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Abstract
Implantation of ions in minerals by high energy radiation is an important process in planetary and materials sciences. For 
example, the solar wind is a multi-ion flux that progressively modifies the composition and structure of near-surface domains 
in solar objects, like asteroids. A bombardment of a target by different elements like hydrogen (H) at various energies causes, 
among other things, the implantation of these particles in crystalline and amorphous materials. It is important to understand 
the mechanisms and features of this process (e.g., how much is implanted and retained), to constrain its contribution to 
the chemical budget of solar objects or for planning various material-science applications. Yet, there has been no detailed 
study on H implantation into olivine (e.g., the quantification of maximum retainable H), a major mineral in this context. We 
performed experiments on H implantation in San Carlos olivine at 10 and 20 keV with increasing fluences (up to 3×1018 at/
cm2). Nanoscale H profiles that result from implantation were analyzed using Nuclear Resonance Reaction Analysis after 
each implantation to observe the evolution of the H distribution as a function of fluence. We observed that after a systematic 
growth of the characteristic, approximately Gaussian shaped, H profiles with increasing fluences, a maximum concentration 
at H ~ 20 at% is attained. The maximum concentration is approximately independent of ion energy, but the maximum penetra-
tion depth is a function of beam energy and is greater at higher energies. The shapes of the profiles as well as the maximum 
concentrations deviate from those predicted by currently available models and point to the need for direct experimental 
measurements. We compared the depth profiles with predictions by SRIM. Based on observations from this study, we were 
able to constrain the maximum retainable H in olivine as a function of ion energy.

Keywords  Hydrogen · Implantation · Olivine · Solar wind

Introduction

Modification of composition by implantation of ions in solid 
materials plays an important role in many planetary- and 
material-science applications. For example, any objects 
in the solar system are exposed to solar wind irradiation 
that progressively changes their structure and composition 

(Bennett et al. 2013). The solar wind consists of a variety 
of weathering-agents like electrons and different ions with 
energies that lie usually between few hundreds of eV to MeV, 
dependent on the solar activity (Bennett et al. 2013). This 
flux of charged particles constitutes a source for elements 
that are added to the compositional budget of solar objects 
by ion implantation. While some planets are protected from 
these charged particles by a surrounding atmosphere and 
magnetic field, atmosphere-less bodies like asteroids or the 
moon are affected by interaction between solar wind parti-
cles and their material. There are two major reasons why it 
is crucial to evaluate the process of ion implantation into 
solids, as it takes place in solar wind irradiation:

(i) Many solar objects are analyzed using remote sensing. 
Since the employed techniques probe primarily the surface-
regions of objects, it is crucial to assess whether the upper 
layers are representative of the object’s composition or if 
they were substantially modified by solar wind implantation 
(for example lunar regolith).
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(ii) When dusts in the proto-solar disk are irradiated by 
the solar wind, their compositions will be modified, and con-
sequently the composition of planets made from the dusts 
will also be modified by the solar wind. Recently studies 
on an asteroid (Itokawa; Daly et al. 2021) and meteorites 
(Chelyabinsk and Benenitra; Jin et al. 2021) suggested a 
role of the solar wind on the water (hydrogen) content in 
these materials and possible contribution of the solar wind 
as a source of water on Earth. There are several studies on 
the implantation of particles such as hydrogen in minerals 
(e.g., Lord 1968; Bibring et al. 1974; Schaible and Baragiola 
2014), some key details such as the saturation level and the 
depth of penetration have not been well understood and char-
acterized, particularly for olivine. Evaluating the role of ion 
implantation is therefore challenging because (a) while there 
are theoretical models (e.g., Tucker et al. 2019), it is difficult 
to make quantitative predictions a priori of how much H+ 
(and other ions) would be implanted in a given material at 
different energy levels, (b) how robustly these ions, restricted 
to about 100 nm near the surface, would be retained, and 
(c) it is difficult to measure low concentration of H with 
high depth resolution in solids. Studies that combine experi-
ments with calculated models, e.g., using a Binary Colli-
sion Approximation like SDTrimSP in Biber et al. (2020) 
or Molecular Dynamics simulations in Huang et al. (2022) 
further highlight the necessity for experimental work. In this 
work we address (a) and (c) through experiments in which 
San Carlos olivine crystals were implanted with hydrogen 
under controlled conditions. Subsequent analysis by Nuclear 
Resonance Reaction Analysis (NRRA) allowed us to observe 
the evolution of H implantation with increasing fluences at 
different ion energies. We point out that the interaction of 
solar wind with materials constitutes a complex interplay of 
many processes besides implantation (e.g., sputtering and 
irradiation by different types of particles) and target mate-
rials with different properties and structures (e.g., crystal-
line, and amorphous). Only a model that considers all these 
aspects can adequately describe the overall weathering of 
surfaces by solar wind and consequences for example for 
total retained H in solar objects. Thus, our study presents 
an important experimental step toward understanding the 
behavior and features of H implantation in San Carlos oli-
vine, which can be incorporated in such future models.

The physics of accelerated ion–solid interaction

The energy loss of ions happens mainly by the interaction of 
ions with electrons of the material and to a smaller part by 
interaction with nuclei, the role of which increases toward 
smaller energies. Since the energy loss in each electronic 
interaction is very small, this process can be considered 
as quasi-continuous. The energy loss as a function of the 
penetration depth is described by the Bragg curve, which 

exhibits a peak at the end of the ion path. As a consequence, 
the ions have a defined range and since the process is sta-
tistical, the ion depth distribution could be expected to be a 
Gaussian one.

However, looking at experimental concentration depth 
profiles and from a more detailed theoretical perspective 
(Ziegler and Biersack 1985) it turns out that many implan-
tation depth profiles are asymmetric. They can be calculated 
for example by Monte Carlo simulations (e.g., Ziegler et al. 
2010) and are often described by e.g., a Pearson IV distribu-
tion (e.g., Wilson 1980; Ashworth et al. 1990; Lee and Park 
2002; Zhang et al. 2008).

The shape of a concentration-depth profile is dependent 
on the ion’s mass and energy and the chemical composi-
tion and density of the host material. For high fluences the 
general observation is that with increasing fluence the num-
ber of the implanted species retained in the host material 
increases but eventually reaches a saturation concentration. 
In this case, effects of defects produced by the implanted 
ions, changes in chemical composition of the host material, 
and the mobility of the implanted species become increas-
ingly important. These features lead to a deviation of the 
depth profile shape at high fluences from the nearly sym-
metric Gaussian distribution at low fluences.

The energy of solar wind protons is a distribution of hun-
dreds of eV to MeV. For example, an energy of 2 keV for 
H translates to an implantation range of up to ~25 nm in 
San Carlos olivine, which was calculated in a Monte Carlo 
simulation (SRIM, Ziegler et al. 2010). From the experi-
mental point of view the measurement of the retained ions in 
such near surface regions is hampered by contaminations of 
the mineral’s surface with hydrocarbons, which are present 
on almost all material surfaces handled in the lab environ-
ment or in standard high vacuum. These hydrogen-bearing 
substances can contribute to the determination of hydro-
gen when an integral method such as FTIR spectroscopy 
is used. Thus, a surface contamination can influence the 
quantification of implanted hydrogen when FTIR is used. 
Consequently, those measurements need to be performed in 
an UHV setup with the options of in situ surface cleaning, 
implantation, and analysis (Burke et al. 2011; Schaible and 
Baragiola 2014).

Several experimental studies have been performed to study 
H implantation in common planetary materials such as oli-
vine. These range from the early work of Lord (1968) using 
chemical desorption to evaluate the hydrogen stored in the 
mineral after ion implantation to the recent work of Schaible 
and Baragiola (2014) who measured the implanted hydrogen 
with FTIR-spectroscopy. In this paper we present an alterna-
tive analytical route by measuring the implanted protons with 
Nuclear Resonance Reaction Analysis (NRRA). This tech-
nique allows to measure the hydrogen content as a function 
of depth with a depth resolution of some nanometers, thus 
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making a discrimination between surface contaminations and 
implanted hydrogen possible. Notably, the measured concen-
trations are independent of the chemical bonding of hydro-
gen (total H is measured) and the results are easy to quantify 
absolutely because reference standards are not needed. The 
reader is referred to Becker and Rogalla (2016) and Bissbort 
et al. (2021) for details on NRRA measurements in our facility.

For implantations at low energies, it becomes progressively 
difficult to determine the implantation fluence during implan-
tation as well as the determination of the retained hydrogen 
in NRRA measurements. Therefore, we studied implantation 
profiles and the retention at proton impacting on olivine crys-
tals with energies of 10 keV and 20 keV. Nanoscale hydrogen 
depth profiles that result from our experimental method are 
used to observe the development and behavior of hydrogen 
implantation with increasing fluences at different energies.

We propose a method to understand saturation behavior as 
a function of implantation energy based on our experiments. 
This in turn allows an extrapolation to lower energies that are 
relevant for the solar wind.

Experimental

We used samples of San Carlos olivine (Mg1.81Fe0.19SiO4) to 
study the nature and the evolution of hydrogen distribution 
with depth that results from ion implantation as a function of 
beam energy, crystal orientation, and sample preparation. All 
but one sample were oriented and cut to obtain surfaces of 
about 4 × 4 mm, which were polished prior to irradiation. The 
olivine composition was determined using a Cameca SX Five 
FE electron microprobe in wavelength dispersive spectroscopy 
mode operated at 15 keV and 15nA. Standards used were San 
Carlos olivine (Mg), almandine (Al), fayalite (Si, Fe), diopside 
(Ca), and Ni-metal (Ni).

Two crystals—SC1 (010) and SC2 (010)—were implanted 
with hydrogen beams at energies of 20 keV and 10 keV, 
respectively, to study the effect of ion energies on the implan-
tation behavior. Another sample SC3 (100) was tilted by 7° to 
the surface normal in a first series of implantation experiments 
(20 keV) to evaluate a possible effect of channeling during 
implantation. The channeling effect occurs when ion trajec-
tories are aligned along atomic rows, usually with a critical 
angle < 5° (Nastasi et al. 1996). This phenomenon might affect 
the implantation depth and the shape of the hydrogen concen-
tration profile (e.g., broadening) (see Nastasi et al. 1996 for 
details on channeling). After this experimental series, sample 

SC3 was re-ground, re-polished, and implanted without tilt-
ing, to provide a comparison between implantation in (100) 
to other orientations. Sample SC4 was implanted in (001) at 
20 keV. Another sample, SCraw, was a natural San Carlos 
olivine crystal that was implanted at 20 keV without any prior 
preparation and a slightly convex surface to see how sample 
preparation might affect the outcome of implantation experi-
ments. All samples were irradiated several times while H con-
centration profiles were obtained after each implantation using 
NRRA. Hereby, we were able to study the development of H 
contents and distributions with increasing fluences (Table 1).

The implantations were performed at the 100  kV 
implanter at the Central Unit for Ionbeams and Radionu-
clides (RUBION) at the Ruhr-University Bochum (Fig. 1). 
From the ion source the beam is analyzed by a 90-degree 
magnet. The beam then enters the implantation chamber 
through a collimator, which defines a circular implanta-
tion area of either 1 cm or 2 cm in diameter. The sample 
holder assembly is electrically insulated for the beam current 
measurement and a secondary suppression ring behind the 
entrance collimator at a voltage of −300 V prevents sec-
ondary electrons from falsifying the current measurements. 
During the implantation, the beam was scanned over the 
collimator to ensure a homogeneous implantation over the 
entire sample surface. The vacuum during the implantation 
was in the range of 10–6 mbar. The beam intensities were 
between 5 and 10 µA for 10 and 20 keV, respectively or 
fluxes of 2×1013 to 4×1013 at/cm2/s. To avoid charging up 
of the samples during the implantation they were embedded 

Table 1   San Carlos olivine 
samples used in this study

Sample SC1 SC2 SC3 SC4 SCraw

Implanted surface (010) (010) (100) (001) Close to (010)
Beam energy (keV) 20 10 20 20 20
Preparation Polished Polished Polished Polished Natural surface

Fig. 1   Schematic layout of the implantation setup at the Ruhr-Univer-
sity Bochum (not to scale)
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in an aluminum foil which reached up to the surface leaving 
only the implantation spot open for implantation. The flu-
ence could be determined by integrating the beam current 
with a commercial precision current integrator.

The depth profiles were measured after each implantation 
at the 4 MV Tandem accelerator at RUBION in Bochum. 
Details of the setup are described in Traeger et al. (2011). 
Briefly, NRRA utilizes the nuclear reaction 1H(15N,α γ)12C 
with a resonance at a beam energy of 6.4 MeV (Lanford 
1992; Becker and Rogalla 2016; Wilde and Fukutani 2014). 
The 15N beam from the accelerator is focused by two col-
limators to a beam spot of 1.5 mm diameter. The sample 
is placed at the end of a pipe, reaching into the center of a 
4 × 4-inch NaI borehole detector, which has a 44% detection 
efficiency for the 4.4 MeV γ -rays that are a product of the 
nuclear reaction. The sample assembly is designed as a good 
Faraday cup for beam current measurements and equipped 
as well with a secondary electron suppression at 300 V. Dur-
ing the measurement with typically 40 nA beam current, the 
vacuum was in the range of 10–8 mbar. Increasing the beam 
energy above 6.4 MeV leads to a shift of the nuclear reac-
tion toward greater depths in the sample, as the 15N energy 
must be reduced by ion-material interaction for the reac-
tion to occur at the resonance energy. Finally, analysis of H 
concentrations at incrementally increased ion energies (e.g., 
by 20 keV steps) constitutes a H depth profile. Several test 
measurements showed that the samples did not deteriorate, 
and no loss of hydrogen could be observed from the analyz-
ing beam. The samples were mounted with an aluminum foil 
in the same fashion as for the implantation.

Results and discussion

The measured raw data, which are the γ-yields from the 
nuclear reaction as a function of the beam energy, can 
be converted into a hydrogen concentration as a function 
of depth in the sample using the stopping cross section 
of 15N-ions in olivine and hydrogen from SRIM (Ziegler 
et al. 2010) at 6.4 MeV (238 eV/(1015 at/cm2) and 60.9 eV/
(1015 at/cm2), respectively) for the calculation of the 
hydrogen concentration. The stopping power to determine 
the depth scale was calculated with a density of 3.32 g/cm3 
to e.g., 2.27 keV/nm and 2.38 keV/nm for anhydrous SC 
olivine and SC olivine with 20 at% H, respectively. This 

conversion has to be done successively from the surface 
to the depth, calculating a stopping power for each depth 
according to the hydrogen concentration at that depth. The 
results are shown in (Fig. 2).

The surface peaks that result from adsorption of hydro-
carbons on the sample surfaces can be seen clearly in all 
cases, and they are well separated from the implantation 
profiles. The implantation profiles exhibit an asymmetric 
shape with a tail to the surface. At low fluences the max-
ima of the peak are at a depth of ~ 120 nm and ~ 210 nm, 
for the 10 and 20 keV implantations in SC2 and SC1, 
respectively. This is significantly higher than the depth 
calculated from SRIM (Fig. 3) which is not surprising 
since the stopping power values for low energy protons 
are not very accurately known and the available data devi-
ate substantially from each other (Ziegler et al. 2010). This 
highlights the need for direct experimental measurements.

There is a systematic development of the observed 
implantation profiles with increasing fluences that can be 
subdivided into two stages. (i) At low fluences the con-
centration maximum (peak) systematically growths with 
increasing fluences. (ii) This systematic increase in the 
maximum concentration is not observed at high fluences. 
Instead, at some threshold in fluence (e.g., 3.0×1017 at/
cm2 in SC1) a maximum in concentration is attained that 
is not exceeded in subsequent implantations. Instead, the 
maxima of the concentration peaks vary within a limited 
concentration range around ~ 20 at% H at fluences above 
the thresholds. This results in an “oscillation” of the peak. 
The described features are observed in 10 keV and 20 keV 
experiments, which implies that this behavior, except for 
the depth of implantation, is independent of implantation 
energies. Also, the overall implantation profiles become 
progressively broader with increasing fluences. Likewise, 
the maxima appear to shift for medium fluences slightly 
toward lower depths and reach, for very high fluences, 
the value of the low fluence implantation again (Fig. 2). 
The origin of these variations is unclear, and we attrib-
ute this to local phase transitions at high fluences caused 
possibly by amorphization and recrystallisation effects 
and/or chemical changes at certain depths of the samples. 
These aspects require further detailed studies coupled with 
microstructural characterization of the samples.

Implantation experiments in sample SC3 (100) at 20 keV 
with its surface tilted by 7° during implantation followed by 
implantations in the same sample (but re-polished) without 
tilt [parallel to (100)] reveal that channeling does neither 
significantly affect the depth of implantation nor the shape of 
the concentration profiles. Also, channeling does not cause 
the observed difference between the observed implantation 
depth and that predicted by SRIM (Fig. 3). A compari-
son between all oriented samples (SC1, SC3, and SC4) at 
20 keV proves that the penetration depth and the maximum 

Fig. 2   Hydrogen depth profiles for the five samples that were stud-
ied, showing the surface peak and the implantation profile for increas-
ing implantation fluences. a Implantation at 10 keV in crystal surface 
(010). b–d Implantations at 20 keV in crystal surfaces (010), (100), 
and (001), respectively. e Implantation at 20  keV in a randomly 
oriented and unprepared surface. The marked areas (blue boxes) 
show an approximation of the maximum possible hydrogen loading 
attained at very high implantation fluences

◂
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concentration (profile peak) is unaffected by the orientation 
of the crystals.

In Fig. 4 the peak heights of the implantation profiles 
for the 10 keV as well as the 20 keV implantations are 
plotted against the implantation fluence. Regardless of the 
features discussed above, the general behavior is that with 
increasing fluence the maximum of the implantation profile 

first increases and eventually reaches a saturation value at 
about 19.6 ± 1.6 at%. Notably, this local saturation, which 
is the maximum attainable concentration, is similar for both 
implantation energies. Therefore, we conclude that satura-
tion effects in the retention of protons in olivine is governed 
by a maximum local concentration that can be attained over 
the entire investigated depth of the sample with increas-
ing fluences. With increasing fluences, higher amounts of 
retained hydrogen in the olivine are achieved slowly by fill-
ing up the volume below the maximum range toward the 
surface until the maximal possible local concentration is 
reached. This behavior is clearly seen in the data of high 
implantation fluences in Fig. 2.

To determine the total hydrogen retained in the samples, 
the implantation profiles were integrated with depth exclud-
ing the surface peak (which, as noted above, results from H 
adsorbed on the surface of crystals from contamination, and 
not those implanted in the crystal). This integration can be 
done directly with the raw data and the total γ-yield (which 
is an absolute measure of the H content) integrated over the 
beam energies gives the total hydrogen content, independ-
ent of the assumed / calculated stopping power (Becker and 
Rogalla 2016). The width of the integrated area was calcu-
lated from the energy difference between start and end of 
the profiles and the stopping cross section of dry olivine. 
This precludes the necessity to know the density. Figure 5 
shows the results of this integration as a function of the flu-
ence. Total amounts of hydrogen in the samples that were 
determined by integrating the profiles increase linearly with 

Fig. 3   Comparison between calculated H depth profiles using SRIM 
(solid lines) and H depth profiles obtained from implantation experi-
ments (filled circles) at different fluences and two energies, 10  keV 
(a) and 20 keV (b). Simulated profiles do not agree with the meas-
ured ones in terms of peak locations, widths of the peaks, and maxi-
mum concentrations, especially at higher fluences. The displacement 
of the experimental profiles toward greater depth implies that the real 
stopping power of H in olivine is smaller than that predicted by SRIM 

and the differences in peak widths indicate greater energy straggling 
in experiments. A comparison in b between implantation in sample 
SC1 along [010] (orange circles) and in sample SC3 that was tilted 
by 7° to [100] to prevent channeling effects shows only minor dif-
ferences and does not explain the discrepancy to the SRIM profile 
(orange solid line). These aspects and the absence of any saturation 
effect in SRIM profiles highlights the need to perform experiments

Fig. 4   Maximum of the implantation profiles from Fig.  2 excluding 
the surface peak, for increasing implantation fluences. The maximum 
of an implantation into an amorphous SiO2 layer is also indicated (see 
Fig. 6 and text)
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increasing fluences in the low-fluence domain (< 2×1017 at/
cm2) and almost all implanted hydrogen is retained. The 
trend deviates from complete retention for higher fluences 
(≥ 2×1017 at/cm2). Instead, retention of implanted hydrogen 
becomes less efficient with increasing fluences. This makes 
a direct observation of a complete bulk saturation in experi-
ments (i.e., the entire volume between implantation depth 
and surface is loaded with hydrogen at the local saturation 
level; see horizontal lines Fig. 5) impossible. However, the 
difference in bulk saturation values for different implanta-
tion energies in olivine appear to be caused solely by the 
larger volumes available with increasing implantation ener-
gies between surface and the range of the protons. Signifi-
cant diffusion to depths larger than the range of ions dur-
ing implantation is not observed in olivine. Based on these 
observations we estimated the maximum attainable amount 
of hydrogen in San Carlos olivine as function of ion energy 
(blue boxes in Fig. 2, solid horizontal lines “bulk saturation” 
in Fig. 5). We may define an effective depth, as the depth 
where the falling tail of the implantation curve reaches the 
50% point (see rectangular boxes in Fig. 2). This effective 
depth is 220 nm and 340 nm, for the 10 keV and 20 keV 
implantations, respectively. We note here that the cut-off at 
the 50% point i.e., at half-maximum is set arbitrarily and an 
alternate choice (e.g., 90% fall-off from the maximum value, 
closer to the tail of the curve) would lead to different numer-
ical values in the subsequent discussion; but the physical 
behavior that is discussed would remain the same. Combined 
with the values of 19.6 ± 1.6 at% for the maximum local 

concentration the cut-off at 50% fall-off leads to a maximum 
column density (i.e., bulk saturation) of 4.0 ± 0.3·1017 and 
5.9 ± 0.5·1017 at/cm2 for 10 keV and 20 keV, respectively. 
Retained amounts of hydrogen approach these bulk satura-
tion values asymptotically toward high fluences. Fits to our 
data are meant to guide the eye (2nd order power-law, solid 
curves in Fig. 5) and have no physical meaning. However, it 
is noteworthy that the equation used by Schaible and Bara-
giola (2014) attains a constant column density value with 
high fluences, whereas our experiments clearly indicate that 
bulk saturation is not attained yet at these fluences. Hence, 
their equation is unsuitable to fit our data. An adequate 
equation must fulfill following requirements: (i) The total 
amount of hydrogen must be zero at a fluence of zero. (ii) 
An increase in retained hydrogen with fluence must follow a 
linear trend with almost ideal retention up to some threshold 
in fluence. (iii) Above this threshold the retained hydrogen 
asymptotically approaches a bulk saturation that must not 
be exceeded. We note that requirement (iii) is related to 
the assumption that the available volume between penetra-
tion depth and surface is completely loaded with H at high 
fluences and no more H can be added. The details of the 
column density-fluence relation are discussed in a separate 
paper in connection to the application to water acquisition 
in the proto-planetary disk. The saturation is obtained at 
lower fluences for the 10 keV implantation, as the volume 
that can be filled by implantation is smaller due to the lower 
penetration depth at lower energies. The values reported by 
Schaible and Baragiola (2014) at 5 keV are also given in the 
figure with a saturation column density at 0.4·1017 at/cm2.

To compare our measurements employing NRRA with 
FTIR measurements of Schaible and Baragiola (2014) we 
implanted protons of 10 keV into a well-defined layer—
namely, an amorphous electronic grade SiO2 layer of 300 nm 
thickness grown by dry thermal oxidation of a silicon wafer 
(Siegert Wafer GmbH, Germany). Like in the work of Schai-
ble and Baragiola (2014), the implantation was done with a 
fluence of 1×1017 at/cm2, which is far above the saturation 
level. Figure 6 shows the hydrogen depth profile of the layer 
before and after the implantation. The characteristics of the 
profiles are completely different from those in olivine—no 
Gaussian shaped profile is recognizable, and the entire layer 
is homogeneously loaded with a mean hydrogen concentra-
tion of 1.71 ± 0.11 at% of H. The nominal thickness of the 
amorphous layer is very well reproduced by the measure-
ment, i.e., the analyzed hydrogen depth profile is 300 nm 
long. In this case the total hydrogen retained in the layer is 
dependent on the thickness of the layer, which was 300 nm 
in our case. The column density that is obtained by inte-
grating the area is 3.71 ± 0.24 at/cm2. The column density 
denotes the hydrogen concentration in the sample integrated 
over the entire depth (unit = at/cm2) in contrast to the con-
centrations given at a given depth (unit = at/cm3). The layer 

Fig. 5   Column densities measured for increasing implantation flu-
ences and implantation energies of 10 (yellow) and 20 keV (green). 
Data from Schaible and Baragiola (2014) with an implantation energy 
of 5 keV are given for comparison (gray). The solid black line indi-
cates the case when all implanted ions would be retained in the sam-
ple
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implanted in the work of Schaible and Baragiola (2014) had 
a thickness of 200 nm and a column density of 2.4 ± 0.3 
at/cm2 (estimated from their Fig. 4). Our value scaled to 
200 nm would be 2.47 ± 0.16 at/cm2, which is in excellent 
agreement with the results of Schaible and Baragiola (2014). 
The difference in the outcome of H implantation between 
olivine and an amorphous SiO2 film also highlights how the 
implantation behavior depends on the nature of the material 
being implanted.

For an extrapolation of the maximum column density 
toward lower energies the ranges of protons at lower ener-
gies are needed, as our experimental results indicate that 
the amount of retainable H is controlled by the available 
volume between surface and penetration depth. Since the 
ranges given by SRIM do not agree with our measured 
values, we use our values for the effective depth and use 
these with the energy dependence of ranges given by 
SRIM. The resulting total column densities are given in 
Fig. 7 as a solid line, with upper and lower limits shown 
as dashed lines showing the limits of uncertainty of our 
measurements. The results of Lord (1968) and Schaible 
and Baragiola (2014) for implantation in olivine are also 
shown for comparison. The value of Lord (1968) is sub-
stantially higher while the result of Schaible and Baragiola 
(2014) is somewhat lower. The difference of our results 
from the early data of Lord (1968) might be due to the 
experimental difficulties connected with the desorption 
measurements. Notably, a desorption experiment cannot 
distinguish between the implanted H and the H adsorbed 

on the surfaces of crystals, and the additional adsorbed 
H would cause the results to deviate in the right direc-
tion i.e., higher than the values measured by us (where 
adsorbed H could be excluded, see above). When com-
paring our results to the results of Schaible and Baragiola 
(2014) one has to keep in mind that FTIR measurements 
determine the hydrogen bound in OH groups only while 
the NRRA techniques measures the total hydrogen content 
independent of the nature of chemical binding (e.g., (OH), 
H, H2 etc. are all “seen” by the technique). Again, this may 
explain the direction of deviation of the results (lower) 
from ours (see also a separate paper Jiang et al., in prep.).

Our depth profiles of implanted hydrogen in olivine as a 
function of fluence reflect how hydrogen concentrations in 
planetary materials, like olivine, may evolve during solar 
wind irradiation. Hydrogen penetrates to a certain depth 
and accumulates at this depth until the saturation level is 
reached. Although, the penetration depth of hydrogen is 
only tens to hundreds of nanometers, the saturation level 
of hydrogen found in this study (several wt% in olivine) far 
exceeds the hydrogen solubility in olivine coexisting with 
water under the same condition (~ 10–18 wt% at 300 K, 
extrapolated from Zhao et al. 2004). For micrometer-sized 
dusts in the protoplanetary disk, one could expect a large 
mass fraction of hydrogen. To evaluate the solar wind 
contribution in more detail, more factors like dust size, 
exposure time to solar wind, disk structure need to be con-
sidered. Also, further experiments to study the potential 

Fig. 6   Hydrogen depth profile of an amorphous SiO2 layer of 300 nm 
nominal thickness implanted with 1×1017 at/cm2. The open circles 
show the hydrogen profile of the layer before the implantation. Note 
the difference in shape of this profile in comparison to those for oli-
vine, see text for details

Fig. 7   Raw estimation for the saturation of hydrogen implantation in 
olivine as a function of the implantation energy. The results of pre-
vious work are also given (see text). The dashed lines indicate the 
uncertainties based on the error of the determination of the saturation 
peaks in Fig. 2
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role of amorphization affecting the saturation are expected 
in the future.

Summary and conclusion

The implantation profiles of protons in olivine implanted 
with ion beams of 10 keV and 20 keV have been studied 
with the Nuclear Resonance Reaction Analysis. We found 
that the saturation in the retention of implanted ions is due 
to a maximum local concentration of hydrogen in olivine by 
implantation. This local saturation is independent of beam 
energies. Thus, the total amount of hydrogen that can be 
retained in San Carlos olivine is a function of the proton 
range, which is greater for higher ion energies. We measured 
the saturation column density for implantation energies of 
10 and 20 keV to be 4.0 ± 0.3·1017 and 5.9 ± 0.5·1017 at/
cm2 respectively (subject to certain assumptions, as outlined 
above). An approximate functional form to extrapolate these 
results toward lower energies that may be relevant for cal-
culations involving solar winds is presented. Solar wind 
irradiation could be a possible source for the hydrogen of 
terrestrial planets.
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