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• Fabrication of 3He nanocomposite films
as solid targets for nuclear reactions

• More than 99.5% reduction in 3He gas
consumption by quasistatic sputtering
deposition

• The 3He content was over 1 × 1018 at/
cm2 for foil thicknesses between 1.5
and 3 μm.

• Targets show adequate stability for re-
actions performed in inverse kinematic.
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Nanoporous solids that stabilize trapped gas nanobubbles open new possibilities to fabricate solid targets for nu-
clear reactions. A methodology is described based on the magnetron sputtering (MS) technique operated under
quasistatic flux conditions to produce such nanocomposites films with 3He contents of up to 16 at.% in an
amorphous-silicon matrix. In addition to the characteristic low pressure (3–6 Pa) needed for the gas discharge,
the method ensures almost complete reduction of the process gas flow during film fabrication. The method
could produce similar materials to those obtained under classical dynamic flux conditions for MS. The drastic re-
duction (N99.5%) of the gas consumption is fundamental for the fabrication of targets with scarce and expensive
gases. Si:3He and W:3He targets are presented together with their microstructural (scanning and transmission
electron microscopy, SEM and TEM respectively) and compositional (Ion Beam Analysis, IBA) characterization.
The 3He content achieved was over 1 × 1018 at/cm2 for film thicknesses between 1.5 and 3 μm for both Si and
Wmatrices. First experiments to probe the stability of the targets for nuclear reaction studies in inverse kinemat-
ics configurations are presented.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

An increasing interest in developing light gas targets for nuclear sci-
ence and high energy density research has been developed in recent
years [1–5]. In nuclear physics the advent of radioactive beam facilities
will allow to further probe stability and to uncover in detail the nature
of the nucleus-nucleus interaction. In this endeavour, transfer reactions
have been demonstrated as optimal to identify the behaviour of nuclear
forces. In contrast with studies where stable beams are used, when one
uses radioactive ion beams, the reactions are performed in inverse kine-
matics, i.e., the heavy beamon a light target [1,2]. Due to the gaseous na-
ture of most of the light target ions of interest, gas targets (i.e., He, Ne
andH isotopes) for nuclear structure and reaction studies have been de-
veloped [3,6,7]. Gas targets or gas cells can also be used for the produc-
tion of radioactive isotopes [8] or for the fabrication of particle detectors
(i.e., neutrons) [9].

Dependingon the application gas cells [1], foilswith implanted gases
[10,11], windowless gas targets [12,13], cryogenic targets [14], or active
targets [15,16] have been used. The requirements of the targets depend
on the specific application [1,3]. Limitations may be considered for dif-
ferent types of targets with respect to different aspects, such as compat-
ibility with the detection setup in each particular experiment; low
stability; low gas (mass/cm2) and high impurity contents; background
reactions and straggling by cells windows [1,3]; or large gas consump-
tion, for example, in windowless gas jet devices [12,13].

In this context, we have previously proposed a novel type of “solid He
targets” [17] composed of gas nanobubbles trapped within a nanoporous
solidmatrix that are able to stabilize the gas at ultrahigh density and pres-
sure in ambient conditions [18–20]. These targets have been fabricated by
magnetron sputtering in the form of self-supported foils, or supported on
adequate substrates, and allow areal atomic densities of 4 × 1018 at/cm2

to be achieved for helium in amorphous silicon [17]. These nanocompos-
ite films can overcome limitations of cryogenic or gas cell based systems,
which are bulky and difficult to handle, thus facilitating usage, reducing
energy straggling effects and simplifying geometry for calculations. Also
the thin film nature and the stability of the trapped gas targets make
them unique for specific experiments, such as those devoted to lifetime
measurements [21]. There are papers in the literature that also refer to
the incorporation of the process gas in coatings grown by MS. These
works are however mainly oriented to understand the mechanism of
He trapping and materials degradation in nuclear technology [22].

The present paper demonstrates how the proposed methodology
could be suited for cases of scarce, radioactive or expensive gases by
drastically reducing the gas consumption during fabrication. This meth-
odology is a research breakthrough, especially for targets enriched in
expensive and strategic gases such as the 3He isotope. A previous
work [23] showed the formation of TiHxHe films by MS using
hydrogen-helium-argonmixtures as process gas. Thework aimed to in-
vestigate the damage (helium embrittlement) in hydridematerials. 4He
and hydrogen have been used instead of 3He and tritium which are the
ones of final interest for the nuclear sector. Themethodology presented
here is thought tomake these targetmaterials accessible by radically re-
ducing the gas consumption during fabrication. In addition to fabrica-
tion and characterization the paper also shows first evaluation and
testing of the 3He-rich solid nanocomposite films for nuclear reactions
in inverse kinematic configuration.

Also different topics have been recently referred for laser driven high
energy-density plasma investigations: Laser driven inertial confine-
ment fusion [4,24], laser driven high energy ion beams generation
[25], or the irradiation of deuterated nanostructureswith ultrafast lasers
to efficiently create ultra-high energy density plasmas and drive D-D fu-
sion reactions [5]. The here presented methodology to fabricate easy to
handle “solid-gas” nanocomposite films as 4He and 3He targets could be
potentially relevant also in these fields.

The strategic value of the materials and methodology presented in
this paper has beenproved at the laboratory scale for research purposes.
The low consumption strategy has been crucial for runningmultiple ex-
periments in the laboratory for on demand design with a low cost. Fu-
ture relevance is however envisaged when considering the strategic
value, and actual concerns about resources, of the 3He isotope [26].

2. Experimental section

The 3He-rich solid targets were prepared within a conventional
magnetron sputtering deposition chambermodified to operate in an in-
novative static or quasistatic [27] procedure. Due to pressure fluctua-
tions during film deposition, fully static conditions are not possible.
Experimental modifications were necessary to perform very small ad-
justments to the working pressure (i.e., quasistatic conditions), as de-
scribed in detail in the “Results and discussion” section. The chamber
is equipped with a 2-inch magnetron head with a target to sample-
holder distance of 10 cm. Si (99.999% purity, Neyco) andW (99.95% pu-
rity, Neyco) cathodes were used for the fabrication of Si:He, Si:3He, W:
He andW:3He samples. Helium (He) as process gas refers to the natural
isotope distribution (mainly 4He) as supplied by Air Liquide (99.999%).
3He refers to the pure isotope as received from Chemgas (≥99.9%).
Table 1 summarizes the nomenclature of the investigated samples
along with the experimental parameters used for their synthesis. In
the case of natural He the use of dynamic or static mode is indicated
in the sample label. The thin filmswere synthesized on a variety of sub-
strates demonstrating the versatility of the deposition technique. Silicon
substrates were typically 525 μm thick (100) wafers, while gold sub-
strates were foils of 10 mg/cm2.

The thickness and morphology of the films were examined by scan-
ning electron microscopy (SEM) by employing a HITACHI S-4800 SEM-
FEG microscope. The samples deposited on silicon substrates were
cleaved and observed as such in cross-sectional views at 1–2 kV.

The nanostructure of the nanocomposite films was investigated at
the Laboratory of Nanoscopies and Spectroscopies (LANE-ICMS, Sevilla,
Spain) by Transmission Electron Microscopy (TEM) using a Jeol
2100Plus and a Tecnai G2 F30 TEM operated at 200 and 300 kV, respec-
tively. The cross sectional TEM samples were prepared by mechanical
polishing and dimple grinding of the coatings deposited on silicon,
followed by Ar+ ionmilling to electron transparency. The pore distribu-
tionwas evaluated fromTEMmicrographs by binarizing themandusing
the “Analyze Particle” function of ImageJ software [28].

The elemental depth profiles of the coatingswere determined by IBA
(ion beam analysis) techniques at the SIAM (synthesis, irradiation and
analysis of materials) platform of the University of Namur (Belgium)
using a 2M-Tandetron Linear Accelerator from HVEE. A general discus-
sion about thinfilms depth profiling by IBA can be found in Ref. 29. Sam-
ples grown on silicon substrates were measured as received using
proton- or alpha-beams in the following conditions:

i) With the alpha-beam, the samples were first analyzed at 2.4 MeV in
tilted incidence to determine theH content by ERD (elastic recoil de-
tection). Then EBS (elastic backscattering spectrometry) spectra
were collected from the same location at various incident energies,
namely, at 3.05 MeV to determine the oxygen content [30], at
3.75 MeV to determine the nitrogen content [31], and at 4.3 MeV
to determine the carbon content [32].

ii) Proton-beam at 2.5 MeV for sensitivity to helium by proton-EBS (p-
EBS). It should be noted that the 3He signal observed by p-EBS was
well resolved from the 4He signal because of the variation of the ki-
nematic factor. For the data reduction, the 3He(p,p)3He cross-section
measured by Langley [33] and that of 4He(p,p)4He provided by
SigmaCalc [34] were used.

The particle (PIPS) detectorswere set at 165, 135 and 30 degrees rel-
ative to the incident beamdirection,while the PIXE (particle-inducedX-
ray emission) detectorwasmounted at 135degrees opposite to the PIPS



Table 1
Nomenclature and deposition parameters for the investigated samples.

Sample Deposition procedure Substratea He or 3He pressure (Pa) RF power (W) Deposition time (h) Thicknessb (μm)

a-Si:He/dynamic Dynamic Si 5 150 10 2.96 ± 0.04
a-Si:He/static Quasistatic Si 5 150 3 1.16 ± 0.02
a-Si:3He/150 W Quasistatic Si/SiC 5 150 14 1.7 ± 0.2
a-Si:3He/200 W Quasistatic Si 5 200 20 2.7 ± 0.6c

W:He/5 Pa/200 W/static Quasistatic Si 5 200 10 1.3 ± 0.1
W:3He/3.5 Pa/200 W Quasistatic Si, gold foil 3.5 200 15 0.66 ± 0.01
W:3He/5 Pa/300 W Quasistatic Si, gold foil 5 300 16 2.5 ± 0.6c

a Distance from substrate to target was 10 cm for all samples.
b Measured from SEM cross-section (at different positions and cleaved areas).
c For these samples and additional profilometry analysis showed Ra roughness also in the range of 0.6 μm.
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detectors. The EBS spectra were used to determine the composition of
the major elements, while trace elements were derived from the PIXE
analysis.

Target stability tests were performed on a W:3He sample with a
beam of 64Zn, whichwas accelerated by the PIAVE-ALPI [35,36] acceler-
ator complex at an energy of 275MeV and an intensity varying between
0.5 and 5 pnA. For this test experiment, the GALILEO [37] γ-ray array
was employed together with the Neutron-Wall [38] neutron detector
array and the EUCLIDES [39] light charged particle detector array.

3. Results and discussion

3.1. A quasistatic procedure for magnetron sputtering thin film deposition

The magnetron sputtering procedure is based on the plasma gener-
ation, by glow discharge of a low pressure gas, in a chamber equipped
with a magnetron head incorporating the target material to be depos-
ited as a cathode. It is usually recommended to establish the working
gas pressure in the chamber by introducing a given gas flow and con-
trolling the aperture of a throttle valve that is connected to a continuous
pumping system [40]. This dynamic procedure is thought to facilitate
the stability of the working pressure and to improve the purity of work-
ing gas by a continuous renewal of the gas. A quasistatic procedure has
been developed at theMaterials Science Institute in Seville (ICMS-CSIC)
[27] to carry out the magnetron sputtering deposition procedure under
the conditions of a very low consumption of the working gas. In this
paper the application of this methodology to the fabrication of 3He-
rich solid targets is presented. To the best of our knowledge such a
quasistatic procedure was only considered in the context of gas
Fig. 1. Scheme of the experimental setup designed for the magnetro
convention studies during Ar sputtering deposition of molibdenum
[41] or in a laser-induced chemical vapour deposition of aluminum [42].

Fig. 1 shows a schematic diagram of the deposition chamber and in-
dicates themain components. Special characteristics for thework under
low consumption conditions are the needle valve (1) and the small gas
tank (50mL)with a pressure sensor. In contrast to the conditions of dy-
namic flux, the “to vacuum” throttle valve (2) is closed after the estab-
lishment of the residual vacuum conditions. The desired working gas
pressure is established by carefully opening and closing the needle
valve (1). From this static condition, the plasma can be ignited. Fluctua-
tions in the working gas pressure are then corrected by minimum ac-
tions on the needle valve (1) and/or the throttle valve (2), leading to
the so-called quasistatic conditions. In addition to the amount of gas
(He and 3He in this work) necessary to fill the deposition chamber
with very low pressures (3–6 Pa for the gas discharge to occur), the
method required only intermittent gas fluxes (several seconds) of a
maximum of 0.1 mL/min. Pressure fluctuations are mainly due to gas
temperature variations under the plasma discharge and the He/3He
gas incorporation into the growing film. Purging of the 3He line and
the small gas tank were also conducted by filling and pumping cycles
(not under flow conditions). The line and tank are therefore kept
under overpressure by refilling when necessary to avoid contamination
by air.

To establish the feasibility of the quasistatic methodology, experi-
ments were undertaken to compare amorphous silicon coatings fabri-
cated with helium under dynamic or quasistatic conditions with the
same deposition parameters (i.e., working pressure, target to substrate
distance and RF source power). The microstructural analysis of the
two samples, a-Si:He/dynamic and a-Si:He/static (see Table 1), was
n sputtering deposition process in static or quasistatic regimes.



Fig. 2. SEM (a, c) and TEM (b, d) cross section images of the a-Si:He samples grown under dynamic (top) and quasistatic (bottom) conditions.
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performed by SEM (see Fig. 2a and c). A similar structure is observed for
both samples, with small closed pores already visible (in dark contrast)
at low magnification. Tables 1 and 2 summarize film thicknesses (and
deposition rates) as evaluated by SEM images. It can be concluded
that the work under the quasistatic regime substantially affects neither
the formation of nanopores (trapped gas) nor the deposition rate. TEM
images at highermagnification in Fig. 2b and d allow the detailed obser-
vation of the closed porosity (in bright contrast), showing broad size
and aspect ratio distributions of the nanopores (gas bubbles). Pore
size and aspect ratio histograms are shown in the supporting informa-
tion (Fig. S1, ESI) together with a description of the image analysis pro-
cedures. Both deposition regimes lead to similar pore size distributions,
ranging from a low limit of 0.5 nm to 40 nm. A similar mean size of ap-
proximately 7 nm was found for dynamic and quasistatic conditions,
with a mean aspect ratio of 0.6 ± 0.2 in both cases. Further details are
presented in Fig. S1 and ESI.

Amain point is the determination of He content, and possible impuri-
ties, in both operational conditions. A summary of the IBA results is in-
cluded in Table 2 (for atomic % composition) and in Table 3 (for an
Table 2
Deposition rate and composition for the investigated samples.

Sample Deposition ratea (nm·min−1) at.% Si at.% W at.% 4H

a-Si:He/dynamic 4.9 ± 0.1 64.3 ± 3.8 – 28.1 ±
a-Si:He/static 6.4 ± 0.2 62.4 ± 1.6 – 28.9 ±
a-Si:3He/150 W 2.0 ± 0.2 78.8 ± 3.0 – 2.0 ± 0
a-Si:3He/200 W 2.3 ± 0.5 88.8 ± 2.3 – –
W:He/5 Pa/200 W/static 2.2 ± 0.2 – 61.5 ± 3.9 24.6 ±
W:3He/3.5 Pa/200 W 0.73 ± 0.02 – 65.1 ± 3.8 –
W:3He/5 Pa/300 W 2.6 ± 0.6 – 64.6 ± 2.1 –

a Calculated from SEM cross-section images and the deposition time.
b Traces of Ti, Cr, Ni, Fe, Cu, Ta.
c bLOD: Bellow the limit of detection. Typically 2–3 at.% for N and 1 at.% for C. At the analysi
d From pipes residual He. The IBA analysis allows unambiguous differentiation of 3He and 4H
absolute determination of areal densities given in 1018 atom/cm2). Essen-
tially, Si, He, O, C, N, H, and other possible contaminants from the deposi-
tion chamber (i.e., traces of Ti, Cr, Ni, Fe, Cu, and Ta) have been analyzed.
Fig. S2 (ESI) presents the p-EBS spectra obtained with a 2.5 MeV proton
beam for both samples. The intense peak corresponding to the 4He
trapped within the films can easily be observed at approximately
900 keV. The elemental depth profiles derived from IBA for these samples
are also shown in Fig. S2. According to these results (see Tables 2 and 3), it
can be concluded that neither a significant increase in undesired elements
nor a decrease in the 4He content can be observed for the quasistatic re-
gime compared to the dynamic regime for the same experimental condi-
tions. Indeed, considering the uncertainties given in Table 2, the
compositions of both samples are indistinguishable from each other,
with a 4He incorporation of approximately 29 at.% (that is, 4He/Si ratio
of approximately 0.45) and an impurity level b2 at.% for C, O, and N and
b7 at.% for H. The only noticeable difference between both films is their
thickness, 2.96± 0.04 μm for dynamic films and 1.16±0.02 μm for static
films, but this difference is simply due to the deposition time used for
both films (10 h vs. 3 h, respectively). The helium areal density achieved
e at.% 3He at.% C at.% O at.% N at.% H at.% othersb

1.7 – 0.6 ± 0.1 1.6 ± 0.1 bLODc 5.0 ± 0.3 0.5 ± 0.1
1.3 1.2 ± 0.1 0.8 ± 0.2 bLODc 6.7 ± 0.5 Low b 0.5%
.1d 15.8 ± 0.6 3.4 ± 0.2 bLODc Not analyzed Not analyzed Low b 0.5%

8.4 ± 0.4 1.4 ± 0.1 0.9 ± 0.1 bLODc 0.5 ± 0.1 Low b 0.5%
0.7 – bLODc 4.6 ± 1.0 2.8 ± 0.6 4.4 ± 0.3 2.0 ± 0.4

7.5 ± 0.8 3.4 ± 0.3 10.6 ± 1.1 bLODc 11.3 ± 0.7 2.0 ± 0.5
8.6 ± 0.4 14.4 ± 1.1 2.4 ± 0.3 bLODc 10.1 ± 2.7 Low b 0.5%

s conditions of the a-Si:3He/150 W sample, LOD was 5 at.% for O.
e.



Table 3
Areal densities for the given layer thicknesses of investigated samples.

Sample Thicknessa (μm) Areal density (1018 at/cm2)b At ratio 4He/Mc At ratio 3He/Mc

4He 3He Si W

a-Si:He/dynamic 2.96 ± 0.04 3.9 ± 0.2 – 8.9 ± 0.5 – 0.44 ± 0.03 –
a-Si:He/static 1.16 ± 0.02 1.70 ± 0.08 – 3.7 ± 0.1 – 0.46 ± 0.02 –
a-Si:3He/150 W 1.7 ± 0.2 0.16 ± 0.01d 1.28 ± 0.05 6.4 ± 0.2 – 0.025 ± 0.001 0.20 ± 0.01
a-Si:3He/200 W 2.7 ± 0.6 – 1.12 ± 0.06 11.8 ± 0.3 – – 0.095 ± 0.005
W:He/5 Pa/200 W/static 1.3 ± 0.1 2.0 ± 0.1 – – 4.9 ± 0.3 0.41 ± 0.03 –
W:3He/3.5 Pa/200 W 0.66 ± 0.01 – 0.29 ± 0.03 – 2.5 ± 0.1 – 0.12 ± 0.01
W:3He/5 Pa/300 W 2.5 ± 0.6 – 1.10 ± 0.05 – 8.3 ± 0.3 – 0.13 ± 0.01

a Calculated from SEM cross-section images.
b Determined by p-EBS for the total thickness.
c M refers to Si or W.
d From pipes residual He. The IBA analysis allows unambiguous differentiation of 3He and 4He.
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for the a-Si:He/static sample is 1.7 × 1018 at/cm2 for 1.16 μm thickness.
These are very important results in this work, as the quasistatic method-
ology is validated as an adequate low gas consumption option for the fab-
rication of these targets. The capability of reproducing the results when
changing fromdynamic to static conditions, while keeping the deposition
parameters (sputtering power, working gas pressure and target to
sample-holder distance), is a good indication of the reproducibility of
the sputtering methodology.

An important final consideration in this section is the evaluation of
the gas consumption reduction of the quasistatic vs dynamic regime.
For the fabrication of the a-Si:He/dynamic sample a continuous helium
flow of 50 mL/min was used. For comparison in the quasistatic experi-
ment only punctual fluxes of maximum 0.1 mL/min (according to spec-
ifications of the needle valve) were used for a few seconds. Therefore
the gas consumption reduction has been estimated to be in any case
higher than 99.5%, even considering preliminary steps for He plasma
stabilization in the quasistatic regime.
Fig. 3. SEM (a, c) and TEM (b, d) cross section images of the a-S
3.2. Fabrication under quasistatic conditions and characterization (micro-
structural and chemical) of a-Si:3He, W:He and W:3He layers

Fabrication of Si- and W-based films has been undertaken in a 3He
plasma under quasistatic conditions that guarantee the very low con-
sumption of the process gas. For comparative purposes, a W:He sample
has also been prepared in the quasistatic regime. Although previous pa-
pers have reported 3He solid targets fabricated by ion implantation
[43,44] or under cryogenic conditions [45], the gas consumption was
to our knowledge not optimized in previous works. In this section of
the paper, in addition to the extremely low 3He consumption, the per-
formance of the fabricated targets is reported with respect to the
trapped gas amount, target homogeneity (vertical distribution of
trapped gas), and control of impurities. An additional advantage of the
presented procedure is the use of MS, a well-established and relatively
inexpensive technology, widely used on an industrial scale for the pro-
duction of layers and coatings.
i:3He/150 W (top) and a-Si:3He/200 W (bottom) samples.
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3.2.1. The a-Si:3He layers
First, two amorphous Si:3He samples were grown with RF power of

150 and 200 W (see Table 1). Fig. 3 presents the SEM and TEM images
for both samples. Cross sectional SEM (a and c) allows one to determine
the thicknesses of the deposited layers. The SiC interlayer shown for the
a-Si:3He/150W sample has been highlighted by IBA (see Fig. 4 and de-
tails below). Variations in thicknesses are observed in these samples
due to surface roughness, especially for the a-Si:3He/200 W sample.
Some closed pores are visible as dark contrast features by SEM in the
high magnification inset in Fig. 3c. Nevertheless, only the high resolu-
tion TEM images (b and d) could unambiguously demonstrate the pres-
ence of the closed nanoporosity (bright contrast features with trapped
gas). In a general observation, smaller and narrower pore size distribu-
tions were found for the samples grown with 3He (~4 nm; see Fig. S3),
compared to the natural He samples (~7 nm; see Fig. S1). Additionally,
larger pores are not observed for Si:3He films, while smaller and elon-
gated pores were profusely present, as indicated by their aspect ratio
histograms (see Fig. S3), which showed a mean value approximately
0.5 (vs. ~0.6 for Si:4He films; see Fig. S1).

Once again, atomic compositions and areal densities derived from
IBA analysis are summarized in Tables 2 and 3. Fig. 4 (left) shows the
p-EBS spectra obtained with a 2.5 MeV proton beam for both a-Si:3He
samples, where the intense peak arising at approximately 650 keV cor-
responds to the 3He trapped within the Si-based films. For a-Si:3He/
150 W, a small 4He signal, likely arising from residual pipe He, was
also detected (signal approximately at 900 keV). This result shows the
Fig. 4. Left: Experimental proton EBS-spectra (dark grey curves) acquired at 165 degrees and 2.
(red) and the separate contributions of elemental curves (O in cyan, C in dark green, 3He in pur
IBA analysis (i.e., combining various beam conditions as described in the experimental section).
gradient observed in the a-Si:3He/200W can be attributed to the roughness of coating. (For inte
version of this article.)
unambiguous differentiation of 3He and 4He by IBA. Depth profiles de-
rived from IBA are presented for both samples in Fig. 4 (right). For a-
Si:3He/150 W, the formation of a SiC interlayer (grown during the first
steps of deposition) and the top growth of the Si:3He layer are demon-
strated. For the thickest a-Si:3He/200 W sample, the profiles (stepped
shape) are also in agreementwith the larger thickness variation (rough-
ness) observed by SEM for this sample. The obtained results in Tables 2
and 3 allow us to conclude that 3He is incorporated in both samples,
with a maximum of 16 at.% achieved for the layer grown at 150 W. Re-
garding the impurities (i.e., C, O, N and H), their level remains below 4
at.% for both samples. The helium areal density achieved for the sample
grown at 150 W is (1.3 ± 0.1) × 1018 at/cm2 for (1.7 ± 0.2) μm film
thickness and a 3He/Si atomic ratio of 0.20 ± 0.01.

These results present, for the first time, the fabrication of 3He solid
targets based on the magnetron sputtering deposition methodology
under quasistatic low gas consumption conditions. The higher 3He/Si
atomic ratio incorporated at 150 W, as compared to 200 W, can be ex-
plained for similar pores densities as a consequence of the higher aver-
age pore size at higher voltage (~3 nm for 150W vs ~5.5 nm for 200W,
see Fig. S3). According to previous results with Si:He samples grown
under dynamic regimen, higher voltages lead to bigger pores which sta-
bilize lower He densities [18–20].

The obtained results in this section also show that moving from 4He
to 3He (for the same experimental conditions) leads to a significant re-
duction in the process gas incorporation from 4He/Si≈ 0.45 to 3He/Si≈
0.20. In Section 3.1, we have demonstrated that there is not influence in
5MeV from the a-Si:3He/150W and a-Si:3He/200W samples, alongwith the fitted curves
ple, 4He in orange, and Si in dark blue). Right: Elemental depth profiles derived from Total-
The depth profile for the a-Si:3He/150Wshows thepresenceof a SiC interlayer,while the Si
rpretation of the references to colour in this figure legend, the reader is referred to theweb
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the He content when moving from dynamic to quasistatic regime,
therefore the difference may be due to an intrinsic behaviour of the
film growth under 4He compared to 3He plasma.

3.2.2. The W:He and W:3He layers
Tungsten was selected with the aim of investigating a high atomic

number matrix material. W is metallic, leads to polycrystalline films
by sputtering and was tested in this work by quasistatic magnetron
sputtering deposition with both 3He and natural He plasmas. Samples
were grown with RF power of 200 W and 300 W (Table 1).

Fig. 5a and b respectively present the SEM and TEM images for the
W:He/5 Pa/200 W/static sample grown with natural He. The cross sec-
tional SEM image was used for thickness determination and shows a
more granular texture for the polycrystallineW in comparison to amor-
phous silicon. Dark contrast features in the SEM images (see Fig. S4) al-
ready indicate the presence of closed pores (with trapped gas) that are
much better observed as bright contrast features in the high resolution
TEM image (Fig. 5b). Closed pores have broad size and shape distribu-
tions (see Fig. S5). The mean pore size of 4He bubbles trapped in a W
matrix was found to be smaller (~5 nm) than that of the 4He bubbles
trapped in Si-based films grown under similar conditions (~7 nm;
Fig. S1). Regarding the mean aspect ratio, W-based films are found to
be similar to Si-based films, with a mean value of 0.6 indicating the for-
mation of elongated pores. Elemental composition derived from IBA
gives values of 25 at.% for 4He incorporation, with impurity levels
below 5 at.% for C, O, N and H (See Tables 2 and 3). Helium areal densi-
ties for this sample achieved (2.0 ± 0.1) × 1018 at/cm2 for (1.3 ± 0.1)
μm thickness and a He/W atomic ratio of 0.41 ± 0.03. It is worth men-
tioning that the amount of trapped helium in the case of tungsten is
smaller than the one obtained with 4He in a Si matrix at 150 W (a-Si:
He/static sample). This effect ismostly due to the lower pore density ob-
tained in the case of tungsten as observed in the TEM images (Fig. 5b vs
Fig. 5. (a) SEM images of the W:He/5 Pa/200W/static sample grown on a Si substrate. (b) TEM
EBS-spectrum (dark grey) acquired at 165 degrees and 2.5MeV alongwith thefitted curve (red
blue). (For interpretation of the references to colour in this figure legend, the reader is referred
Fig. 2d). Fig. 5c shows the p-EBS spectra obtained from this sample, with
the intense 4He peak arising at approximately 900 keV. These are im-
portant results in this work because the quasistatic methodology is
also validated for the W:He system.

Fig. 6a and b present the SEM cross sectional images obtained for the
W:3He/3.5 Pa/200W andW:3He/5 Pa/300 W samples grown with 3He.
In addition to thickness determination (Table 1), the images also show a
more granular texture, which is characteristic for the polycrystalline W
(this was already observed for the natural He case). Closed pores are
clearly visible as bright contrast features in a representative high resolu-
tion TEM image for the W:3He/3.5 Pa/200W sample (Fig. 6c). The pore
size and shape distribution histograms are shown in Fig. S5 (ESI). A
mean pore size of approximately 2 nm was found for the W:3He/
3.5 Pa/200 W sample, which is significantly smaller than the mean
pore size of W:4He (~5 nm). As in the case of silicon, the change from
natural He to 3He leads to narrower distributions and smaller sizes of
the trapped bubbles. Regarding the mean aspect ratio, the values are
in agreement with elongated pores with an average aspect ratio of 0.6.
The elemental composition derived from IBA gives 3He contents of ap-
proximately 8 at.%. Fig. 6d illustrates the representative p-EBS spectra
obtained for the W:3He/5 Pa/300 W sample, with the 3He peak arising
at approximately 650 keV. The helium areal density obtained for this
sample (the thicker one) is (1.10 ± 0.05) × 1018 at/cm2 for (2.5 ±
0.6) μm thickness and a He/Si atomic ratio of 0.13 ± 0.01. It is worth
mentioning that, similarly to Si-based films, the 3He incorporation in
W is lower compared to 4He. This is remarkable in the case of the
W:3He samples due to a lower pore density. The main drawback for
both W:3He samples is the impurity levels for C, O, and H, which can
reach values of over 10 at.%. These contaminants, as present in the resid-
ual chamber vacuum, appear to bemore reactive forW than for Si in the
activated plasma phase. The effect is more remarkable for 3He than for
4He. Careful work by following ultra-high-vacuum procedures (e.g.
image of this sample with pores visible as bright contrast areas. (c) Experimental proton
) and the separate elemental curves (O in cyan, 4He in orange,W inmagenta, and Si in dark
to the web version of this article.)



Fig. 6. (a, b) SEM images of theW:3He/3.5 Pa/200WandW:3He/5 Pa/300W samples grown on a Si substrate. (c) Representative TEM image of theW:3He/3.5 Pa/200W samplewith pores
visible as bright contrast areas. (d) Experimental proton EBS-spectra (dark grey) acquired at 165degrees and 2.5MeV from theW:3He/5 Pa/300Wsample alongwith thefitted curve (red)
and the separate elemental curves (O in cyan, C in dark green, 3He in purple, W in magenta and Si in dark blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. (Left) Counting rate for one of the forward EUCLIDES detectors of the 3He signal for
the W:3He/3.5 Pa/200 W sample as a function of the beam irradiation time with a 64Zn
probe beam at 275 MeV energy. The rate is normalized over the beam intensity. (Right)
Photographs of the gold foil support in a frame before deposition (a) and the deposited
W film with 3He as prepared (b) and after the inverse kinematic experiment (c). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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baking installations, exclusive use of copper gaskets) in conjunction
with better target purity and cleaning will address this concern. Never-
theless we have been able to demonstrate the incorporation of 3He in
tungsten by the proposed bottom-up methodology. The advantage of
low gas consumption and the possibility to increase, by increasing the
film thicknesses, the total amount of 3He up to the range of 1018 at/
cm2 areal densities are clearly demonstrated in this work. In addition
further work is still needed to screen the process parameters seeking
for optimization of the 3He incorporation.

3.3. First experiments to probe stability of the targets for nuclear reaction
studies

One of the main concerns with the new targets was the possible
evaporation of 3He during experiments, mainly due to heating caused
by the probe beam energy loss. In particular, the stability of the sup-
ported W:3He/3.5 Pa/200 W film, as solid target for experiments in in-
verse kinematics, was investigated in this work. The EUCLIDES array
was used according to descriptions in the experimental section. The
3He was expelled out of the target due to the elastic scattering with
the 64Zn probe beam and was detected in the ΔE-E telescopes. The
counting rate is directly proportional to the density of 3He inside the tar-
get; therefore, bymonitoring this value, it was possible to determine the
effect of evaporation. The result is presented in Fig. 7, which shows the
change in the counting rate normalized over the beam intensity as a
function of time. In the span of 11 h, even with beam current between
2.4 and 5 pnA, the rate decreases by a factor of 3.

While 3He does indeed evaporate from the target, as expected, the sta-
bility is deemed excellent. It may be considered that envisaged experi-
ments in inverse kinematic configuration will utilize this kind of target
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withRIBs (radioactive ion beams), the intensity ofwhich is expected to be
4–5 orders of magnitude lower than that of the beam used in this exper-
iment. In those conditions, the impact of 3He evaporation from targetmay
be negligible. The stabilization of the trapped nanobubbles within the
solid matrix additionally leads to an easy handling and a high stability
for years [17] of these targets under ambient conditions. It has been also
included in Fig. 7 macroscopic photographic visualizations of the gold
foil support in a frame before deposition (a); as well as, the deposited
W filmwith 3He both as prepared (b) and after the experiment in inverse
kinematic harsh conditions (c). Furtherwork is still needed to understand
film growth mechanism and the role of process parameters in bubbles
formation and total amount of trapped helium. Improvement of gas con-
tent would facilitate future experiments.

4. Conclusions

A methodology based on the magnetron sputtering technique has
been proposed to be operated in quasistatic flux conditions to produce
nanoporous films to stabilize gas nanobubbles. Films composed of the
sputtered material with entrapped plasma process gas have therefore
been produced for application as targets for nuclear reactions involving
this trapped gas. The static mode of operation has been shown to be
much more advantageous due to the low gas consumption of scarce
gases such as 3He. The gas used for filling the deposition chamber at
low pressures (3–6 Pa) and punctual fluxes (several seconds) at the
maximum flow rate of 0.1 mL/min represented the only consumption
under operation. Gas consumption reduction of N99.5% was achieved
as compared to conventional sputtering under dynamic conditions.
Our experiments showno significant changes regarding helium content
or purity when comparing dynamic and static deposition for the same
matrix elements (Si and W in this work), the same He isotope (3He
and 4He) and the same deposition parameters. Deposition on different
substrates was demonstrated. Analytical data also show that
transitioning from 4He to 3He, for the same experimental conditions,
leads to a reduction of helium incorporation for both Si andWmatrices.
This effect is not a question of the static mode but rather a question of
intrinsic behaviour of the 4He compared to 3He plasma. It is also clear
that Si-based samples are rather clean in terms of the incorporation of
impurities. However, major contaminants, such as carbon, oxygen and
hydrogen (as present in the chamber's residual vacuum), appear to be
much more reactive to the W film growth. Ultra-high vacuum proce-
dures in conjunction with better target purity improve this point. The
3He content achieved was over 1 × 1018 at/cm2 for film thicknesses be-
tween 1.5 and 3 μm for both Si andWmatrices. This result means that it
has been possible to achieve targets with 3He contents ≥6 μg/cm2. Al-
though the resultswith 3Hepresented in thiswork can still be improved
(from 3He content and target purity points of view), the presented
methodology is opening promising new directions for the fabrication
of solid targets of scarce isotopes, such as 3He, 21Ne and others. The
first validation tests of the targets have shown adequate stability for nu-
clear reaction studies under the conditions of inverse kinematic
experiments.

The simplicity, low cost and versatility of the presented methodol-
ogy opens new pathways to develop these targets. Investigations with
alternative gases and isotopes, on-demand selection ofmatrix elements,
target presentation (self-supported, multilayers), or introduction of
flexible substrates are now possibilities for further works. On-demand
design of the targets can be therefore done in a case by case basis.
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