
QCM. Therefore, we tested the response of the QCM during several 
beam-on and beam-off phases, with different ion energies, currents, and 
positions of the ion beam on the quartz crystal. The MeV beam is a 
local heat source; the arising temperature distribution was modeled by 
finite-element method (FEM) analysis, and the distribution of thermal 
stress as well as the change of the resonance frequency due to these 
influences was calculated. These calculations allow us to rationalize the 
effects observed in the experiment.

2. Materials and methods

2.1. Quartz crystal microbalance technique

In this study, we employed an SC-cut quartz crystal, manufactured 
by LapTech Precision Inc. The quartz crystal, a circular disk of 14 mm 
diameter, 6MHz resonance (thickness 0.3 mm) and slightly plano-
convex shape for energy trapping [25], is coated with a chromium (Cr) 
buffer layer of sub-nm thickness and additional gold (Au) electrodes 
of <100nm thickness on both sides for electrical contact (see Ap-
pendix  A for the RBS analysis of the electrodes). The lowest-frequency 
thickness-shear oscillation mode (usually named the C mode) of the 
quartz resonator can then be piezoelectrically excited by applying an 
alternating current to the gold electrodes (Fig.  1). It should be noted 
that the thicknesses of the crystal and gold electrode as well as the 
vibration amplitudes are strongly exaggerated in Fig.  1a.

In a simple one-dimensional model (assuming an infinite plate in-
stead of the planoconvex shape), the resonance frequency of the quartz 
crystal depends on the crystal’s thickness 𝑑 and the sound velocity 𝑣
for the relevant vibration mode; the latter can be expressed as 

√

𝑐∕𝜌, 
where 𝜌 is the density and 𝑐 an elastic constant: 

𝑓 = 𝑣
2𝑑 = 𝑍

2𝑚A
. (1)

The expression using the acoustic impedance 𝑍 =
√

𝑐𝜌 does not 
explicitly include the thickness 𝑑 but the mass per area 𝑚A, which is 
proportional to the thickness. In a perturbation approach, the sensitiv-
ity of the resonance frequency to changes of 𝑍 (or the relevant elastic 
constant) scales with the square of the strain or stress caused by the 
oscillation [26]. Therefore, the sensitivity on 𝑍 is highest in the central 
plane and vanishes at the surface, which is a nodal plane for the stress 
and strain of the vibration.

For sufficiently thin films deposited on the crystal (in case of Au, 
up to a few hundred nanometers), mass changes affect the resonance 
frequency linearly, which is described by the Sauerbrey equation [1]: 
Δ𝑓

= −
Δ𝑚A . (2)
𝑓0 𝑚A

2 
Fig. 1. (a) Schematic figure of the thickness-shear oscillation mode of the 
quartz crystal (not to scale), with the resonance frequency denoted as 𝑓0. 
The sensitivity curve, which is proportional to the square of the oscillation 
amplitude, is shown at the top. (b) Sketch of the sample holder front view. (c) 
Cross-section of the sample holder along the dashed line marked in b.

Provided that the other physical variables affecting the resonance 
frequency remain constant, Eq. (2) provides a direct conversion of 
frequency changes Δ𝑓 into changes of the mass per area Δ𝑚A. Here, 
𝑓0 is the frequency before the mass change.

The plano-convex shape of the crystal leads to energy trapping. This 
means that the vibration amplitude is not constant over the full 14mm-
diameter area but close to a Gaussian distribution with the maximum 
at the center (where the local thickness of the plano-convex shape is 
highest) [25]. Again assuming first-order perturbation theory, the fre-
quency change caused by any perturbation is proportional to the square 
of the amplitude (of acceleration for local mass changes, of strain 
or stress for changes of the elastic constants or acoustic impedance; 
all these follow the same Gaussian distribution as a function of the 
in-plane coordinates). For the crystal type used here, this Gaussian 
sensitivity function was determined to have a standard deviation of 
≈0.76mm (corresponding to a full width at half maximum FWHM 
of ≈1.5mm) [17]. A visualization of the cross section of the quartz 
resonator, the thickness-shear oscillation together with the Gaussian 
sensitivity function is given in Fig.  1a.

The dependence of the resonance frequency on the temperature, 
𝑓 (𝜗), can be described by a third-order polynomial [27]. It should be 
noted that the exact temperature dependence can vary from crystal 
to crystal as it depends sensitively on the orientation of the crystal 
cut (mainly on the 𝜓 angle, which mostly affects the linear term 
of the polynomial and thus also the temperatures of the minimum 
and maximum frequency [27]). As a consequence of the production 
process, the cut angle can be slightly different for different crystals. 
Two crystals from the same batch were used in the course of this study. 
The temperature dependence for one of the two crystals was measured 
and is shown in Fig.  2. The curve shows the resonance frequency of 
the crystal during a temperature ramp. The heating was realized in 
vacuum (≈10−8mbar) by resistively heating the crystal holder and the 
corresponding temperature was logged via a thermocouple attached 
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Fig. 2. Temperature dependence of the resonance frequency of a 6 MHz SC-cut 
quartz crystal. The vertical axis represents frequency differences Δ𝑓 = 𝑓 − 𝑓0
with respect to the frequency 𝑓0 at room temperature. The measured curve 
(cyan) was fitted by a third-order polynomial (dashed blue line), which is 
given in Eq. (3).

to the holder close to the quartz crystal. It should be noted that 
Fig.  2 presents data from a cool-down ramp conducted as part of a 
series of heating and cooling cycles intended to minimize the effect 
of potential outgassing during temperature increases. Superimposed on 
the experimental curve, also a third-order polynomial fit is shown: 

Δ𝑓 (𝜗) = 3.69 × 10−4 𝜗3 − 1.06 × 10−1 𝜗2 + 3.62 𝜗 − 31.3, (3)

with the temperature 𝜗 in ◦C and the frequency change Δ𝑓 in Hz. This 
will be used for further data analysis, described in Section 3.

In our setup, a dedicated electronic circuit is used to drive the 
crystal oscillation with a sinusoidal current. The phase of the electric 
impedance is used to detect any deviation from the resonance frequency 
and a control loop ensures that the resonance frequency is tracked [10,
19]. The frequency over time is recorded by a computer.

2.2. Ion beam analysis

We implemented the high-sensitivity QCM in an existing IBA setup 
located at the Tandem laboratory, Uppsala University, at the setup for 
in-situ growth, materials modification and analysis (SIGMA) [22,28]. 
The chamber is connected to a 5 MV Tandem accelerator and desired 
ion beams (masses ranging from 1H to 197Au and charge states up to 
11+) can be directed into the chamber. In the course of this study, a 
He ion beam with ≈1mm diameter and a top-hat profile was used. 
The beam was directed onto the quartz crystal at normal incidence. 
During experiments, the background pressure was in the order of 
10−8mbar within the chamber and the laboratory temperature was 
around 23.3 ◦C. Various IBA measurement approaches, including RBS 
and ERDA, can be conducted simultaneously, together with the QCM. 
The QCM is mounted via a crystal holder to a 6-axis goniometer, with a 
large thermal mass. The front view of the sample holder is sketched in 
Fig.  1b. A cut through the sample holder along the dashed line in Fig.  1b 
is shown in Fig.  1c, visualizing the contact on the back side of the QCM. 
The thermal conductance between the crystal and the crystal holder is 
expected to be low, as the contact surfaces are hard and rough, and 
only a few contact points are expected. Thermal conduction of these 
point contacts is low since both sides (the stainless-steel holder and the 
crystal) have a low thermal conductivity of about 10Wm−1K−1. Neither 
the temperature of the QCM nor that of the goniometer was actively 
controlled during the measurements.
3 
Fig. 3. SRIM [29] calculations for He impinging on a QCM target. (a) 
Projectile stopping force as a function of depth for 2 MeV He with normal 
incidence. The Au/SiO2 interface is indicated by the dashed vertical line. The 
thickness of the Au electrode was determined by RBS (see Appendix  A). (b) 
Depth at which the nuclear stopping force has its peak for different incident 
energies (left vertical axis, green) as well as the total nuclear loss as function 
of incident energy (right vertical axis, teal).

2.3. Simulation of ion transport and stopping

For a better understanding of the experiment, a simulation of the 
ion beam irradiation was performed. The SRIM software [29] was 
employed to study the interaction of MeV particles with a QCM sample. 
This software package can be used to generate tabulated electronic and 
nuclear stopping power values for different ion energies. These values 
were used to calculate the energy loss along the trajectory passing 
through the topmost Au electrode and the SiO2 below. The results 
of this calculation for an initial energy of 2MeV are shown in Fig. 
3a. Additionally, the penetration depth (determined via the peak of 
nuclear stopping) of projectiles with different initial energies ranging 
from 2MeV to 8MeV is shown in Fig.  3b (left y-axis, light green). The 
nuclear energy loss, obtained by integrating the nuclear stopping force 
over depth, is shown in teal (right y-axis in Fig.  3b). The target layer 
structure of the simulation input, i.e. the thickness of the individual 
layers, was chosen according to IBA measurements (see Appendix  A). 
The Cr buffer layer between Au electrode and SiO2 disk was omitted 
due to its negligible contribution to the energy loss.

As seen in Fig.  3a, the impinging 2MeV He ions are fully stopped at 
a depth of 5.9 μm; for 8 MeV they reach a depth of 38.8 μm (Fig.  3b). 
This is much less than the 300 μm thickness of the crystal. Additionally, 
it can be seen that despite the higher stopping power in the gold 
layer, the total energy loss within the gold electrode on the surface is 
negligible in comparison to the energy loss within the quartz crystal. 
We can therefore assume that the MeV particles are stopped only 
within the quartz and deposit almost all of their energy there. Fig.  3a 
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also visualizes that the energy is deposited mostly into the electronic 
system. Only a small fraction (<1%) of the total energy is deposited 
via nuclear collisions. The total nuclear loss depends only weakly on 
the energy (Fig.  3b), because it mainly occurs in the Bragg peak (close 
to the maximum depth), where the ion energy is low. The depth of 
this maximum of the nuclear stopping increases with increasing energy, 
meaning that the Bragg peak is located deeper in the sample for higher 
energies. The latter aspect is relevant for the influence of radiation 
damage discussed in Section 3.2.3.

2.4. FEM simulations

The temperature distribution and the thermal stresses in the quartz 
crystal were simulated using the open-source FEM program FreeFEM++
[30]. The geometry assumed was a spherical disk of 0.3 mm thickness, 
neglecting the radius-dependence of the thickness caused by the plano-
convex shape. Since the disk is thin enough for the heat transport in 
thickness direction to be almost instantaneous, it is sufficient to solve 
a two-dimensional (2D) problem.

The relevant properties of quartz are anisotropic; thus, the respec-
tive tensors were rotated into the coordinate system of the SC-cut disk 
via a Mathematica script available in the supporting material, using the 
sign convention of the IEEE 1987 standard [31]. Since the SC-cut was 
historically derived from a rotated Y cut (the AT-cut, a disk with the 
normal direction obtained by rotating the 𝑦 axis of the crystal structure 
of quartz [27]), the conventional coordinate system for AT- and SC-cut 
quartz crystals has the 𝑦 axis in the thickness direction and the 𝑥 and 
𝑧 axes in the plane. It should be noted that some material constants 
for a 2D calculation cannot be obtained by simply skipping the out-
of-plane (𝑦) components of the tensors; for the thermal conductivity 𝜆
and elasticity constants 𝑐 one has to take the boundary conditions into 
account (see Appendix  C). Notes on the implementation of the FEM 
calculations are given in Appendix  D.

3. Results and discussion

3.1. Overview

An example frequency graph, monitored during a beam-on as well 
as the subsequent beam-off phase, is shown in Fig.  4. As the QCM 
technique is based on frequency changes, we plot Δ𝑓 with respect to 
the frequency before switching on the beam at 𝑡 = 0 s. Two separate 
exponential-decay fit functions for the beam-on (4 s < 𝑡 < 906 s) and 
the beam-off phase (918 s < 𝑡 < 1800 s) are shown as dashed lines in 
the plot. This experiment was conducted with a 2MeV He+ beam at 
normal incidence. The beam current of 9nA corresponds to a power 
(thermal load on the crystal) of 18mW.

Fig.  4 shows that two distinct effects in the QCM frequency appear 
as a result of switching the beam on and off. After switching on the 
beam at 𝑡 = 0 s, a sharp peak is visible, occurring within a second 
or less. When the beam is switched off at 𝑡 = 900 s, an inverse peak 
is observed; again instantaneous within the time resolution of the 
measurement. In the following, we will refer to these spikes as Δ𝑓onfast
and Δ𝑓offfast, respectively. The second effect is a slow frequency drift over 
a time scale of hundreds of seconds, well described by the exponential 
fit mentioned above. In analogy to the instantaneous peaks, the sign 
of this drift is reversed after the beam is switched off. After ≈900 s 
after switching the beam on or off, the frequency comes close to an 
equilibrium value. The differences between the equilibrium value and 
the starting value will be called Δ𝑓onslow and Δ𝑓offslow.

To investigate these effects further, the beam energy 𝐸 was varied 
between 2MeV and 8MeV and the beam current 𝐼 was varied between 
2nA (singly charged He) and 18nA (doubly charged He). This led to 
different powers 𝑃 = 𝐸 × 𝐼∕𝑞 of the beam dissipated in the crystal, 
ranging from 6mW to 72mW. Here, 𝑞 denotes the charge of the 
impinging ions. The resonance frequency curves for a large number of 
4 
Fig. 4. Example frequency behavior during a beam-on and beam-off phase. 
The example shows the QCM resonance frequency during bombardment by 
a 2MeV He+ beam with a current of 9nA (beam power 18mW). The plot 
shows the frequency with respect to the initial value of ≈6MHz. The beam 
was switched on at 𝑡 = 0 s and switched off at 𝑡 = 900 s.

Fig. 5. Frequency behavior during a beam-on and beam-off phase for different 
beam power values. The power corresponding to each frequency graph is 
indicated by the color map. The absolute frequency values were shifted to 
zero before switching on the beam at 𝑡 = 0 s. The beam was switched off at 
𝑡 = 900 s.

experiments are combined in Fig.  5. Each line represents a beam-on 
and a beam-off phase. The different colors correspond to beams with 
different impinging power.

Fig.  6 shows the fast (Δ𝑓onfast, Δ𝑓offfast) and the slow frequency changes 
(Δ𝑓onslow, Δ𝑓offslow) as a function of the beam power. It can be seen that 
both are roughly proportional to the power. It should be noted at this 
point that Figs.  5 and 6 show experimental data of various measure-
ment runs conducted over several days. As discussed in Section 3.2.2, 
Δ𝑓fast depends strongly on the exact position of the ion beam on the 
QCM. Therefore, we attribute some scatter of the Δ𝑓fast values to small 
variations of the beam position.

Additionally, it is noticeable in Fig.  5 that the frequency curves do 
not always return to their initial values after the beam-on and sub-
sequent beam-off period. These persistent frequency changes, further 
referred to as Δ𝑓p (also marked in the example frequency graph in 
Fig.  4), are mostly positive and at least one order of magnitude smaller 
than the change Δ𝑓slow during irradiation. These frequency differences 
between the final state after equilibration and the initial state are 
discussed in more detail in Section 3.2.3. Due to their relatively small 
magnitude, we neglected the influence of these persistent changes for 
most of our analysis.
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Fig. 6. Magnitude of the instantaneous frequency spike (a) and the slow 
frequency drift (b) as a function of the beam power. Besides the experimentally 
determined values, Δ𝑓 onfast exp, Δ𝑓 offfast exp and Δ𝑓 onslow exp, Δ𝑓 offslow exp, also 
linear fit functions are shown. The value ‘‘Δ𝑓 onslow exp, corr’’ was corrected by 
subtracting the persistent frequency change Δ𝑓p, discussed in Section 3.2.3.

In summary, the frequency response caused by the MeV ion beam 
has three components, a fast one (≲1 s) named Δ𝑓fast, a slower exponen-
tial recovery Δ𝑓slow, both reversible, and a persistent change Δ𝑓p. The 
fast and slow changes scale approximately with the deposited power. 
For understanding these two time scales, we have to note that the 
thermal diffusivity of quartz is ≈4mm2/s. This means that vertical heat 
transport in the 0.3 mm thick quartz plate is essentially instantaneous 
and it takes less than one second to reach a local temperature equilib-
rium in the area heated by the ion beam (1 mm ⌀) and its immediate 
surroundings. Besides these first findings, further details on the three 
distinct effects Δ𝑓slow, Δ𝑓fast and Δ𝑓p are discussed individually in the 
following Sections 3.2.1, 3.2.2, and 3.2.3, respectively.

3.2. Data analysis and simulations

3.2.1. The slow frequency drift Δ𝑓slow
The slow frequency drift can be explained as a direct consequence of 

the beam-induced heating and the temperature dependence of the res-
onance frequency Δ𝑓 (𝜗) (Fig.  2, Eq. (3)). We can use this Δ𝑓 (𝜗) curve 
to calculate the temperature increase of the QCM from the frequency. 
The slow frequency drift occurs over a time frame much longer than 
required to obtain thermal equilibrium within the quartz plate. Thus, 
the slow temperature increase depends on the power impinging on the 
QCM (the beam power 𝑃 ), the heat capacity 𝐶 of the crystal and the 
thermal resistance 𝑅th between the crystal and its surroundings. Under 
these assumptions, in the most simple lumped-element thermal model, 
the crystal temperature during the beam-on phase starting at 𝑡 = 0 s is 
given by
𝜗(𝑡) = 𝜗0 + Δ𝜗

(

1 − 𝑒−𝑡∕𝜏
)

, where (4)

Δ𝜗 = 𝑅th 𝑃 , and (5)

𝜏 = 𝑅th 𝐶 . (6)
5 
Here, 𝜗0 is the ambient temperature, Δ𝜗 the temperature increase, and 
𝜏 the time constant. Similarly, after switching off the beam at 𝑡1 = 900 s, 
the temperature is given by 
𝜗(𝑡) = 𝜗0 + Δ𝜗 𝑒−(𝑡−𝑡1)∕𝜏 , (7)

with Δ𝜗 and 𝜏 again satisfying Eqs. (5) and (6), respectively.
Assuming linear 𝑓 (𝜗) characteristics, these 𝜗(𝑡) functions would 

yield exponential relaxation curves for 𝑓 (𝑡), which explains the good 
fit of the slow drift by exponential functions in Fig.  4. However, since 
the frequency is a nonlinear function of the temperature, for an exact 
determination of the crystal temperature, it is necessary to take the 
actual 𝑓 (𝜗) curve into account (Fig.  2, Eq. (3)). This is especially true 
for the beam-off phase, where the temperature slowly approaches room 
temperature, which is close to the maximum of the 𝑓 (𝜗) curve.

As argued later in Section 3.2.2, the instantaneous spike Δ𝑓fast is not 
simply due to the 𝑓 (𝜗) curve but mostly related to thermal stress. Thus, 
for simplicity, we take the frequency after this spike as the reference 
frequency 𝑓 (𝜗0) for the beam-on phase. For the beam-off phase we used 
the maximum frequency (around 𝑡 = 1800 s) as reference frequency 
𝑓 (𝜗0). The starting temperature 𝜗0, in our case room temperature, was 
set to 23.3 ◦C for all calculations, based on a laboratory temperature 
measurement.

Fig.  7 shows fits of the temperature 𝜗(𝑡) during (a) the beam-on 
and (b) the beam-off phases for different beam powers, where the 
temperature 𝜗(𝑡) was obtained by converting the frequency 𝑓 (𝑡) into 
temperature 𝜗(𝑡) using the 𝑓 (𝜗) curve. Since the heat capacity 𝐶 of 
the crystal is known from its mass and the specific heat of quartz [32] 
[𝐶(𝜗 = 50 ◦C) = 0.1004 g × 0.79 J/g], we can determine the thermal re-
sistance 𝑅th either from the time constant 𝜏 (Eq. (6)) or the temperature 
increase Δ𝜗 (Eq. (5)). The specific heat of quartz is actually temperature 
dependent; for simplicity, we used the value at an average temperature 
of 𝜗 = 50 ◦C. We also neglected the temperature dependence of the ther-
mal conductivity, which decreases with temperature for quartz [33], 
but increases with temperature for stainless steel (the material of the 
crystal holder) [34].

We found an average time constant of 𝜏 ≈ 134 s, which translates 
into a thermal resistance of 𝑅th ≈ 1688K/W. With the other approach, 
from the Δ𝜗 values, Eq. (5) resulted in an average value of the thermal 
resistance of 𝑅th ≈ 1717K/W. The scatter of the individual 𝑅th values 
is much larger than the difference between these two analysis methods, 
see Fig.  8. We attribute most of the scatter to the poorly defined point 
contacts between the quartz crystal and the stainless-steel holder; due 
to thermal expansion the contact points between the two rough surfaces 
may also change with temperature. The scatter of the time constants is 
also obvious when comparing the individual 𝑓 (𝑡) or 𝜗(𝑡) curves (Figs. 
5 and 7), especially for the curves in the beam-on phase. In addition 
to the random scatter, Fig.  8 also shows systematic effects: all thermal 
resistance values calculated from frequency measurements near room 
temperature (𝜏 in the beam-off phase and Δ𝜗 for low beam power) are 
systematically at the high side. As the slope of the 𝑓 (𝜗) curve is very low 
near room temperature, the conversion from frequency to temperature 
is inaccurate in this temperature range. An error of 5K in the ambient 
temperature 𝜗0 or the temperature of the maximum of the 𝑓 (𝜗) curve 
would have a ≈20% effect on these high 𝑅th values, canceling much 
of the systematic trends mentioned and bringing the average 𝑅th value 
down to 1625K/W, calculated via Eq. (6), and 1536K/W, calculated 
via Eq. (5).

In other words, any inaccuracies in the temperature measurement 
used for obtaining the 𝑓 (𝜗) curve in Fig.  2 propagate to the calculation 
of the thermal resistance. One potential source of uncertainty arises 
from the fact that the temperature was measured via a thermocouple 
attached to the heated sample holder, but not to the quartz itself. Con-
sequently, a discrepancy between the actual quartz crystal temperature 
and the measured value, cannot be ruled out. As mentioned, due to the 
small slope of the 𝑓 (𝜗) curve near room temperature, inaccuracies in 



M. Fellinger et al. Applied Surface Science 743 (2026) 167107 
Fig. 7. Measured frequency curves 𝑓 (𝑡) converted to temperature 𝜗(𝑡) (full 
curves) for different beam power values. The beam power in each case is 
indicated by the line color. The dashed lines (magenta) are exponential fits 
to 𝜗(𝑡) for (a) the beam-on phase and (b) the beam-off phase. For converting 
the frequency into temperatures, it was assumed for the beam-on phase that 
the negative Δ𝑓fast peak immediately after switching the beam on corresponds 
to room temperature and the frequency change Δ𝑓 was therefore set to Δ𝑓 = 0
after the beam-on spike. For the beam-off phase, it was assumed that the 
maximal frequency within the beam-off phase (excluding outliers) corresponds 
to room temperature.

Fig. 8. Thermal resistance 𝑅th as a function of applied power obtained from 
the fit functions. The 𝑅th values are extracted from either the temperature 
change Δ𝜗 (Eq. (5)) or from the time constant 𝜏 (Eq. (6)).

this region have a comparably large influence on the calculated 𝑅th
values.

It should also be mentioned that the calculated values of 𝑅th do not 
exactly correspond to the thermal resistance of the contact between the 
quartz crystal and the holder. On the one hand, part of the total thermal 
resistance is related to heat conduction between the near-center area of 
the crystal (where the beam impinges and the temperature is sensed, 
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Fig. 9. Fast Δ𝑓 onfast spike measured with different gains 𝑔c of the frequency 
control loop. The beam was switched on at 𝑡 = 0 s. The beam power was 
20mW (2MeV, 10nA He+). The different spike heights may be partly related 
to slightly different beam positions on the crystal or fluctuations in the beam 
current.

see Fig.  1) and its border. Based on our FEM simulations, which are 
discussed in more detail in the upcoming Section 3.2.2, this thermal 
resistance of the crystal corresponds to ≈100K/W for beam incidence at 
the center, well below 10% of the total thermal resistance. On the other 
hand, some energy is transported by radiation. Assuming an emissivity 
of 𝜖 = 0.04 for both, the upper and lower gold electrode of the crystal 
(which we consider an upper limit at the relevant wavelengths [35]), 
radiation alone would yield a value of 𝑅th ≈ 13700K/W at room 
temperature. This is almost an order of magnitude higher than the 
experimental value of 𝑅th. Thus, radiation contributes less than 15% 
to the heat transport from the quartz crystal to the surrounding.

We should finally mention that a temperature increase to more than 
100 ◦C as found for the highest beam power in our study is not typical 
for IBA. In typical IBA experiments, the thermal conductivity between 
the sample and the holder is better. For a QCM, stress due to external 
forces can lead to frequency shifts, thus the crystal should be pressed 
against the holder with very gentle force, which leads to a high thermal 
resistance between the crystal and holder.

3.2.2. The fast frequency spike Δ𝑓fast
As seen in Figs.  4 and 5, the beam-on spike Δ𝑓onfast occurs quickly 

after the beam is switched on. With our electronics and data acqui-
sition [10,19], we can modify the gain of the frequency-control loop; 
higher gains 𝑔c lead to a faster response, but also increased noise and 
incipient instability (control loop oscillations) at very high 𝑔c values. 
This can be clearly observed in Fig.  9. Nevertheless, the curve taken 
with the fastest setting (𝑔c = 3) indicates that the rise time of the fast 
spike is about 0.5–1 s.

The magnitude of the frequency spikes is proportional to the beam 
power (Fig.  6a), but strongly depends on the exact position where the 
beam impinges at the crystal surface. This can be seen in Fig.  10 (a) 
and (b), which shows Δ𝑓 (𝑡) when switching the beam on for different 
impact positions, but constant beam power (20mW). To consistently 
extract the spike sizes, we applied a linear fit to the decreasing trend 
within the time interval from 𝑡 = 3 to 𝑡 = 5 s. We then extrapolated this 
fit to 𝑡 = 0 and read off the offset of the fit as a representative value for 
Δ𝑓onfast. An example fit is shown in Fig.  10a for measurement number 5.

The size and even the sign of the fast change varies largely between 
the measurements, it can be both positive and negative. A position map 
of these Δ𝑓onfast values is shown in Fig.  10c. The sign and height of Δ𝑓onfast
for these incidence positions is visualized by the color, and the numbers 
refer to the curves in panels (a) and (b).

In the following, we will show that the main reason for this apparent 
spike is stress caused by thermal expansion. The beam power leads to 
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Fig. 10. Dependence of the fast frequency changes (‘‘spikes’’) Δ𝑓 onfast on the position on the QCM. Panels (a) and (b) show the positive and negative spikes caused 
by switching on the beam at 𝑡 = 0. The individual curves correspond to different positions on the QCM. The Δ𝑓 onfast values vs. beam position on the quartz crystal 
are shown by the colors in panel (c). Each marker is labeled with the curve number in panel (a) or (b). The beam power was 20mW (2MeV, 10nA He+).
a temperature increase at the impact position, which locally deforms 
the crystal. As mentioned above, the thermal diffusivity in quartz is 
≈4mm2/s, which means that heat conduction in the vicinity of the 
impact area (1 mm ⌀) is fast. Therefore, the local stress field in the 
region relevant for the frequency change (Fig.  1) will quickly approach 
equilibrium. This stress is present as long as the beam remains on, and 
it is quickly released when the beam is switched off. Therefore, the fast 
change Δ𝑓fast (the spike) is reversed when the beam is switched off. In 
other words, the stress effect on Δ𝑓 (𝑡) is a (smoothed) step function at 
the switch-on time, and a reverse step when the beam is switched off. 
The slow changes Δ𝑓slow are superimposed to this, which causes the 
appearance as a spike when the signs of Δ𝑓fast and Δ𝑓slow are opposite.

The response of a disk-shaped quartz crystal resonator to stress is 
well described in the literature for radial stress applied at two opposite 
points of the disk edge [36,37]. In this case, the frequency change is 
described by the force-frequency coefficient 𝐾𝑓 , which depends on the 
azimuth angle 𝜓 of the points where the stress is applied. For the C 
mode of SC-cut crystals, 𝐾𝑓  is a roughly sinusoidal function of 𝜓 . The 
average of 𝐾𝑓 (𝜓) over the full azimuth range (0–180◦) vanishes; hence 
the name ‘‘stress compensated’’.

For the case of a localized power source exactly at the crystal center, 
thermal expansion causes an almost isotropic compressive stress in the 
near-center region, as seen in the FEM simulations in Fig.  11. (Due 
to the anisotropy of the thermal conductivity and elastic constants, 
the two principal stresses at the center are not exactly identical; they 
differ by ≈8%.) Since the frequency of SC-cut crystals is insensitive to 
isotropic stress, the stress-induced frequency change is negligible for 
beam impact at the center. For off-center beams, the stress-sensitive 
area in the crystal center lies in a region of anisotropic stress, which 
can lead to a sizable frequency shift. The simulation yields stress-
induced frequency changes of up to ±23Hz for 20mW beam power; the 
strongest effect occurs at beam positions 2.4 mm off center (Fig.  11c). 
The magnitude of the maximum stress-induced Δ𝑓 in the simulations 
agrees very well with the maximum Δ𝑓fast values in the experiment 
(Fig.  10c).

The center point in Fig.  10c shows a spike size of Δ𝑓onfast ≈ 5Hz 
(point 4 in Fig.  10), while the FEM calculation yields a vanishing effect 
of the thermal stress on the frequency at the center position. This 
discrepancy is likely due to a small error of the beam coordinates; the 
coordinate origin of Fig.  10c might not exactly coincide with the center 
of the crystal. The FEM calculations show that small deviations in the 
beam position will lead to comparably large errors regarding the stress 
effects due to the high sensitivity on the impact position: deviations by 
0.6 mm can lead to errors in the order of 5Hz.

The stress-induced frequency shift is not the only contribution to the 
fast response Δ𝑓fast. In addition, also the temperature at the position 
of the impinging beam has a fast component not captured by the 
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simple lumped-element model discussed in Section 3.2.1. Our FEM 
calculations for 20mW beam power show that this fast component of 
the temperature, weighted with the Gaussian sensitivity curve of Fig.  1, 
amounts to 1.9K for a beam position at the center and 0.6K for a beam 
at (𝑥, 𝑦) = (1.5,1.5)mm. Since the temperature during the measurement 
runs in Fig.  10 was not controlled and the experiments were taken 
in rapid succession without awaiting equilibrium, the exact slope of 
the Δ𝑓 (𝜗) curve at 𝑡 = 0 is only approximately known. Due to the 
short irradiation time compared to the idle time, the average power 
was low; therefore the initial temperature at each run was close to 
room temperature. Due to the flat slope of the Δ𝑓 (𝜗) curve near room 
temperature, the influence of the temperature on the frequency was 
relatively small, weaker than d𝑓∕d𝜗 = −1Hz/K. This implies that the 
effect of the fast component of the temperature is negligible compared 
to the observed Δ𝑓onfast values in the range of ±24Hz.

We should finally note that the compressive stress in the center of 
the crystal may also lead to bending. Due to the high power density per 
area of the beam (25 kW/m2 at 20mW beam power), the temperature 
difference between the front and back side of the crystal is on the order 
of 0.1K in the irradiated area. The differences of thermal expansion 
on the front and back side of the crystal will lead to bending. For an 
MeV beam with a substantially higher beam power (up to 450mW), 
Minagawa et al. [38] have observed a fast, reversible bending of a 
thin Si membrane (8 μm thick) by ≈95 μm. This bending is caused 
by the temperature gradient in the thickness direction and the radial 
compressive stress (with the latter being the dominant contribution). 
The quartz crystal is much thicker (0.3 mm) than this Si membrane, and 
therefore much stiffer. Therefore, bending of the crystal will be much 
less. Since the ‘‘neutral plane’’ of a bending deformation is the central 
plane, the effect of the positive and negative stress contributions of the 
bending deformation on the frequency will cancel out.

3.2.3. Persistent frequency changes Δ𝑓p
As briefly mentioned in Section 3.1, ion beam irradiation causes 

a frequency change that remains after thermal equilibration. Fig.  12 
shows this net frequency change induced by the ion bombardment for 
the data set of Fig.  5. This plot contains three sequences of consecutive 
irradiation experiments. Within one sequence, no idle time occurred 
between the beam-on/beam-off cycles. The first two sequences were 
obtained on a single day with few hours idle time in between, the 
third sequence was obtained on a different day. Except for one outlier, 
the persistent frequency change induced by the irradiation was pos-
itive. Even considering the different beam powers, it seems that the 
first experiment on a given day leads to a larger frequency change 
than experiments performed later on the same day. Since the persis-
tent frequency change is usually positive, this allows us to rule out 
one very trivial explanation, a temperature increase of the crystal 
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Fig. 11. Results of the FEM simulations for 20mW beam power dissipated in a circular area of 1 mm diameter, shown as a dashed white circle in (a) and (b), 
where the beam position is at the center. The thermal resistance at the boundary was set to 1500K/W. (a) Temperature distribution. (b) Principal stresses 𝜎1 and 
𝜎2; except for the very center these roughly correspond to the tangential and radial stress, respectively. (c) Stress-induced frequency change vs. position of the 
beam center. The 𝑥 direction of the crystal’s coordinate system is to the right in all images, and the circular outlines are at the edge of the crystal (14 mm ⌀).
holder due to energy deposited on the quartz crystal. The 𝑓 (𝜗) curve
(Fig.  2) has its maximum slightly below room temperature; a tempera-
ture increase would cause a decrease, not an increase of the frequency. 
Several possible causes for frequency changes are remaining: (i) mass 
loss due to sputtering and/or thermal desorption, (ii) accumulation of 
electric charge in the bulk and (iii) radiation damage in the bulk of 
the crystal. These topics will be discussed individually in the following 
paragraphs.

(i) A positive frequency shift can correspond to a mass loss, caused 
by thermal desorption or sputtering. Based on Fig.  3, nuclear stopping 
near the surface is negligible, so we can exclude nuclear sputtering. 
Sputtering due to electronic transitions is not expected for the electrode 
material Au, but might occur for weakly bound adsorbates. The temper-
ature increase may also lead to thermal desorption of weakly bound 
species. The temperature increases linearly with the beam power; but 
the desorption increases nonlinearly with temperature. Assuming ther-
mal desorption from both sides of the crystal, the maximum frequency 
change of about 30Hz in a single 900 s irradiation experiment cor-
responds to a loss of about 10 monolayers of H2O per side or 2 
monolayers of octanol (an arbitrary example of an organic molecule 
that might be weakly adsorbed). We consider these high adsorbate 
coverages very unlikely. For explaining the sum of the frequency shifts 
in the 3rd series of experiments of Fig.  12, one would have to hypoth-
esize that even twice that coverage must be present or that adsorption 
in the beam-off phase replenishes the adsorbate coverage. The latter 
assumption is incompatible with the residual-gas pressure of 10−8mbar 
in the chamber. Assuming sputtering, the mass loss per area in the 
irradiated region (1 mm ⌀) has to be about 10 times higher than in 
the thermal desorption scenario, since only part of the vibrating area 
of the quartz crystal and only the front side is affected by sputtering. 
Thus, neither thermal desorption nor sputtering can explain all of 
the persistent frequency change. Nevertheless, we consider it likely 
that thermal desorption is a contribution to the persistent frequency 
increase, especially for the first irradiation in each series of Fig.  12, 
where a substantial adsorbate coverage may have been present after 
exposure to the residual gas.

(ii) It has also been proposed that radiation-induced frequency 
changes could be due to high electric fields, caused by charges trapped 
in SiO2 [39]. Assuming the voltage sensitivity of SC-cut resonators of 
7×10−9 V−1 from Ref. [40], the highest frequency shift observed by us 
(≈30Hz) would correspond to a voltage of ≈700V in a one-dimensional 
model. In reality, the 1mm-diameter beam (where charge is implanted) 
is smaller than the sensitive area of the crystal, which means that the 
voltage required for this frequency change would be five times larger. 
Assessing the actual charging of the quartz layer during irradiation is 
not straightforward, since the irradiation constantly induces conductive 
channels within the material. It is therefore expected that trapped 
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charges can escape to the electrodes. Charging can only occur within 
the penetration depth of the ions, i.e. in the upper ≈38.8 μm for 8MeV 
He. The electric field affects the resonance frequency via the acoustic 
impedance; as mentioned in Section 2.1, such an effect vanishes near 
the surface and only the field between the trapped charges and the 
back electrode will be relevant. This means that a frequency shift by 
≈30Hz requires a potential of ≈3000V at a distance of 38.8 μm from 
the front electrode. This corresponds to a field of 80MV/m, more than 
10% of the breakdown field of unperturbed SiO2 [41]. Considering the 
damage induced by the ions, we consider such a high field unrealistic. 
Additionally, the charge would build up in less than a second, thus an 
effect of the electric field would add to the fast frequency change Δ𝑓onfast, 
but not to Δ𝑓offfast. The equal magnitude of Δ𝑓onfast and Δ𝑓offfast seen in most 
data points of Fig.  6a rules out such an explanation for the persistent 
frequency changes. Furthermore, as the equilibrium charge would be 
obtained in less than a second, charging can only explain the persistent 
frequency change in the first experiment of a day (assuming that the 
charge implanted in previous days has disappeared), not the frequency 
changes in successive experiments as seen in the 3rd run of Fig.  12.

(iii) The effects of radiation damage on the resonance frequency 
of quartz crystals are hard to predict. Gamma radiation (which causes 
electronic excitations) may induce a frequency increase or decrease, 
even for SC-cut crystals that are largely insensitive to stress, and even 
for a single unit, depending on the radiation dose [42]. For high doses 
and irradiation by protons or neutrons (causing collisional damage), the 
usual effect is a frequency increase [43,44].

Based on the irradiation experiment by neutrons in Ref. [44], one 
can estimate a relative change of the frequency or acoustic impedance 
Δ𝑓∕𝑓 = Δ𝑍∕𝑍 in the order of 3 × 10−14 for nuclear damage with an 
energy density of 1 J/m3. (This estimate is based on the assumption 
of an average neutron energy of 2MeV [45], since the given neutron 
flux in Ref. [44] includes only high-energy neutrons >0.1MeV, and a 
mean free path of 0.125m.) For a crystal of 0.3 mm thickness, this 
corresponds to Δ𝑓∕𝑓 ≈ 1 × 10−10 for an energy deposition of 1 J/m2. 
In our case, the energy is deposited close to the surface, where the 
sensitivity to changes of the acoustic impedance is low. For a damage 
occurring at a depth of 38.8 μm (8MeV ion energy), the frequency 
change for a given energy deposition per area is lower by a factor 
of 0.31 compared with homogeneous deposition, see Appendix  B. In 
addition, the sensitive area of the crystal is larger than the beam, which 
further reduces the sensitivity by a factor of ≈0.2, yielding an expected 
Δ𝑓∕𝑓 in the order of 6.2×10−12 for a nuclear damage of 1 J/m2 in the 
beam area (1 mm diameter).

In our experiment with 8MeV ion irradiation, the nuclear stopping 
is about 1.9 × 10−3 of the total energy deposited (72mW for 900 s), or 
0.12 J in the beam area. Thus, the observed frequency change of 32 Hz 
results in an observed Δ𝑓∕𝑓 of ≈3.4×10−11 for 1 J/m2 nuclear energy 
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Fig. 12. Persistent frequency changes after a beam-on and a subsequent beam-
off-cycle. For the experimental data, the beam power is indicated by the 
color of the symbols. The data were acquired in three measurement runs, 
as indicated by different symbol types and connecting lines. The diamonds 
are rough estimates for the effect of nuclear damage, based on the neutron 
irradiation experiments by King and Fraser [44], scaled by a factor of 5 (see 
text).

deposition in the beam area. The discrepancy between the persistent 
frequency change in our 8MeV experiment and the estimate of the 
Δ𝑓∕𝑓 sensitivity to nuclear damage based on the neutron experiment 
in Ref. [44] is a factor of about 5.

Considering the roughness of the approximation, the results appear 
to be broadly consistent. Generally, the use of neutron irradiation 
as a proxy for ion irradiation involves approximations. Nevertheless, 
comparisons based on collisional damage, such as those we have carried 
out here, are typically considered a reasonable basis for relating ion 
irradiation damage to neutron damage or vice versa [46,47]. A large 
uncertainty arises from omitting the effect of the ≈99.8% electronic 
energy deposition of the ions. This omission is motivated by (i) the 
fact that most electronic excitations are expected to relax without 
permanent damage, (ii) the electronic loss is at a shallower depth than 
the nuclear loss (Fig.  3a); thus, any electronic damage has a weaker 
effect on the resonance frequency than the nuclear damage deeper 
inside the crystal, and (iii) as mentioned above, reports in the literature 
do not report a consistent sign of the frequency change induced by 
electronic damage. Nevertheless, it is known that electronic excitations 
induced by electron irradiation can lead to structural damage within 
SiO2, e.g., dislocation loops and vitrification [48,49]. Thus, part of the 
permanent frequency changes might also be caused by damage induced 
by the electronic stopping. In addition, one has to note that the neutron 
experiment of Ref. [44] was conducted over a time of 46 days at a 
crystal temperature of about 150 ◦C. As it was observed that part of the 
neutron-induced radiation damage leading to the frequency increase 
can be annealed out, it is likely that the neutron-induced frequency 
shift would have been substantially higher at lower temperatures and 
shorter irradiation time for the same fluence. Also some of our Δ𝑓 (𝑡)
data show a slight frequency decrease after the temperature has settled 
(weakly visible in Fig.  5), indicating that the ‘‘persistent’’ changes might 
actually decrease over time.

We have calculated the predicted frequency shifts for all data points 
of Fig.  12, based on the same assumptions as in the previous para-
graphs, and using the results of the SRIM calculations for the depth 
of the Bragg peak and the fraction of nuclear loss for each energy. 
These estimates, scaled by a factor of 5 for better visualization and to 
account for the factors discussed in the previous paragraph, are shown 
as white diamonds in Fig.  12. Based on this plot, we attribute most 
of the persistent changes at 8 and 6MeV to damage in the crystal. 
The Δ𝑓p of the first data points of the first two runs are probably 
dominated by mass loss due to thermal desorption. This speculation 
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is motivated by the fact that, on the one hand, the effect of damage 
is expected to be largest for large penetration depths. Thus the effect 
of damage should be almost negligible for the 2MeV and 3.037MeV 
runs (cf. the white diamonds). On the other hand, thermal desorption 
is expected to happen only when the crystal reaches a temperature that 
is substantially higher then the highest temperature it has experienced 
before. This is the case for the first data point of each run, with 
beam powers of 30, 51.6 and 72mW, respectively. The scatter of the 
experimental data points prevents a more thorough analysis.

The persistent frequency changes discussed here are different from, 
but superimposed on the transient effects of heating induced by the 
beam. The frequency change measured at the end of the beam-on phase 
will include all three contributions discussed here, the temperature 
change via the frequency-temperature curve (Fig.  2), the thermal stress 
and the persistent effect of radiation damage and desorption. Thus, 
for an accurate determination of the crystal temperature, one should 
subtract the irreversible persistent frequency change from the final 
frequency of the beam-on phase, which results in a modified Δ𝑓onslow
value. Fig.  6b shows that this correction results only in minor changes 
of Δ𝑓onslow (orange circles vs. orange "×" symbols).

4. Conclusions

We successfully implemented a high-sensitivity QCM in an existing 
IBA setup at the Tandem Laboratory, Uppsala University. The com-
bination of these techniques is highly advantageous, as the methods 
complement each other. Our key findings demonstrate that a com-
bination of the QCM and IBA techniques is, in principle, possible. 
Simultaneous IBA and high-resolution QCM measurements are, how-
ever, not possible with the current setup, because thermal effects due 
to heating by the beam would mask small frequency changes. These 
thermal effects show two components.

First, heating of the crystal causes ‘‘slow’’ frequency changes caused 
by the Δ𝑓 (𝜗) curve of the crystal. Upon switching the beam on or off, 
the temperature 𝜗 of the crystal follows an exponential relaxation with 
a time constant of about two minutes. This time constant is determined 
by the heat capacity of the quartz crystal and the thermal resistance 
between the crystal and the holder. While unwanted for operation of 
the QCM under the ion beam, this frequency change might be also 
utilized as a thermometer; when measuring the fundamental frequency 
and the 3rd overtone one can also separate mass and temperature 
effects [19]. Such a temperature measurement at the sample position 
could be easier to implement in an IBA setup than a thermocouple [50].

In a future QCM setup optimized for use at an IBA facility, the ther-
mal resistance and thereby the temperature increase could be lowered 
by using a crystal holder material with better thermal conductivity 
and increased contact area due to a softer surface (e.g., silver-plated 
copper). One may also consider using a very soft solder-like metallic 
contact between the crystal and holder (e.g., with indium), but this 
bears the risk of diffusion of the solder material onto the crystal 
electrode surface. Additionally, one must ensure that a solder-like joint 
does not apply unwanted mechanical stress to the crystal.

The second thermal effect is a fast frequency change when switching 
the beam on or off. This is mainly due to local stress caused by 
the inhomogeneous temperature distribution in the crystal. A small 
contribution to fast frequency changes comes from the fast heating near 
the impact position of the beam, before the temperature distribution 
in the crystal equilibrates (thermal diffusivity ≈4mm2/s). The stress-
induced frequency changes strongly depend on the impact position of 
the beam, which on the one hand demands a stable beam position, on 
the other hand it provides the opportunity to minimize the problem by 
selecting a beam position where the fast frequency changes vanish.

Both thermal effects are reversible, i.e. a frequency change of the 
same magnitude, but in the opposite direction is observed after switch-
ing the beam off. We have also observed a persistent frequency increase 
of up to ≈30Hz after irradiation by 8MeV He for 900 s (beam power 
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72mW). We attribute most of this frequency change to radiation dam-
age; but also temperature-induced desorption from the electrodes may 
play a role. Since the sensitivity of the frequency on the damage-
induced change of the acoustic impedance approximately scales with 
the square of the depth of the damaged zone, the influence of radiation 
damage can be kept low by avoiding high beam energies that would 
lead to a large penetration depth of the ions.

In conclusion, our study indicates that the combination of QCM and 
IBA is feasible, but the resolution of small mass changes is limited 
by beam-induced frequency changes. Our detailed analysis of these 
effects paves the way to minimizing these unwanted frequency changes. 
For analyzing small mass changes, it is essential to await thermal 
equilibration before recording QCM data. The combination of IBA and 
QCM can then open up new possibilities for future erosion studies as 
well as elemental analysis and depth profiling measurements.
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Appendix A. RBS analysis of the electrodes

The IBA setup was used to investigate the elemental composition of 
the target. An RBS detector, placed at an exit angle of 10 degrees with 
respect to the surface normal detected the backscattered He particles 
as a function of their energy. Fig.  A.13 shows the measured spectrum 
for an incident He+ beam under normal incidence with 2 MeV kinetic 
energy and a current of 9 nA. The results of a simulation by the 
SIMNRA [51] software are also included in Fig.  A.13. In the simulation, 
10 
Fig. A.13. RBS spectrum of the QCM sample using 2 MeV He+ ions for 
the probing beam. The simulation (dashed line) was performed using SIM-
NRA [51]. The target input for the simulation consisted of a Au top layer 
with a thickness corresponding to 450 × 1015 at/cm2 on a Cr buffer layer 
(6 × 1015 at/cm2) on bulk SiO2, as visualized in the inset.

the electrode thickness was adjusted to fit the experimental spectrum by 
tuning the input layer structure. The best-fit layer structure is sketched 
in the inset of Fig.  A.13. According to this measurement, the target 
consisted of a SiO2 bulk, a Cr interlayer of around 0.7 nm and an Au 
top layer of 76.3 nm in thickness. This layer structure was furthermore 
used as input for the simulation of the projectile propagation utilizing 
SRIM, discussed in Section 2.3.

Appendix B. Resonance frequency of a crystal with a modified 
inner layer

The influence of the modification of a subsurface layer by nuclear 
radiation damage (which strongly peaks at a depth close to the penetra-
tion depth of the ions, Fig.  3) requires analysis of a three-layer model, 
different from the usual two-layer model [52,53] used for thick layers 
of material deposited on a QCM. This analysis can be accomplished 
with a transfer matrix method [54,55], which we simplify by assuming 
only one displacement direction and neglecting the influence of piezo-
electric stiffening of the elastic constants (or, equivalently, analyzing 
the parallel resonance, where the crystal impedance would be infinite 
in the absence of losses; this frequency is unaffected by the piezoelectric 
constants). For each layer (with a thickness 𝑑, sound velocity 𝑣 and 
acoustic impedance 𝑍), the transfer matrix for a vector containing the 
displacement velocity 𝑢̇ and stress 𝜎 is given by1

𝐌 =
(

𝑀 𝑢̇𝑢̇ 𝑀 𝑢̇𝜎

𝑀𝜎𝑢̇ 𝑀𝜎𝜎

)

=

(

cos 𝜔𝑑𝑣
1
𝑍 sin 𝜔𝑑

𝑣

−𝑍 sin 𝜔𝑑
𝑣 cos 𝜔𝑑𝑣

)

(B.1)

Note that the terms 𝑑∕𝑣 in the arguments of the sin and cos functions 
can be also written as 𝑚A∕𝑍.

For three layers, the overall transfer matrix 𝐌 is given by the 
product of the three transfer matrices 𝐌𝑖 of the individual layers. Since 
the surfaces are stress-free, 𝑀𝜎𝑢̇ of this overall matrix 𝐌 must vanish. 
This leads to

𝑍1 tan
𝜔𝑑1
𝑣1

+𝑍2 tan
𝜔𝑑2
𝑣2

+𝑍3 tan
𝜔𝑑3
𝑣3

−
𝑍1𝑍3
𝑍2

tan
𝜔𝑑1
𝑣1

tan
𝜔𝑑2
𝑣2

tan
𝜔𝑑3
𝑣3

= 0 , (B.2)

which determines the (angular) resonance frequency 𝜔. If layers 1 and 
3 are unperturbed quartz with an acoustic impedance 𝑍, in the limit 

1 In contrast to Ref. [54], we use 𝑢̇ instead of the displacement 𝑢, which 
simplifies the equations. For the stress, we write 𝜎 instead of 𝑇 , for consistency 
with Appendix  D.
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of a thin subsurface layer 2 with a perturbed impedance 𝑍2, implicit 
differentiation yields the influence of 𝑍2 on the resonance frequency 
d𝑓
d𝑍2

=
2𝑓
𝑍

𝑑2
𝑑

sin2
𝑑1𝜋
𝑑

, (B.3)

where 𝑑 is the overall thickness (sum of the three 𝑑𝑖). As we have 
expressed the perturbation via the acoustic impedance 𝑍2 of the subsur-
face layer and kept the mass per area constant, similar to the right-hand 
term of Eq. (1), Eq. (B.3) is valid not only for a change in elastic 
constants of the subsurface layer but also if its thickness 𝑑2 expands 
or contracts.

As mentioned in the introduction, for changes in the elastic con-
stants in a subsurface layer, the influence of the perturbation scales 
with the square of the vibrational stress or strain, which have a node 
at the surface. Thus, for a shallow perturbed layer, its influence scales 
with the square of its depth 𝑑1 below the surface. (𝑑1 is the thickness 
of the layer above the perturbed layer 2, but it may also be taken 
as the thickness of the layer below; the result is the same due to the 
periodicity of the sin function.) The same perturbation argument could 
also be used to derive Eq. (B.3) in a simple way: The stress or strain as 
a function of the distance 𝑑1 from the surface is proportional to sin 𝑑1𝜋

𝑑 ; 
thus, the influence of the perturbation scales with the sin2 function of 
Eq. (B.3). When perturbing the whole thickness of the quartz crystal, 
we can either calculate the frequency change by integrating Eq. (B.3) 
over all depths 𝑑1 or from Eq. (1); both must result in the same 
frequency change. This equality determines the prefactor of the sin2
function in Eq. (B.3). For the case of a radiation dose changing the 
acoustic impedance of a crystal, under the assumption that the change 
Δ𝑍 is proportional to the dose per volume, Eq. (B.3) implies that the 
frequency change per dose deposited at a depth 𝑑1 is 2 sin2 𝑑1𝜋

𝑑  times 
the frequency change caused by the same dose equally distributed in 
the whole volume of the crystal.

Appendix C. Thermal conductivity and elasticity tensors of a plate 
consisting of an anisotropic material

As mentioned in Section 2.4, the thermal conductivity 𝜆 and elas-
ticity 𝑐 tensors required in a 2D calculation for a thin plate cannot be 
obtained by simply skipping the out-of-plane components of the 3D 
tensors. For thermal conductivity, we have (using Einstein summation 
convention) 
𝑞𝑖 = 𝜆𝑖𝑗𝜕𝑗𝑇 , (C.1)

where 𝑞 is the heat flux and 𝜕𝑗𝑇  the 𝑗th component of the temperature 
gradient. In a 2D calculation, we require that the heat flow is parallel to 
the surface (𝑞⟂ = 0). For an anisotropic material, however, the temper-
ature gradient can have a nonzero component in the normal direction. 
Therefore, one cannot simply skip the out-of-plane components of 𝜆. 
Using the inverse matrix 𝜆−1, we can write 
𝜕𝑖𝑇 = 𝜆−1𝑖𝑗 𝑞𝑗 . (C.2)

Since we are not interested in the temperature gradient in the normal 
direction, we can skip the out-of-plane components of 𝜆−1. This reduces 
𝜆−1 from a (3×3) to a (2×2) matrix. Taking the inverse of this 
(2×2) matrix yields the thermal conductivity tensor required for the 2D 
calculation. In the conventional coordinate system of an SC-cut quartz 
crystal, the normal direction is 𝑦. Thus, the ‘‘𝑦’’ column and ‘‘𝑦’’ row of 
the 𝜆−1 matrix can be removed.

Similarly, the equation for elastic deformation without thermal 
expansion is 
𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙𝜖𝑘𝑙 , (C.3)

with the stress 𝜎 and strain 𝜖. If the 𝑦 direction (index 2) is normal to 
the surface, the boundary conditions at the surface are 𝜎2𝑗 = 0 [31]. 
Again, we have to invert the matrix, which leads to the compliance 
tensor 𝑠. (In practice, the inversion is easily done as a simple matrix 
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inversion in Voigt notation, which has only two, not four indices for 𝑐
and 𝑠.) The equation then reads 
𝜖𝑖𝑗 = 𝑠𝑖𝑗𝑘𝑙𝜎𝑘𝑙 . (C.4)

For static deformations of a thin plate, in the absence of bending, the 
stress does not depend on the normal direction 𝑦. Thus, the boundary 
conditions imply that 𝜎𝑘𝑙 is zero if 𝑘 = 2 or 𝑙 = 2. We are only 
interested in strain components related to in-plane displacements, thus 
any components on the left side of Eq. (C.4) having at least one 
index 2 (𝑦 direction) are irrelevant. This means that we can skip all 𝑠
components with any index 2, converting 𝑠 from a tensor in 3D to 2D. 
The elasticity tensor 𝑐 required for the 2D calculation is then obtained 
as the inverse of this 2D version of 𝑠. (Again, the inverse can be easily 
calculated as a matrix inversion in Voigt notation.)

Appendix D. Elasticity with thermal expansion in FreeFEM++

Since the FreeFEM++ documentation does not cover the case of 
anisotropic elasticity coupled with thermal expansion, we provide the 
relevant equations here. We start from the equation [56] 
𝜕𝑗𝜎𝑖𝑗 = 𝜕𝑗𝑐𝑖𝑗𝑘𝑙(𝜖𝑘𝑙 − 𝛼𝑘𝑙Δ𝑇 ) = 0, (D.1)

where 𝛼 is the tensor of thermal expansion coefficients, and Δ𝑇 = 𝑇 −
𝑇0, with 𝑇0 being the reference temperature for the thermal expansion. 
The implementation inFreeFEM++ is based on a variational principle 
(the weak formulation) [30] for the displacement field 𝑢, written here 
for Dirichlet boundary conditions: 

∫
(

𝜕𝑗𝑐𝑖𝑗𝑘𝑙𝜖𝑘𝑙(𝑢)
)

𝑣𝑖 d2𝑟 − ∫ (𝜕𝑗𝑐𝑖𝑗𝑘𝑙𝛼𝑘𝑙Δ𝑇 )𝑣𝑖 d2𝑟 = 0 , (D.2)

which should be valid for all test functions 𝑣 fulfilling the boundary 
conditions. Integration by parts yields the form required by
FreeFEM++:

−∫ 𝑐𝑖𝑗𝑘𝑙𝜖𝑘𝑙(𝑢)𝜕𝑗𝑣𝑖 d2𝑟 + ∫ 𝑐𝑖𝑗𝑘𝑙𝛼𝑘𝑙Δ𝑇 𝜕𝑗𝑣𝑖 d2𝑟

+
[

𝑐𝑖𝑗𝑘𝑙𝜖𝑘𝑙(𝑢)𝑛𝑗𝑣𝑖
]

𝛤 −
[

𝑐𝑖𝑗𝑘𝑙𝛼𝑘𝑙Δ𝑇 𝑛𝑗𝑣𝑖
]

𝛤 = 0, (D.3)

where 𝛤  is the boundary. The terms loosely written in square brackets 
as ‘‘[… ]𝛤 ’’ (to demonstrate the relation to the more familiar integration 
by parts in one dimension) are one-dimensional integrals along the 
boundary, with 𝑛 being the normal vector.

Since we calculate the stress-induced frequency change only for 
the steady state, our calculation does not include the temperature 
increase due to adiabatic compression of the crystal occurring during 
transients [57]. For quartz, this effect is negligible; it is related to 
the difference between the isothermal and adiabatic elastic constants, 
which is less than 2% for quartz at room temperature [58]. When 
calculating the temperature increase, we also neglect the conversion 
of a fraction of the deposited energy into elastic energy: Even at the 
highest power considered here, 70mW, the elastic energy is only 1.5 
mJ in steady-state conditions. For comparison, with Dirichlet boundary 
conditions (constant temperature at the border), the thermal energy in 
the crystal (related to its heat capacity) is 223mJ. When taking the 
thermal resistance at the boundary into account, the crystal reaches a 
higher temperature and the thermal energy reaches almost 10 J. Thus, 
only a tiny fraction of the energy deposited by the ion beam gets 
converted into elastic energy. Since the elastic energy scales with the 
square of the stress, this fraction is even lower if the power of the 
incident beam is less.

For the conversion of stress to a frequency shift, we use a fit to the 
angle-dependent force-frequency coefficient of an SC quartz disk given 
in Ref. [59], resulting in
Δ𝑓∕𝑓 = −6.449 × 10−7𝜎𝑥𝑥 − 1.734 × 10−5𝜎𝑥𝑧

+6.898 × 10−7𝜎𝑧𝑧 (D.4)

where the stresses 𝜎 are in N/mm2. The local stresses (or equivalently, 
their local contribution to Δ𝑓∕𝑓 ) are weighted with the Gaussian 
sensitivity curve of the QCM crystal (Fig.  1).
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Appendix E. Supplementary material

Computer codes used for this article can be found online as supple-
mentary material at https://doi.org/10.1016/j.apsusc.2026.167107.

Data availability

Data will be made available on request.
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