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Using atom beams to image the surface of samples in real space is an emerging technique that delivers unique contrast
from delicate samples. Here we explore the contrast that arises from multiple scattering of helium atoms, a specific
process that plays an important role in forming topographic contrast in scanning helium microscopy (SHeM) images.
A test sample consisting of a series of trenches of varying depths was prepared by ion beam milling. SHeM images of
shallow trenches (depth/width < 1) exhibited the established contrast associated with masking of the illuminating atom
beam. The size of the masks was used to estimate the trench depths, and gave good agreement with the known values.
In contrast, deep trenches (depth/width > 1) exhibited an enhanced intensity. The scattered helium signal was modeled
analytically and simulated numerically using Monte-Carlo ray tracing. Both approaches gave excellent agreement with
the experimental data and confirmed that the enhancement was due to localization of scattered helium atoms due to
multiple scattering. The results were used to interpret SHeM images of a bio-technologically relevant sample with a
deep porous structure, highlighting the relevance of multiple scattering in SHeM image interpretation.

Scanning helium microscopy (SHeM) is a nascent technol-
ogy that scans a narrow beam of low energy neutral helium
atoms over a surface, to produce images of materials with-
out any possibility of beam damage1–4. The technique can
be applied widely, and has particular applications in imaging
delicate samples which are difficult to measure using exist-
ing techniques5. Examples include the imaging of insulators,
polymers, and biological materials, all of which can be done
without coatings or other preparation. As the technique be-
comes used more broadly, it is crucial to have a good under-
standing of the image formation process. Here, we report on
the significant role that multiple scattering plays in the con-
trast observed in SHeM images. We use a a test sample with a
simple, well defined, topography. By comparing experimental
images with quantitative contrast modeling we obtain a clear
understanding of the process. We also show how quantita-
tive topographic information can be extracted without making
any assumptions about the atom-surface interaction. These in-
sights are then used to understand and interpret helium images
of a bio-technologically relevant sample in its native state.

Contrast in scanning helium microscopy has similarities
with the origins of contrast in scanning electron microscopy,
both of which involve rastering a focused or collimated beam
across the sample and the collection of a fraction of the
backscattered signal. In the case of helium atoms a nar-
row spot can be generated via simple pinhole collimation,
as used in the current work3; via diffractive focusing with a
Fresnel zone plate or similar6–8; or through the use of atom
mirrors9–12. Since the local surface position and orientation
affects the resulting distribution of scattered particles, topo-
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graphic contrast is evident in both cases. The scattering ge-
ometries means that images appear as if they are illuminated
from the direction of the detector, and when a point on the
sample is occluded from the detector, typically by a convex
region of sample structure, ‘masked’ regions are formed in
the image. However there are also significant differences be-
tween the angular distributions of scattered electrons and he-
lium atoms, due to the underlying differences in interaction
with surfaces13, and the different relative detector sizes; he-
lium detectors only cover a relatively small fraction of solid
angle. These issues have a significant affect on contrast for-
mation and image interpretation.

In current SHeM instruments the incident beam is typically
at 45◦ to the sample normal and illuminates a small region
on the surface, corresponding to a particular pixel in the im-
age. Atoms scattered through a total angle of approx. 90◦

reach the detector, and are counted to give the pixel inten-
sity. There are three primary contributions to topographic con-
trast that have been discussed in the literature and which are
useful to distinguish here. Firstly, height contrast arises pri-
marily from a change in the proportion of the scattered sig-
nal that is detected by a fixed position detector14,15, however
such contrast is weak and only appears over large changes in
height14–16. Secondly, angular orientation contrast14,16 occurs
when the local orientation of the sample changes the portion
of the scattering distribution that enters the detector aperture.
For the largely diffuse scattering that occurs from unprepared
surfaces, more intensity is expected when the local surface is
orientated towards the detector. Finally, masking, due to the
detector being occluded from the illuminated spot on the sam-
ple, gives very strong contrast as primary scattered atoms can-
not be detected. Masking is independent of the atom-surface
interaction14–17 but is related to the underlying surface topog-
raphy, thus enabling quantitative topographic information to
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Figure 1. SHeM image of the test sample with corresponding sur-
face profile. The helium beam is incident from the right as shown,
while the detector is located to the left. As a result of re-deposition
during ion beam milling the sides of the trenches are not vertical and
edges of the trenches are rounded. Scale bar length is 100µm. See
supplementary material for further details.

be extracted.
A particularly important feature of SHeM is that since there

is essentially no possibility of sample penetration by, or ad-
sorption of, the probe particles, incident helium atoms can un-
dergo multiple scattering. Given atoms travel along straight
line paths, there is a limited probability of them reaching
the detector entrance aperture after a single scattering event
(∼ 0.5% in our current arrangement). However, by scattering
from the sample multiple times, atoms can reach the detector
indirectly, and thus multiple scattering makes a further con-
tribution to topographic contrast. We also note that multiple
scattering can also provide weak diffuse illumination, a pro-
cess that has been previously noted15,17 but not examined in
detail.

A SHeM image of our test sample is shown in figure 1,
along with its corresponding surface profile. The sample con-
sists of a set of trenches (manufactured by plasma focused ion
beam milling of a silicon wafer), each with the same area but
different depths. Measured depths of some of the trenches are
given in table I. The helium image clearly shows a distinc-
tion between the ‘shallow’ trenches on the right hand side of
the image, exhibiting dark regions that widen with depth, and
‘deep’ trenches on the left hand side of the image, showing
very similar, almost uniform, contrast without distinct dark
regions. The transition from shallow to deep trenches oc-
curs at a depth/width ratio of about 1. The deep trenches
appear significantly brighter than the dark regions in the shal-
low trenches. Looking closely, the intensity inside the deep
trenches increases from left to right, and on the inside right
even exceeds the intensity of the flat substrate.

The observed contrast in the shallow trenches arises as there
is a region of the base of the trench that is masked from the de-
tector (i.e. no line of sight) by the trailing edge of the trench.
Masking manifests as the dark region that extends from left

to right across the trench, and increases with trench depth.
Where the trenches become deeper than they are wide they
become completely masked, which given the SHeM geome-
try used, occurs at a depth/width ratio of 1. However, at this
point their appearance also changes, indicating a different ex-
planation is required. We will show that where there are large
depth/width ratios, and hence confined spaces, multiple scat-
tering of helium is dominant, since the numerous surfaces that
are close to each other act to redirect atoms towards the de-
tector. These multiple scattering processes may therefore be
thought of as localization of the gas in the trenches.

To investigate multiple scattering contrast, an analytic
model was developed. As illustrated in figure 2, when atoms
enter deep trenches, only a fraction of the singly scattered
atoms leave the trench without scattering again. The helium
atoms that remain in the trench form a localized gas which
undergoes multiple scattering events, thus randomizing their
trajectories. The multiply scattered atoms eventually emerge
from the trench diffusely, with a broad distribution of direc-
tions, a proportion of which reaches the detector. The total
multiple scattered intensity that emerges from inside a trench
is dependent on the proportion of atoms that remain localized
after the first scattering event. Assuming a cosine model to be
representative of diffuse scattering from these ‘unprepared’
surfaces18,19, we can calculate the proportion of helium atoms
that escape on first scattering. From Figure 2, if the beam is
incident at a distance, d, into an infinitely deep and long trench
with width, w, then the localized proportion as a function of
the ratio d/w is,
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The above 2D result is shown to be mathematically equivalent
to the full 3D integral in the supplementary material. In the
SHeM, samples are scanned under the beam, so with lateral
movement the beam falls a different distance into each trench,
thus the variable d in equation 2 may be directly replaced with
the lateral position across the trench, x:

P(x) =
1
2

(
1+
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x2 +w2

)
. (3)

Equation 3 gives the proportion of the incident beam that
is localized. If the scattering distribution from the surface
and the distribution emanating from the trench are exactly the
same then the detected signal will be equal to the proportion
localized. However that also implies that the signal detected
from the trench could never exceed the signal from a flat re-
gion of sample, which is not consistent with figure 1. Thus
we must consider the case of a different distribution being
produced by the localized gas. The detector in the SHeM,
as indicated by the red detector apertures in figure 2, samples
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Figure 2. (Top) Unprepared surfaces typically scatter with a diffuse
distribution. The distant detector, indicated by red triangles, samples
part of that distribution in a particular direction. (Bottom) Atoms
falling a long distance, d, into a deep trench of width, w, become
localized, losing memory of their original trajectory. When they es-
cape the trench they leave with a diffuse distribution that is again
sampled in a particular direction by the detector. As the same part
of the distribution is sampled, the trench gives the same signal as the
flat surface, scaled by the fraction localized. x is the raster position.

a fixed proportion of the scattering distribution. The detected
intensity as a function of x can therefore be written

I(x) = m(ξ)P(x), (4)

where m(ξ) gives the probability of detection of the localized
gas distribution relative to the surface scattering distribution
for some source and detector geometry denoted ξ. In the case
of the test sample ξ is constant across the image and in general
is fixed for a single image feature.

To further understand which elements of the observed con-
trast are due to multiple scattering and which are from single
scattering, Monte-Carlo (MC) ray tracing was used to simu-
late micrographs of the test sample15 and to separate the pri-
mary and multiply scattered components of the image. The
procedure involves tracing straight line paths of atoms as they
scatter off the sample and local machine environment. The
method requires a model for the scattering distribution from
the surface; here a cosine distribution was used, which is rep-
resentative of largely diffuse scattering18,19.

The top panel of figure 3 shows a comparison of the exper-
imental data with both the analytical model and the simulated
ray tracing model with and without multiple scattering. In
the case of the analytic model it was found that a value of
m = 1.3 was in good agreement with the experimental data

and, moreover, since the value of m is greater than 1 it im-
plies the multiply scattered atoms are being weakly ‘beamed’
towards the detector (see supplementary material for further
discussion). In figure 3, the simulated ray tracing images for
the shallow trench (right hand panels) show that although the
dominant masking feature is reproduced by primary scatter-
ing, including multiple scattering improves the agreement by
increasing the intensity on the right hand side of the trench.
As with shadows observed with light, the sizes of masks are
dependent on the sizes of the features casting them, thus the
images of the shallow trenches offers the potential for gain-
ing quantitative topographic information from an interaction
independent contrast mechanism. In the current set up a sin-
gle image was taken, which does not allow for a complete
reconstruction, but given our knowledge that the sample con-
sists of trenches with steep sides an estimation of the depth
can be obtained from the masked SHeM images. These depth
measurements compare well with the trench depths measured
using an optical profiling microscope, given in table I.

Trench SHeM/µm Optical profiler/µm

A 7±2 7.6±0.2
B 10±2 11.1±0.2
C 13±2 14.8±0.3
D 16±2 18.7±0.4

Table I. Measured depth of the trenches with a SHeM image, found
by measuring the sizes of masks in the image, and from an opti-
cal profiling microscope. Note that the uncertainty in SHeM mostly
arises from the size of pixels used and is similar to the resolution of
the instrument. The values agree to within error.

In contrast to the shallow trench images, the helium signal
observed experimentally for deep trenches (left hand in each
pair of images in figure 3), is only seen in the simulated im-
ages that include multiple scattering (on the top right of fig-
ure 3), with primary scattered rays producing a fully masked
dark image. A quantitative comparison of the intensity vari-
ation across the deep trenches is given in the lower panel of
figure 3, which plots line scans across the experimental, an-
alytic, and simulated deep trench helium images. There is
very good quantitative agreement between the experimental
and MC multiple scattering simulations, confirming that the
observed deep trench helium contrast does indeed originate
from multiple scattering of the incident helium atoms. There
is also good quantitative agreement between the experimental
and analytical line scan data with the fitted value of m. Both
models exhibit the same shape across the inside of the trench,
but break down near the edges where the topography is more
complicated.

An understanding of multiple scattering effects, and how
they manifest in contrast, is of particular importance for
SHeM imaging of a wide range of surfaces and interfaces
of technological interest. As a case study example, porous
scaffolds are used extensively in the biomedical sciences for
growing tissue samples. These scaffolds are constructed out
of delicate insulating materials and, as such, have proved chal-
lenging to image in electron microscopy without degradation
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Figure 3. (Top) Comparison between the experimental and simulated
images of a deep and shallow trenches with depth/width ratios of 3.5
and 0.3 respectively. Primary and multiple scattering contributions
are shown separately, to the left and right of the experimental im-
ages. Once multiple scattering is included the simulation matches
the experimental data closely, with only a slight discrepancy at the
edges of the trench where the exact curvature is unknown. It can
also be noted that the primary scattering image of the deep trench is
symmetric while the multiple scattering image is not, thus the multi-
ple scattering contrast is adding information about the orientation of
the trench, with respect to the scattering geometry, that is not present
with only primary scattering. (Bottom) Line scans extracted from
experimental and simulated data along with the analytic model from
equation 4. The analytic model with a value of m = 1.3 predicts the
direction and form of the intensity change and matches the experi-
mental data well.

or a conductive coating20. The non-destructive nature of the
neutral SHeM incident atom beam enables the imaging of tis-
sue scaffolds in their native state, allowing tissue growth on
exactly the same scaffold as has been imaged.

A disc of AlvetexTM, with nominal pore diameter of 42µm,
was imaged in the SHeM. Alvetex is a cross-linked form of
porous polystyrene, manufactured using a method known as
emulsion templating involving the formation of a polyHIPE
(high internal phase emulsion). The material is used as a scaf-
fold for a broad number of applications in 3D cell culture
and tissue modeling—notably the formation of skin21,22. The
pores in the scaffold are akin to the high aspect ratio trenches
discussed earlier; helium gas enters the pores and has no di-
rect line of sight to the detector, but localization in the pores
results in multiple scattering and hence an enhanced proba-
bility of reaching the detector. A difference with the model

200�m

A
B

Figure 4. Helium images of the edge of the AlvetexTMscaffold. The
insert is at a higher pixel density. The regions A and B denote two
scaffold pore regions, one on the flat region of the sample and the
second along the edge of the sample, which demonstrate a mid-level
of signal compared to the bright and dark scaffold material.

trenches is the very high depth of the pores in AlvetexTM, re-
gardless of the angle of the incident beam to them; behind
the surface pores is a complex structure of large voids and
further pores. Therefore there is no significant change in the
proportion of the incident beam localized across the pores,
the beam always strikes surfaces a long way into the structure
and not near the surface. As there is no change in localiza-
tion across the pores the intensity across them is expected to
be roughly constant. Figure 4 shows a helium image taken
of the AlvetexTM scaffold. The structure can be seen as ei-
ther light, when pointing towards the detector, or dark, when
pointing away from the detector. The voids in the pores appear
grey rather than dark (regions A and B) as expected from our
localization model, highlighting the importance of a detailed
understanding of multiple scattering.

In summary, multiple scattering is an important topograph-
ical contrast mechanism in the SHeM. It is driven by the
fact that the ultra-low energy helium atoms scatter exclusively
from the surface topography with negligible probability of ad-
sorption or penetration. We have shown that multiple scatter-
ing contrast can be understood both qualitatively and quanti-
tatively using analytical modeling and Monte-Carlo ray trac-
ing. These studies show that for shallow features primary
scattering dominates, producing topographic contrast that is
controlled by surface masks, which can be used to estimate
the depths of the surface features. In contrast, for deep fea-
tures multiple scattering dominates, producing enhanced con-
trast within the trench or void. The transition between shallow
and deep features occurs at a depth/width ratio of 1, which is
defined by the 45◦ scattering geometry of the instrument. Fi-
nally, we have shown that multiple scattering within high as-
pect ratio voids or pores is an important contrast generation
process in technologically relevant samples such as biological
scaffolds.

See supplementary material for further experimental de-
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tails, an evaluation of the full 3D version of equation 1, and
a consideration of the implications of the value of the co-
efficient, m. A dataset supporting the work is published at:
https://doi.org/10.17863/CAM.48316.
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