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Abstract

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS) is a powerful molecular imaging tool used in biomedical
research. To overcome the low yield of non-fragmented molecular ions obtained by conventional (keV) SIMS, a novel
SIMS method using MeV heavy primary ions (MeV-SIMS) has gained increasing scientific attention in recent years. We
intend to develop an MeV-SIMS setup with a capillary microprobe system based on the 3 MV tandem accelerator as the first
MeV-SIMS system in China. Instead of conventional magnetic or electrostatic lenses, a tapered glass capillary is used to
collimate the ion beam in this device. To verify the feasibility of collimating or focusing MeV heavy ions using this capil-
lary, understanding the main physical behaviors of MeV heavy ions interacting with the capillary is crucial. In this study, a
Monte Carlo simulation program based on the Stopping and Range of Ions in Matter software is developed. The calculated
energies and trajectories of heavy ions (e.g., I ions) are less affected by scattering, and both the scattered ions and recoil
atoms ejected from the capillary are well separated from the direct beam in the target area. Under multiple scatterings, the
contribution of the first scattering predominates. These results indicate that the capillary exhibits better collimation for heavy
ions. In addition, the transmission of direct beams at different air pressures is observed. Heavy ions lose less energy at the
same pressure; however, their trajectories are more divergent. The direct beam ions are not affected by the scattered ions at
100 Pa, making it feasible to perform MeV-SIMS analysis under ambient pressure.

Keywords MeV-SIMS - Glass capillary - Focusing effect - Monte Carlo simulation - Ion-capillary interactions - Air
pressure

1 Introduction

Observing molecular distribution in biological tissue and
cells helps elucidate life phenomena and develop new
drugs [1]. Molecular imaging is important in biomedical
research. For biological and polymer samples, understanding
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both elemental composition and molecular distribution char-
acteristics is necessary. Secondary-ion mass spectrometry
(SIMS) [2] is a highly surface-sensitive analytical method
that reveals chemical composition of surface layers and
characterizes molecular structure of organic materials [3].
However, conventional SIMS uses incident ions with ener-
gies from 0.5 to 30 keV [2] to sputter samples (namely,
keV-SIMS), interacting through nuclear collisions, causing
severe molecular fragmentation. When analyzing intact mac-
romolecules (e.g., greater than 500 Da) in biomedical, phar-
macy, and polymer chemistry research, low-energy incident
ions cause severe fragmentation through nuclear collisions,
making it difficult to sputter entire macromolecules from
the surface [4, 5].

To address the issue of low yields of non-fragmented
molecular ions obtained by conventional (keV) SIMS,
a novel SIMS method using fast (MeV), heavy primary
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ions instead of keV primary ions, MeV-SIMS, has gained
increasing scientific attention in recent years [6-9]. The
basic principles of the two SIMS methods are almost iden-
tical; however, the secondary ions are generated via distinct
mechanisms. In contrast to keV-SIMS, the desorption of sec-
ondary ions in MeV-SIMS is mainly caused by electronic
excitation rather than nuclear collisions, which allows for
softer desorption of molecules and thereby yields intact mol-
ecules by several orders of magnitude [7]. In recent years,
MeV-SIMS has emerged as a powerful tool for analyzing
and imaging molecular morphology, and has been widely
used in various fields, including biomedicine [10], organic
chemistry [11], forensic science [12] and cultural herit-
age [13]. These results demonstrate significant advantages
and potential in analyzing large molecules.

The imaging method based on focused primary ion-beam
scanning relates to focusing requirements of high-energy
heavy ions. The imaging mode in biomedical research must
form a microbeam with spot size in the low micron range
for cellular-level resolution. Due to high magnetic stiffness
of high-energy heavy ions, conventional quadrupole lens
technique struggles to achieve focusing over short distances.
Similar spot sizes can be achieved via a tapered glass capil-
lary [14-16]. Its tapered geometry and micron-sized outlet
achieve beam collimation and focusing to a few microns
while providing clear sample viewing. The capillary can
function as a vacuum isolator, allowing ions into gaseous
environments without separating membranes [7]. Capillaries
were thus used as microprobes for in-air particle-induced
X-ray emission [17], nuclear reaction analysis [ 18], Ruther-
ford backscattering spectrometry [19], scanning transmis-
sion ion microscopy [14], X-ray radiography [20], ion-beam
writing [21] and cell irradiation [22]. Another function of
the capillary is enhancing output beam current density.
Research groups worldwide have investigated the enhance-
ment mechanism by observing transmission of various
charged particles in different capillaries, including highly
charged ions [23-26], singly charged ions [27-29], elec-
trons [30-33], negative ions [34-36], positrons [37], and
muons [38], in insulated nano-capillaries and glass capillar-
ies. The charged particles studied have energies from several
keV to several hundred keV, with their transmission mecha-
nism well understood. The enhancement of beam current
density occurs due to guiding effects of the Coulomb field
from charge deposition on the inner wall surface. Capillaries
also focus X-rays through total internal reflection [39—41].
For MeV ions, Nebiki et al. [42] discovered that 2 MeV He
beam density was greatly enhanced by a capillary in 2003.
Hasegawa et al. [43] proposed the enhancement for MeV
protons mainly results from small-angle scattering. Simon
et al. [16] verified that the guiding effect becomes ineffec-
tive at higher ion energies through measurements of 1 MeV
He ions and 71 MeV Xe ions, showing that enhancement
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occurs through elastic scattering. Liu et al. [44] demon-
strate that for 1 MeV proton transmission, focusing occurs
through atomic scatterings when tilt angle is below cone
angle. While these studies attribute the enhancement to elas-
tic scattering, a quantitative description of scattering effects
on MeV heavy-ion transmission, multiple scattering events,
and recoil process is lacking. Understanding these interac-
tions aids in selecting appropriate ion beams and developing
capillary microprobes for high-resolution SIMS imaging.

To clearly observe the change in the motion state of the
incident ions after scattering and the physical behavior of
the recoil atoms, a Monte Carlo simulation program based
on the Stopping and Range of Ions in Matter (SRIM) soft-
ware [45] was developed. In this paper, we describe the abil-
ity of a tapered glass capillary to collimate or focus MeV
heavy-ion beams and analyze in detail the physical behav-
iors of MeV heavy ions after interacting with the capillary
wall, as well as the effect of air pressure in the chamber
on ions’ flight. Section 2 describes the layout of the MeV-
SIMS chamber. Section 3 briefly describes the parameters
and methodology of the Monte Carlo. Section 4 analyzes
the scattering and recoil behavior of 6 MeV Si, Ar, and I ion
beams after colliding with the capillary wall, which provides
a clear description of the motion state of the scattered ions
and recoil atoms. Their spatial distributions in the target area
were observed, demonstrating that the core of the primary
ion beam was well separated from the surrounding scattered
ions and recoil atoms. Multiple scattering events occurring
in the capillary were calculated to understand the effect of
the number of scattering events on the spatial distribution.
In addition, the effect of the air pressure in the chamber on
the direct beams was studied. Finally, the conclusions are
presented in Sect. 5.

2 MeV-SIMS units under construction

MeV-SIMS has been developed in the world’s top ion-
beam laboratories in recent years [6—9]. A microbeam
megaelectron volt time-of-flight secondary-ion imaging
mass spectrometer (MeV-TOF-SIMS imaging) based on
a 3 MV tandem accelerator is planned at Sichuan Uni-
versity [46], depicted in Fig. 1(a), as China’s first MeV-
TOF-SIMS imaging. A capillary microprobe system will
be used, as shown in Fig. 1(b). The MeV ion beam enters
the chamber via slits that reduce the beam spot size to the
inlet diameter of the capillary. The insulated glass cap-
illary is mounted in a grounded metal tube to shield it
from electrostatic stray fields from capillary charging [7].
After entering, some ions pass through directly, while oth-
ers exit after one or several scatterings with the capillary
wall at angles larger than the taper angle, as shown in
Fig. 1(c). This figure shows the scattering in the narrowed
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Fig.1 (Color online) (a) Schematic layout of the MeV-SIMS device
based on a 3 MV tandem accelerator; (b) schematic of the chamber
for capillary-based MeV-SIMS; (c) ion trajectories in the capillary,

part, excluding the straight part where ion scattering is
unlikely. The spherical coordinate system in Fig. 1(c) is
established with the collision point as origin, capillary bus
as Y axis, and normal of capillary wall as Z axis. The polar
angle 6 indicates the angle between outgoing direction and
Z-axis, while azimuth angle ¢ indicates the angle between
the projection of outgoing direction on the wall surface
and X-axis, determining the deviation degree.

The distance between the capillary tip and the sample
platform is 4 cm; thus, all the ions exiting the capillary
undergo a flight path with a horizontal displacement of 4 cm
to reach the target. During the measurements, the secondary
ions were sputtered and extracted into a linear time-of-flight
(TOF) tube. They are then constrained by two sets of Ein-
zel lenses before reaching the microchannel plate detector
(MCP) at the end of the TOF tube, which generates a stop
signal. Secondary electrons generated when the primary
ions strike the sample surface are collected by a Channel-
tron electron detector (CED) [47] to trigger the start signal.
Therefore, the mass-to-charge ratio of the secondary ions

injector

3 MV Tandem accelerator

” 3~5cm

where some ions can exit the capillary directly without colliding
(orange) and others exit it via one scattering (green), second scatter-
ing (blue), or multiple scatterings (purple)

can be deduced from the time difference between the start
and stop signals.

3 Monte Carlo simulation method

Capillaries are typically made of borosilicate glass, which
is easier to process for mass production than soda-lime or
quartz glass because of its low cost and ability to soften sig-
nificantly at approximately 800 °C [48]. In general, the inner
diameter of the capillary inlet was approximately 1 mm, and
its outer diameter did not exceed 2 mm. The outlet diameter,
that is, the inner diameter of the capillary outlet (tip), ranged
from 1~10 pm, depending on the object under analysis. The
capillary has a taper angle ranging from 0.1° to 1°.

To enhance the observation of the ion-capillary interac-
tion process, we identified the maximum critical param-
eters of the capillary in the simulation: an inlet diameter
of 2 mm, outlet diameter of 10 um, taper angle of 1°, and
wall thickness of 150 pm, which is the thickness of a
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typical borosilicate glass tube [48]. Therefore, we con-
ducted simulations on this capillary. At the beginning of
the simulation, using the TRIM part in SRIM, Si, Ar, and
I primary ions with energies of 6 MeV were sequentially
selected to observe the difference between the different
masses of heavy ions after interacting with the capillary
and their spatial distributions on the sample surface. These
ions were incident parallel to the capillary axis; there-
fore, their incident angle on the capillary wall was set to
89°, which is equal to the taper angle, with a total of 10*
random ions. Then, borosilicate glass in the compound
dictionary was selected as the target layer, and its thick-
ness was set. The atomic percentages in this borosilicate
glass were 61% O, 26% Si, 9% B, 3% Na, and 1% Al. The
displacement energy of each element, which can affect the
sputtering yield, must be changed according to Ref. [49].

The numerical calculation program used in the simula-
tion is Python. For convenience, a tapered glass capillary
can be viewed as a perfect cone, ignoring the roughness
of its inner surface and nonuniformity of its wall thick-
ness. The ion beam entering the capillary was simulated
to be perfectly collimated with no divergence. Scattering
and sputtering information for each ion beam after colli-
sion with the capillary were obtained by SRIM and saved
in the so-called “BACKSCAT” and “SPUTTER” files,
respectively, which tabulates the kinetics of ions or atoms
leaving the target. The energies and outgoing directions
(cosines of the final trajectory) of the scattered ions and
recoil atoms in these files were then used in Python, where
the geometric conditions of the capillary and position of
the sample stage were set. While the exit positions of the
scattered ions or recoil atoms differ from their collision
positions, their average separation remains within a few
nanometers. Consequently, they can be treated effectively
by exiting from a common point (the collision point) in
our simulation.

SRIM software is specifically designed for ion-matter
interactions, making it highly accurate for simulating ion
implantation, sputtering, and radiation damage. It has been
widely used to simulate the physical properties of energetic
ions after their interaction with materials. It not only has
built-in models for simple elastic collisions and more com-
plex cascade collisions but also considers the electronic
energy loss during continuous scattering and sputtering
events. The details of each ion-atom collision in the cas-
cade collisions are recorded. Any combination of ions and
target materials can be easily selected on an intuitive user
interface, unlike other Monte Carlo software such as Geant4
and MCNP. Therefore, it can be used to directly and reliably
simulate the transmission of ions through glass or other cap-
illaries. Some of the above features are not always available
in other simulation methods. For example, Geant4 cannot
provide information about atoms sputtered from surfaces.
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4 Results and discussion

As shown in Fig. 1(c), the ions leaving the capillary can be
divided into two categories: ions that exit directly without
contacting the capillary (called the direct beam) and ions
that exit after scattering with the capillary (called the scat-
tered ions). The collision of the primary ion beam with
the capillary wall is accompanied by a recoil process in
addition to the scattering process. In this section, the main
physical processes of heavy ions interacting with the cap-
illary are discussed, including first scattering (Sect. 4.1),
multiple scatterings (Sect. 4.2), and recoil processes
(Sect. 4.4). This section mainly focuses on the observation
of the energy and spatial distributions of heavy ions in the
target area after undergoing these physical processes. In
addition, the effect of air pressure on the transmission of
the direct beam is considered in Sect. 4.4. Therefore, we
describe the following aspects:

4.1 First scattering

When primary ions enter the capillary, ions can collide
with the capillary wall resulting in different outcomes:
i) ions lose energy after collisions inside the wall and
become interstitial atoms, ii) ions undergo low-angle
Rutherford scattering and scatter forward, iii) ions undergo
Rutherford backscattering (few), and iv) ions can penetrate
the wall at the capillary tip. Because the ion range within
the wall is smaller than its thickness, iv) is not possible.
Forward-scattered ions can exit the capillary after first
scattering, while others collide with the opposite wall
and experience similar outcomes depending on scattering
angles. This subsection discusses energy and angular dis-
tributions of incident ions after first scattering, and energy
and spatial distributions of scattered ions leaving the capil-
lary in the target area. An area with a diameter of 1 cm was
selected as the target area in the simulation.

Figure 2(a)—(c) shows the energy distributions of 6
MeV Si, Ar, and I ions after their first scattering in the
capillary. The energy of Si ions is mainly distributed in
0~3 MeV, with an average of 2.1 MeV; that of Ar ions
falls mainly within 0~4 MeV, averaging to 2.7 MeV; that
of I ions is mainly within 4~6 MeV, showing an average
of 4.3 MeV. The greater the ion mass, the less energy lost
after scattering; thus, the process affects lighter ions more
at the same energy. This result suggests that using heavier
ions for experimental analysis to obtain more focused
energy beams with capillary collimation is feasible. The
energy loss occurs from scattering of surface and internal
atoms within 100 nm from the surface, accompanied by
motion direction changes. Scattered ions show azimuth



Monte Carlo simulation of the focusing effect of a tapered glass capillary used in MeV-SIMS on... Page50f13 125
300 : — 200 - - 500 —
° Q) scattered Si ions ° b) scattered Ar ions C) scattered I ions |
B!
o | | L]
° : % | 400 - | o°
a | 1501 | | o
200 : ° | %
z 2 "Qb’ ° g 300 - i
L] 1® |
g ° :2.[ g 100 - o%. °s %aoo 23 ooo: 2 g 3
e %, S o %00 o® DICIRRE )
O D, | O R o © 200 - I @
100 aad, %& ° | N | od‘
@ He @ e 50 - I P i °
: e 2.7 o 100 - o
o d ° ° QN0
I &, I ° PRaagy P 0 IR I
0L . | . . L% 0L . P . . . 0 Lo re . P B .
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
E (MeV) E (MeV) E (MeV)
1200
(d) scattered Si ions 1200 (e)scattered Ar ions 2400 - (f) scattered I ions A
u (-2 MeV = 0-2MeV = (-2 MeV
® 2:4MeV ° ® 2.4MeV ® 2-4MeV
8001 | A 4-6MeV R A 4-6MeV 1800 F | 4 4.6MeV
800
2 8 g a
= ° = =
E . E 5 12001
&} u Q &}
400
. 400 -
" LY 600 -
-
A
" " oA " ° O
—_— amn ° - - mn e,
Orll.l'.'l=‘=“‘.“.'.AA olsssBBBEEB32es0sannnnls B T 11 1 S LLLPH

60° 70° 80° 90° 40° 50°

Theta

40° 50°

60°

Th

60° 70° 80°

Theta

70° 80° 90° 40° 50° 90°

eta

Fig.2 (Color online) (a)—(c) Energy distributions of three primary ions after their first scattering at a collision point in the capillary, with dashed
lines indicating their average energies; (d)—(f) their polar angle distributions in different energy intervals

angle symmetry but distinct polar angle distributions. Fig-
ure 2(d)—(f) shows scattered ions counted in three energy
intervals. Low-energy ions have wider angular distribu-
tion (70°~90°) with fewer counts, while middle and high-
energy ions concentrate in 80°~90° range. Higher energy
scattered ions have greater polar angles, making them
more likely to exit the capillary. Heavier ions have smaller
polar and azimuth angle distributions. According to the
Rutherford scattering phenomenon, when the incident ion
mass differs greatly from that of the stationary target atom,
less energy is transferred to the target atom, resulting in
less energy loss.

Not all scattered ions can exit the capillary—only ions
with small scattering angles that exceed the cone angle
are ejected from the capillary and reach the target sur-
face through vacuum flight. The two-dimensional spatial
distributions of three scattered ions in the target area are
observed as scattered ions’ halos, shown in Fig. 3(a)—(c).
We observe minimal ions within a 0.8 mm radius, align-
ing with the experimental and simulated distribution of
the capillary-collimated 5 MeV Si primary beam at the
target in Ref. [8]. In that study, using a smaller capillary
geometry, no scattered ions were detected within 0.5 mm.
These ion halos are concentrated within a radius of 1~3
mm from the target center, suggesting that even if the ions

exiting the capillary have an extremely small exit angle,
they can still reach positions far from the target center
owing to their vacuum flight distance exceeding the capil-
lary outlet diameter. The direct beam, with a 5 pm radius,
remains well separated from surrounding scattered ions
whose energies are attenuated after scattering. This result
demonstrates the capillary’s potential for fixed-point
sample measurement and indicates optimal sample stage
movement during focused primary ion-beam scanning.

As mentioned earlier, the energy of scattered ions
relates to their exit angle, requiring observation of their
spatial distribution and landing position. Figure 3(d)—(f)
shows radius distributions of scattered ions in the target
region at three energy intervals, counted from the center
of halos along the positive x-axis. Ion distributions vary
across energy intervals, with high-energy ions (4~6 MeV)
showing smaller distribution ranges near the target center.
Si ions predominantly range from 2~6 MeV, Ar ions from
3~5.5 MeV, and I ions from 5~6 MeV. Heavier ions show
greater proportion in the high-energy part. These factors
indicate that heavier ions (such as I ions)experience less
energy loss after scattering, have a lower likelihood of
becoming interstitial atoms within the capillary wall, and
show higher scattering rates. Thus, the capillary provides
better collimation for heavier ions.
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Fig.3 (Color online) (a)—(c) Two-dimensional spatial distributions of three scattering ions in the target area after exiting the capillary; (d)—(f)

their radius distributions in different energy intervals

4.2 lon halos from multiple scatterings

As some ions have large scattering angles, they may con-
tinue to collide with the capillary, leading to multiple scat-
terings. This subsection calculates the maximum number of
ion scatterings and observes the ion halo after each scatter.
Some incident ions may scatter multiple times in the capil-
lary, with increasing scattering angles and decreasing verti-
cal distance between collision points until reaching the out-
let. The number and energy of outgoing ions decrease after
each scattering, landing farther from the target center. There-
fore, we focus on the ions reaching the target area after each
scattering. Ion information for up to three scatterings needs
calculation, based on simulation parameters including capil-
lary geometry, working distance, and target area size. Fig-
ure 4 shows the ion halos from each scattering. The ions in
the target area decrease significantly after second scattering,
mainly distributing outside 1 mm from target center. After
the third scattering, extremely few ions reach the target area
and are more than 3 mm away. The halo patterns after three
scatterings are shown in the last column in Fig. 4, similar to
ion halos from first scattering in Fig. 3(a)—(c). They distrib-
ute beyond 0.8 mm from target center, mainly within 1-3
mm. Figure 5 shows energy distributions of halo ions after
each scattering. The energy spectrum after first scattering
and total scatterings are nearly identical, especially within
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3~6 MeV. Low-energy differences result from other scatter-
ings. The number and energy of outgoing ions decrease after
each scattering, with less than 0.2% probability for the ions
to reach the target after multiple scatterings. The outgoing
angle increases per scattering, causing ions to land farther
from center. Thus, first scattering dominates among multiple
scattering events.

4.3 Recoil atoms from the first collision

When the primary ion beam incidents the capillary wall at
a low angle, recoil and scattering processes occur. During
elastic collision between incident ions and wall atoms, ions
are scattered and lose energy to the wall atoms. If displaced
wall atoms reach the surface with kinetic energy exceeding
surface binding energy, they emerge from the surface—a
process called recoil. These recoil atoms may contaminate
the sample surface or cause sputtering when highly ener-
getic. This section examines the energy and spatial distribu-
tions of recoil atoms in a finite target region to understand
their impact on sample analysis.

Similar to the scattered ions, the recoil atoms show a dis-
tribution pattern at polar angles. Figure 6 shows the count
of recoil atoms per degree at a collision point, concentrated
within 0° ~ 60° at the polar angle, corresponding to 30° ~ 90°
to the capillary wall. The phenomenon shows that the solid
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angle of recoil atoms in the outgoing direction exceeds that  is high (20~180 atoms per ion), but few wall atoms can
of scattered ions, making it harder for them to exit the capil-  exit the capillary and reach the target area, with most hav-
lary. The counts reflect the recoil yield of wall atoms, related ~ ing energies below 0.4 keV (about 90%). This confirms
to their proportion in the capillary and atomic characteristics  that recoil atoms struggle to exit the capillary due to large

(e.g., mass, displacement energy). recoil angles, as atoms with small outgoing angles may
Figure 7 shows the energy distributions of wall atoms  exit and reach the target area. Figure 8 shows the radius
recoiled by Si, Ar, and I ion beam in the target region.  distributions of recoil atoms’ drop points in the target area,

The recoil yield of high-energy heavy ions on wall atoms
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(b) recoiled by Ar-ion beam, and (c) recoiled by I-ion beam
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Fig.7 (Color online) Energy distributions of recoil atoms in the target area, after exiting the capillary
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Fig.9 (Color online) Effect of air pressure in the chamber on direct beam energy: (a) Transmitted Si ions, (b) transmitted Ar ions, and (c) trans-

mitted I ions

displaying a distribution beyond 2 mm from the center,
without affecting the direct beam area with 5 pm radius.
Because of the large exit angles and low energy of the
recoil atoms, most atoms can collide with the wall multiple
times, resulting in multiple recoil events. The number of
recoil atoms and their energy decrease after each collision.
Thus, only a small number of recoil atoms with low energies
can exit the capillaries and reach the sample surface; there-
fore, they do not constitute a new source of contamination or
sputtering to the sample in the subsequent analyses.

4.4 Effect of air pressure on the transmission
of direct beams

The scattered ions and recoil atoms move in an ideal vacuum
condition. If the chamber is in a medium or low vacuum, it
affects both the trajectory of scattered ions/recoil atoms and
the stable transmission of the direct beam. Since the halos
of scattered ions and recoil atoms are distant from the direct
beam, their trajectories and energies diverge further in air,
exceeding the TOF tube range. This subsection focuses on
the air environment’s effect on the direct beam.

The inside of the capillary has high vacuum, while
medium or low vacuum exists outside it; thus, the direct
beam must penetrate a 4 cm gas target to reach the sample.
Figure 9 shows the energy distributions of 6 MeV Si, Ar,
and I ion beams at different air pressures. Higher pressure
causes greater attenuation and energy broadening, whereas
pressures below 1 Pa barely affect the ion energy. The energy
of heavier ions is less affected by air pressure, shown by the
rightward peak shift, owing to the less energy loss at 6 MeV
incident energy (Fig. 10). This energy loss pattern remains
consistent at other pressures.

In addition to the attenuation and broadening of ion
energy, its trajectory is affected. Figure 11 shows radius dis-
tributions of drop points of direct beams on the target after
passing through gases at different pressures, with shaded
areas showing radius broadening. Higher air pressure causes
greater deviation from the original trajectory and wider
radius spread, due to denser gas molecules increasing colli-
sion likelihood between incident ions and air atoms. Heavier
incident ions show more trajectory divergence than lighter
ions (I>Ar>Si) under the same pressure, as ions with large
masses and radii have larger collision cross sections. I ions
are the most diffused at a 100 Pa pressure with drop-point
radii widening to 360 pm; however, they do not touch the
scattered ion halos, suggesting that the MeV-SIMS cham-
ber can operate under medium- or low-vacuum conditions.
While heavier ions show smaller energy loss and broaden-
ing through the gas target, their more divergent trajectories
disadvantage SIMS imaging. Therefore, balancing ion mass
and energy is crucial for subsequent SIMS analysis.

5 Conclusion

A Monte Carlo simulation program using SRIM software
was developed to observe scattering and recoil behaviors
of high-energy heavy-ion-beam interactions with a conical
glass capillary. Changes in the incident ions’ motion state
after first scattering with the capillary wall were analyzed.
Heavier ions showed smaller scattering angles and less
energy loss after scattering and were thus more likely to
exit the capillary and reach the target area, indicating better
capillary collimation for heavier primary ions. The spatial
distributions of scattered ions in the target area fell outside a
0.8 mm radius from the target center, allowing separation of
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Fig. 10 (Color online) Energy loss of direct beams in air under 100 Pa, obtained from SRIM calculations for demonstrating the energy loss
regimes. The dashed, dotted, and solid lines show the electronic, nuclear, and total energy losses, respectively

direct beam from scattered ions. Although three scattering
events were calculated in simulations, only the first scatter-
ing event needs consideration in actual experiments due to
its dominance among multiple scatterings. Most recoil atoms
have sub-keV energies (< 0.4 keV), and few reach the tar-
get area through the capillary, falling 2 mm from the target
center. These findings show that the recoil atoms neither
affect the direct beam analysis nor cause sample contamina-
tion and sputtering, meeting our requirements. Additionally,
the air pressure effects on the direct beam flight are consid-
ered. Higher air pressure increases the direct-beam-energy
attenuation, which can be reduced by heavier ion beams;
however, heavier atoms experience more dispersed trajec-
tories. I ions show the maximum divergence at 100 Pa with
their drop-point radius reaching 360 um; however, they still
do not overlap the position of the scattered ions.

@ Springer

Although heavier ions have less energy loss after scat-
tering, their trajectories are more affected by gas in non-
high vacuum. The relationship between ion mass and energy
must be balanced when choosing an incident ion beam. The
energy loss regime of primary ions can be calculated by
SRIM to select appropriate ion type and energy. Higher ion
energy and greater ion mass are more suitable for analyzing
macromolecular samples. In our simulations, helium proved
the most promising protective gas to replace air, as it greatly
mitigates heavy-ion flight path dispersion. The findings
verify that the capillary has good focusing ability for MeV
heavy ions and potential for MeV-SIMS under ambient pres-
sure. This study provides a solution for laboratories without
magnetic or electrostatic lenses and builds the foundation
for MeV-SIMS chamber development.
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