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Helium reservoirs in iron nanoparticles on
the lunar surface
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The Moon’s surface is directly exposed to the space environment and subject to alteration by space
weathering. One agent of space weathering, the solar wind, enriches the lunar surface with helium.
Althoughwe understand howhelium is delivered to theMoon, certain aspects of helium concentration
processes on the surface remain unknown, such as why impact-generated glass aggregates contain
more helium than equally sized soil grains of other types. Here we have analyzed the contents of
vesicular iron nanoparticles in lunar impact glasses using aberration-corrected scanning transmission
electron microscopy and electron energy loss spectroscopy and show that the nanoparticles contain
high concentrations of helium (10-24 atoms/nm3). The widespread occurrence of vesicular iron
nanoparticles among lunar samples suggests that they may be an important helium reservoir. These
results also suggest that spaceweathering of iron-richminerals plays a role in helium sequestration on
the Moon and potentially on other airless bodies.

Helium-3 is a rare isotope of helium used in advanced technologies like
cryogenics, neutron detection, medical imaging, and in the production of
electricity by nuclear fusion1. In comparison to Earth—where total
helium-3 reserves amount to less than 10 kg or 5 parts per trillion—the
Moon’s surface soil contains a relatively high concentration due to the
implantation of this isotope by the solar wind, a stream of charged par-
ticles released from the Sun’s corona. The average 4He/3He ratio of the
solar wind is 2350 ± 1202. Conservative estimates of helium-3 con-
centrations in lunar soil are 3.7 parts per billion in highland areas and 7.8
parts per billion in maria3. As global demand for helium-3 continues to
rise, the Moon represents a potential reservoir to supply both Earth and
the future cislunar economy1,4. Characterizing the nature and distribution
of helium-3 represents an important milestone toward realizing this
future, and such efforts also serve to constrain the Moon’s surface evo-
lution over time, including how valuable helium-3 reservoirs develop in
the first place by space weathering.

Airless planetary bodies such as the Moon, Mercury, and asteroids
experience progressive surface evolution due to space weathering processes,
which include solarwind irradiation andmicrometeoroid impacts5. Because
of their complex interactionswith the surface, these processes can produce a
range of alteration products. For example, impacts progressively pulverize
surface material into increasingly smaller particles. At the same time, the
energy released from impacts can melt and/or vaporize both target and
impactor, coating surrounding grains with mixed material. Solar wind ions
—~96% H+ and 4% He2+(see ref. 6)—both sputter surface material and

implant into individual soil grains, causing amorphization and vesiculation.
Though the solar wind is responsible for implanting helium into lunar
regolith, further impact processing may influence its distribution and
concentration. Thus, we cannot evaluate lunar helium reservoirs without
considering space-weathering interactions with the surface.

Despite the complex, open-system nature of space weathering,
researchers have established some key trends. The concentration of helium
in lunar regolith correlates to the surface exposure age of the soil, the solar
windfluence at a particular location, and the amount of titaniumand iron in
the soil7–9. Both titanium and iron are primary components of the mineral
ilmenite, the most abundant opaque mineral in lunar rocks10, which retains
heliummore effectively than the bulk soil silicate phases11. Helium has been
measured in situ in lunar material only in the minerals ilmenite and
chromite12, both oxide minerals through which helium diffusion rates are
slower than the surrounding silicate minerals13.

Another unexplained trend is the high concentration of helium in
agglutinates—complex aggregates of dark glass-welded fines—relative to
equally sized bulk soil grains of other types14. In addition, helium con-
centrations increase as agglutinate particles get smaller, irrespective of iron
content, and are concentrated in the sub-100 µm size fraction14. In this
investigation, we suggest that these trends are due to the presence of vesi-
cular nanophase metallic iron particles (v-npFe0)15. We show that the
widespread v-npFe0 contain high concentrations of helium and discuss how
they may represent an important helium reservoir on the surface of
the Moon.
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Results
Vesicular metallic iron nanoparticles in lunar soil
We found v-npFe0 in grains from each of the seven lunar soil samples
investigated, examples of which are shown in Fig. 1. The v-npFe0 are near-
spherical to irregularly rounded in shape and exhibit varying numbers of
vesicles of differing shapes and sizes on their surfaces. We identified two
general types of v-npFe0. The first are large v-npFe0, defined as those
>15 nm in diameter, found exclusively within agglutinitic glass particles
(Fig. 1a–c) and melt splashes on lunar grain surfaces (Fig. 1d, e). The
second are small v-npFe0, defined as those <15 nm in diameter, which are
also found within agglutinitic glass particles (Fig. 1b, c) and melt splashes
on mineral and glass grain surfaces (Fig. 1d, e), but also in solar wind-
irradiated rims (Fig. 1f, g) and vapor-deposited rims onmineral and glass
grains (Fig. 1h, i). In agglutinitic glass and melt splashes, large v-npFe0

either occur in groups, typically mixed with small npFe0 and v-npFe0

(Fig. 1a–e), or as solitary large particles (Fig. 1j). Though typically
occurring as discrete particles, we also found instances of large v-npFe0

coalescing with one another (Fig. 1a).
We examined a ~ 5 µm-diameter glass grain that had abundant

v-npFe0 available for analysis within its volume and within melt splashes
adhered to its side (Fig. 2a). This glass grain is one example, additional
samples are described in the Supplementary Information. The glass grain
containednumerous large npFe0 particles 20–80 nm in diameter distributed
throughout its volume and both large and small v-npFe0 near the surface.
Lattice fringe imaging (Fig. 2b, c and Supplementary Information Fig. S1)
and electron energy loss spectroscopy (EELS) spectrum imaging (Fig. 2d, e

and Supplementary Information Fig. S2) indicate that the npFe0 and
v-npFe0 are metallic α-iron.

We observed a relationship between the depth of npFe0 from the
surface of the grain and whether they were vesiculated. In agglutinitic glass
particles ≤100 nm in diameter and in melt splashes ≤50 nm thick, v-npFe0

are typically found throughout the full volume (Fig. 1b and Supplementary
Information Figs. S2g, S3e, and S4a, b). In irradiated and vapor-deposited
rims, small v-npFe0 occur only within ~50 nm of the surface, and those
positioned deeper are not vesicular (Fig. 1g, i and Supplementary Infor-
mation Fig. S5). In melt splashes (Supplementary Information Fig. S4c, d)
and large glass grains (Figs. 1c and 2a), v-npFe0 are found only within
~50–100 nm of the surface. The implantation depth of 4 keV He2+ (typical
of solar wind) is ~35 nm in bulk silicate according to binary collision
models16 though interstitial helium can diffuse further into grains. The
depth-dependent relationship observed suggests that v-npFe0 are products
of He2+ implantation.

Identification of helium in vesicular nanophase metallic iron
particles
In the glass grains measured, we detected helium within many of the large
v-npFe0 and those we quantified had concentrations ranging from 10 to
24 atoms/nm3. The round to irregularly shaped vesicles of the particles
measured ranged from~10 to 20 nm in diameter, and the position of theHe
K-edge peak varied from 22.8 to 24.3 eV (Figs. 1j, 3c, and 4a and Supple-
mentary Information Fig. S6a). In one v-npFe0 particle in the 79221 glass
grain, wemeasured five different helium concentrations ranging from 15 to

Fig. 1 |High-angle annular darkfield images of helium-bearing vesicularmetallic
iron nanoparticles (v-npFe0) found in lunar soil grains. a–c Large and small
v-npFe0 within agglutinitic glass grains in lunar soils 76241 (a), 76240 (b), and 72501
(c). d, e Large and small v-npFe0 within a melt splash (d) and melt droplet (e) on an
olivine particle in 76241. f, g Small v-npFe0 within solar wind-irradiated rims of a

glass grain in soil 76261 (f) and a pyroxene grain in soil 76261 (g). h, i Small v-npFe0

within vapor deposited rims of a plagioclase grain in soil 76261 (h) and an ilmenite
grain in soil 76241 (i). j A solitary large v-npFe0 at the surface of a glass grain in soil
76240 with helium concentration shown in yellow.
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24 atoms/nm3 (Fig. 3c, d). When different helium concentrations are
measured within a single v-npFe0 particle, we assume multiple vesicles are
present, each with their own internal pressure17. In contrast, when the
helium concentration is the same among multiple vesicles in a v-npFe0

particle, the vesicles may be connected17.
Each of the studied soil samples contained helium-bearing large

v-npFe0 (Supplementary Information Fig. S2). There is a clear relationship
between the vesicles in the images and theHeK-edge in the EELS spectra of
the vesicles, whereas the He K-edge is absent in the solid portions of the
v-npFe0 and in the surrounding glass matrix (Fig. 3a, b and Supplementary
Information Fig. S2).Multiple linear least squaresfittingmodels of the EELS
spectrum images further show a strong spatial correlation between the He

K-edge and the vesicles, demonstrating that helium is concentrated inside
the vesicles (Fig. 4 and Supplementary Information Fig. S6).

Despite the disruption of the particle morphology by extensive vesi-
culation, there is no evidence of strain in the crystal structure of the v-npFe0

(Fig. 3c and Supplementary Information Fig. S1). In the samples we ana-
lyzed, large v-npFe0were often the only vesicular phase present in the vapor-
deposited rims, agglutinate grain surfaces, andmelt splashes. But in the cases
where v-npFe0were present in a vesicular rimmatrix (e.g., Fig. 3), thematrix
vesicles did not contain helium, demonstrating that v-npFe0 are more
retentive of helium relative to other phases.

Althoughwe assume that small v-npFe0 contain or containedheliumat
one point, because their vesicles were typically <1 nm, it was challenging to

Fig. 2 | A space-weathered glass grain from lunar
soil 79221 containing vesicular nanophase
metallic iron particles (v-npFe0). a A cross-section
of the glass grain showing v-npFe0 near the surface
and npFe0 in interior. b Large and small v-npFe0

within the area indicated in (a). c A higher magni-
fication image of the dashed region of (b) showing
the lattice fringes of the large v-npFe0; inset: the Fast
Fourier Transform of (c) showing a 2.0 Å d-spacing
corresponding to (110) of α-Fe. d A melt splash
region indicated in (a) with large and small v-npFe0.
e The EELS spectra in the range 680–750 eV of the
dashed region of (d) showing the Fe L3,2-edge of
v-npFe0 (solid line) compared to that of a metallic
iron standard (dashed line).
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Fig. 3 | Electron energy loss spectroscopy of vesi-
cular nanophase metallic iron particles (v-npFe0)
from lunar soils showing the presence of helium in
the vesicles. a The region indicated in Fig. 2a
showing a v-npFe0 near the grain surface and a npFe0

in the grain interior; inset: a v-npFe0 particle from
region indicated in (a) with dashed boxes indicating
areas where EELS spectrawere summed. bThe EELS
spectra from the glass, particle, and vesicle regions
indicated in (a, inset). c The region indicated in
Fig. 2a showing a v-npFe0 in a rim containing vesi-
cles and small v-npFe0 with helium concentrations
for each vesicle shown in yellow; insets: high mag-
nification image and corresponding Fast Fourier
Transform of the black-dashed region in (c) show-
ing lattice fringes of the v-npFe0 and a 2 Å d-spacing
corresponding to (110) of α-iron. d The EELS
spectra from six different regions in (c) outlined in
white-dashed lines showing ~1 eV variation in
helium K-edge position compared to the nano-
particle matrix.

Fig. 4 | A partially vesiculated, helium-bearing nanophase metallic iron particle.
a, b A npFe0 situated 85 nm from the surface of a glass grain from soil 79221 with
vesicles only on the surface-facing side. c The low-loss EELS spectra summed from
regions indicated in (b) showing the presence of the He K-edge in the vesicle region

and the Fe M-edge in the non-vesiculated particle region compared to the glass
matrix region. d Amap of components from the multiple linear least squares fitting
of the reference spectra shown in (c) showing strong correlation between the He
K-edge and the vesicles.
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distinguish the He K-edge against the large background contribution of the
sample and the poor signal-to-noise ratio also made the measurement
difficult. Large v-npFe0 in some areas lacked helium entirely, despite the
analytical conditions being optimal (Fig. 1a).

We also observed npFe0 with single vesicles in samples 76261 and
79221, resembling oxidized iron core-shell particles described previously18,
but found that these shells were instead comprised of metallic iron rather
than iron oxide and their cores contained helium (Supplementary Infor-
mation Fig. S7). However, we did find a few instances oxidization. For
example, helium-bearing v-npFe0 with surface oxidation were observed on
the edge of a glass grain in 72501 (Supplementary Information Fig. S2a–c)
and on the surface of a melt splash in 76421 (Supplementary Information
Fig. S3e).Wealsoobserved a fewexamplesofnpFe0withoxidized surfaces in
samples 76261 and 72501 (Supplementary Information Fig. S3a–c).

Partial vesiculation of a nanophase metallic iron particle
The glass grain from soil 79221 contained a v-npFe0 that was conspicuous
among those we observed as it was only partially vesiculated. The v-npFe0

was 100 nm in diameter, and its center point was 85 nm from the surface of
the glass (Fig. 4a). Only the side facing the surface of the glass was vesicu-
lated, and helium was measured in the vesicles (Fig. 4b, c). The multiple
linear least squares fitting of the glass, the ironmetal matrix, and the vesicle
reference spectra showaclear spatial correlationbetween theHeK-edge and
the vesicles (Fig. 4d).

Discussion
Particles morphologically similar to v-npFe0 have been observed previously
in space-weathered lunar material returned by the Apollo program. Oxi-
dized, hollow iron nanoparticles have been described within a glass grain in
mature soil 7922118 and v-npFe0-like particles of different sizes have been
observed near the surface of a glass grain in mature soil 79221, within an
olivine rim in sub-mature soil 71501, and in an amorphous rim on a pla-
gioclase grain in immature soil 7106115. The relationship between npFe0

depth in a grain and whether it is vesiculated has also been documented in
Apollo grains15. Although these studies of hollow or vesicular npFe0 in
Apollo samples have included EELS analysis, such studies were focused on
the core-loss region to determine iron oxidation state, rather than the low-
loss region where helium may have been detected15,18.

In mature lunar samples returned by the Chang’E-5 mission, several
~10 nm v-npFe0 were observed in silicon-rich material in the space-
weathered rims of olivine grains; however, helium was not detected with
low-loss EELS analysis of the vesicles19. As we observed here, helium is not
always present or detectable in v-npFe0 for several potential reasons, such as
natural diffusion, heating, perforation during sample preparation, beam-
induced diffusion during spectrum image acquisition, sample thickness, or
othermeasurement parameters, such the energy spreadof the beam, and the
sensitivity of the EELS detector.

In addition to lunar samples, hollow iron and iron sulfideparticleshave
been identified in GEMS (Glass with Embedded Metal and Sulfides)20.
GEMS are components of interplanetary dust particles and are considered
among the most primitive materials in the Solar System21,22. Though the
hollowmetal particles in GEMS grains have not been studied with EELS to
confirm if helium is present, their relation to solar wind irradiation has been
considered20. In addition, metal particle agglomeration similar to that
observed here (Fig. 1a) has been documented in a GEMS grain and iden-
tified as a condensation product20. Both the present study and prior work
demonstrate that v-npFe0 occur in many space-weathered lunar regolith
grains ranging in maturity. Out data also support helium implantation as a
possible origin for vesiculated metal observed in GEMS.

Hollow and vesicular npFe0 have been previously described as poten-
tially representing different stages of the Kirkendall oxidation effect15,18, a
nonequilibrium interdiffusion process at the interface of two metals such
that vacancy diffusion inward occurs to compensate for unequal material
flowoutward23; however, our observations indicate that v-npFe0 donot form
by this process. If v-npFe0 formed by the Kirkendall effect, we should

observe lower-density oxide shells surrounding the particles and the coa-
lescence of voids at the interface, rather than the complex network of dif-
ferently sized voids24. Some oxidized shell textures observed in lunar soil
7106115 and during our analysis (Supplementary Information Fig. S3) more
closely resemble early stages of the Kirkendall effect, where a solid metallic
core is surrounded by a hollow shell which is itself surrounded by an oxi-
dized shell25. Other indicators that v-npFe0 are not products of the Kir-
kendall effect are that (1) v-npFe0 are metallic iron, (2) the vesicles are filled
withhelium, and (3) there is a relationshipbetweennpFe0 depth in their host
grain and whether they are vesiculated. These lines of evidence, in addition
to our observation of a partially formed v-npFe0 (Fig. 4), suggest that helium
ions implant into existing npFe0 and form v-npFe0.

The behavior of helium in metals has been widely studied because
heliumaccumulates innuclear energy systemsdue toneutron irradiation. In
nuclear energy systems, helium atoms are produced within the sample and
atomistic models reflect those conditions26,27. Complimentary studies have
implanted helium in α-iron and other metals to describe bubble
development28,29; however, the applicability of these studies to v-npFe0 is
limited as they simulate more extreme conditions than those found on the
Moon. Further, although studies have focused on implanting helium into
materials for the purposesof producing ironnanoparticles30 andothers have
performed co-implantation of iron and helium in ferritic alloys to optimize
helium sequestration31, little is known regarding the influence of ion
implantation on existing nanoparticles.

Inmanymetal structures, once the concentration of interstitial helium
atoms exceeds the planar yield strength, helium precipitates into bubbles32.
Once these bubbles grow to such a diameter that they encounter free sur-
faces, they form blisters and rapidly burst33,34. It follows that this process
might be accelerated in nanoparticles; however, the v-npFe0 observed here
are embedded in glass, so there are no free surfaces, only interfaces, which
are known to trap implanted helium35. Inmetal alloys, the crystal structures
accommodate strain by confining helium to semicoherent interfaces as
nanoscale platelets36–38 or to interfaces in precipitate-matrix nanostructured
alloys31. These examples describe crystalline interfaces; however, there are
examples of helium bubble stability at crystalline-amorphous interfaces39,
but not in nanoparticle–matrix geometries. The lunar v-npFe0 observed
here represent an example of helium stability at a crystalline-amorphous
interface in a nanoparticle-matrix geometry in naturally occurring samples.

The widespread production of npFe0 as a result of space weathering is
widely known to attenuate the characteristic spectral signatures present in
remotely sensed optical data5. For this reason, how npFe0 form and the
nature of their distribution on theMoon are subjects of great interest. Based
on our results showing widespread helium-bearing v-npFe0 on the Moon,
we propose considering that the production of npFe0 may also play an
important role in the lunar heliumcycle.Helium is a component of the lunar
exosphere and questions remain regarding the contribution of endogenic
heliumto itsbudget. It is important to establishhowhelium is retained in the
regolith so that we can better predict its release characteristics, which have
been shown to vary1,40,41. In this light, the production of v-npFe0 through
progressive spaceweatheringmay result in the lunar surface becomingmore
retentive of helium over time as the soil is further broken down and
reworked.

Based on our observations, we propose that the reason helium con-
centrations are higher in agglutinates than in equally sized bulk soil grains of
other types14 is because agglutinates often contain large npFe0 which can
capture and retain helium. Moreover, the mechanism governing why
helium concentrations increase as agglutinate particle sizes decrease—
irrespective of iron content—is npFe0 in smaller agglutinate particles
residing at accessible helium implantation depths. In addition, agglutinates
typically have irregular shapes and thus greater surface area, allowing for
more chances for npFe0 to be irradiated by helium to produce v-npFe0.

Although npFe0 are typically considered to be a final space weathering
product, their evolution in response to continual weathering has not yet
been fully considered. Our results suggest that the npFe0 in agglutinates and
the npFe0 in the space-weathered rims of mineral grains can transform into
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v-npFe0 by continual solar wind irradiation. There are several aspects that
remain unconstrained, such as whether helium-bearing v-npFe0 survive
multiple impact events or not, though our results showing agglomeration of
helium-poor v-npFe0 suggest the latter. There are also fundamental ques-
tions remaining regarding impact energy, melt composition and cooling
rate, and how these might influence v-npFe0 formation that should be
considered in future studies. Furthermore, it will be important to char-
acterize how this helium reservoir might be accessed—e.g., by crushing or
heating—as well as the environmental impact. Nevertheless, v-npFe0 are
unique secondary alteration products, andmay be of great significance with
respect to in situ resource utilization because they indicate that progressive
metallization of the lunar regolith by space weathering may represent an
important precursor to helium enrichment and may also influence lunar
helium exospheric cycling.

Methods
Sample selection and preparation
The soil samples analyzed in this study were collected during the Apollo 17
mission. The soils range from submature tomature and include <45 µmsize
fractions of soils 72320/1 (IS/FeO = 73.0), 72501 (IS/FeO = 81.0), 76240/1
(IS/FeO = 56.0), 76261 (IS/FeO = 58.0), and 79221 (IS/FeO = 81.0)42. Soil
grains were prepared for analysis in the scanning transmission electron
microscope (STEM) by ultramicrotome sectioning or by focused ion beam
in a scanning electron microscope. For the samples prepared by ultra-
microtome, soil grains were embedded in epoxy and sectioned to electron
transparency (80–100 nm) using a diamond knife. The sections were sup-
portedon3mmlacey carbon-coatedcopper grids. For the samplesprepared
by focused ion beam, soil grains were first dispersed onto carbon tape
adhered to an aluminum pin-stub and coated with ~80 nm of amorphous
carbon. Grains with surface textures indicative of space weathering were
identified andpreparedusing anFEIHeliosG3dual beam focused ionbeam
scanning electron microscope. Each selected grain was first protected with
~100 nm of electron beam-deposited carbon followed by 1-1.5 µm of ion
beam-deposited carbon and thinned to ~1 µm using a 30 keV gallium ion
beam. After welding the thinned sample to a copper half-grid using plati-
num, the samples were thinned using progressively lower currents and
accelerating voltages until a final thickness of <100 nm was achieved. We
prepared 2–3 ultramicrotome grids from each sample and examined
~15–20 grain-clusters on each grid and prepared and examined
1–2 ~ 10 × 10 µm focused ion beam cross sections from each sample.

Scanning transmission electron microscope (STEM) imaging
The STEM analysis was carried out using a CS-corrected Nion
UltraSTEM200-X at the U.S. Naval Research Laboratory. Prior to intro-
duction into the ultra-high vacuum STEM, the samples were held under
vacuum at ~20 °C for 48 h to drive off adsorbed water. The STEM was
operated at 200 keVand40 pA,with an~0.1 nmdiameterprobe.TheSTEM
images were collected using a high-angle annular dark field (HAADF)
detector, where contrast is a direct function of atomic number and sample
thickness.

Electron energy loss spectroscopy (EELS) measurements
The EELS data were acquired using a Gatan Enfinium ER dual EELS
spectrometer on the Nion UltraSTEM200-X. The EELS data were acquired
as spectrum images, where a spectrum from a specified energy range is
acquired at each pixel in a selected area of the sample. The EELS spectrum
image data provide information about sample thickness, elemental com-
position, and chemical stateswith spatial context.TheEELS spectrum image
pixel sizes varied depending upon the size of the region analyzed and 2048
energy channels were collected at a 0.05 eV/channel dispersion. The energy
resolution as measured from the full-width half maximum of the zero-loss
peak was 0.45 eV. The spectrometer collection semi-angle was 50mrad and
the entrance aperture was 2.0mm.

TheEELS spectrum image datawere acquired sequentially in the range
−10–90 eV for the zero-loss peak at an exposure of 5 × 10−5 s px−1,

12–105 eV for the low-loss region at 1 × 10−3 s px−1, and 660–760 eV for the
Fe L-edge (~708 eV) at 1 × 10−2 s px−1. The EELS spectrum image data were
processed using DigitalMicrograph software. Scan-related energy drift was
corrected for by calculating a peak shift map from the zero-loss peak and
applying the shift to the other spectrum images in each acquisition series.
Plural scattering was removed using the Fourier-ratio method and X-ray
spikes were removed with a 5.0 σ deviation limit. The background was
removed from the Fe L3,2- edge using a Power-law (AE-r) and the back-
ground for theHeK-edgewas subtractedby anothermethoddetailedbelow.

Mapping and quantification of helium
TheHeK-edge occurs in the low-loss region at ~22 eV (1 s→ 2p transition)
where it overlaps with the iron metal bulk plasmon peak. To isolate the He
K-edge from the plasmon for signalmapping, amultiple linear least squares
fitting routine was used. For this, background-subtracted reference spectra
for the bulk matrix phase, the npFe0, and the vesicles were first identified. A
fitting was then performed for each pixel in the spectrum image and fit
integralmaps for each reference componentwere generated, aswell asmaps
of residual signal and reduced chi-squared. Themultiple linear least squares
fitting routine was judged successful when the residual signal map showed
no remaining signal or sparse isotropic noise and when the reduced chi-
squared map had flat, featureless contrast. The individual fit integral maps
were then overlain to produce a multiple-component map.

The energy of theHeK-edge can vary by up to ~3 eV corresponding to
variations in the density of helium atoms in each vesicle17. The concentra-
tion of helium trapped in v-npFe0 vesicles was determined using amethod43

that has been used to determine helium density in bubbles within several
materials, including martensitic steel44, lunar ilmenite12, and palladium
tritides45. The background subtraction for the low-loss region was accom-
plished by normalizing the npFe0 matrix spectrum to the vesicle spectrum
and then subtracting the latter from the former. Where this procedure was
insufficient owing to substantial background contributions from npFe0 or
glass, the backgroundwas removed in one or two steps using a second-order
polynomial functionanda linear function.Theheliumconcentrationwithin
each vesicle was then calculated from

nHe ¼
IHe

σIZLPd
ð1Þ

wherenHe is the numberof heliumatoms/nm3, IHe is the integrated intensity
of the helium peak at the center of the vesicle after background removal as
described above, σ is the helium cross-section calculated at our microscope
parameters, IZLP is the integrated intensity of the zero-loss peak, and d is the
absolute vesicle thickness calculated at the center of the vesicle by
Kramers–Kronig analysis. Two different methods for determining σ yield
values that vary by ~25%, which contribute to error in the density
calculation43,46. Another source of error for this method is the calculation of
d, which can vary pixel by pixel. Relative errors for thismethod are available
in published analyses which used the same instrument and analytical
conditions as were used here12. Finally, although multiple EELS spectrum
image scans are known to diminish the helium density of bubbles in silicon,
such effects can bemitigatedby reducing the pixel dwell time47.We acquired
the zero-loss spectrum image at a very short pixel dwell time before the low-
loss spectrum images were acquired and thus, we do not expect loss of
helium.Multiple scans at low-loss dwell times confirm this, thoughdwelling
a stationary beam on a vesicle has been observed to perforate and evacuate
the vesicle contents12.

Data availability
Primary data from this article are available at https://doi.org/10.5281/
zenodo.10794539.
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