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Featured Application

The method proposed in this study can be applied to the design and optimization of pinhole-
based ion microbeam systems toward micrometer-scale beam confinement, with potential 
application to site-selective ion implantation for the fabrication of silicon-vacancy color 
centers in diamond.

Abstract

Micrometer-scale pinholes provide a compact approach for generating localized ion beams, 
but ion scattering from the pinhole wall can produce spatially extended background that 
degrades implantation selectivity. To clarify the transport mechanisms underlying a SiV 
implantation experiment, 28 Si ion transport through a 1 μm tapered pinhole was investigated 
using PHITS. The spatial distributions and exit angles of wall-scattered ions were evaluated, 
with attention to beam-energy dependence. Within the investigated parameter ranges and 
selected response metric, sensitivity analysis identified incident energy as the dominant 
parameter controlling transverse broadening. At 0.4 MeV, strong energy loss during ion–wall 
interactions limited forward transport, and exit angles of 10–30° corresponded to transverse 
displacements of approximately 170–580 μm at a 1 mm pinhole-to-sample distance. In 
contrast, 1–3 MeV ions retained more residual energy and produced a more continuous 
peripheral distribution near the beam axis. Separately, the radial flux distribution showed 
that the scattered-ion flux decreased rapidly within about 100 μm of the beam center and 
then formed a weak long-range tail. No distinct transport threshold was found at 400 μm, 
indicating that the >400 μm separation used experimentally is better interpreted as a 
conservative measure for suppressing scattering-induced background rather than a sharply 
defined physical threshold.

Keywords: ion microbeam; pinhole collimation; ion-wall scattering; transverse beam broad-
ening; sensitivity analysis; PHITS

1. Introduction
1.1. Approaches and Challenges in Microbeam Formation

Techniques for producing particle beams with diameters on the micrometer scale 
or smaller have been extensively investigated in various scientific and engineering fields. 
Currently, three principal methods are commonly used to generate microbeams: magnetic 
focusing, pinhole collimation, and glass-capillary focusing [1–6]. Although conventional 
magnetic-focusing microbeam systems employing quadrupole lenses are effective, their 
configurations are relatively complex and require considerable installation space. Therefore, 
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this study presents the results of a fundamental investigation into a simple method for 
generating microbeams using a micrometer-scale pinhole.

Pinhole collimation is a representative beam-forming approach suitable for applications 
that do not require exceptionally high transverse resolution and can tolerate relatively low 
beam intensity. Owing to its simple structure, low cost, ease of operation, and compatibility 
with existing accelerator systems, this method plays an important role in many practical 
research and application settings. Micrometer-scale beams generated by pinhole collimation 
have been employed in a wide range of experimental applications, including localized 
irradiation in radiobiology; targeted irradiation of small organisms, tissues, and organs [2,3]; 
single-event-effect testing of semiconductor devices; site-specific ion implantation; and 
the fabrication of quantum and photonic devices [7–13]. These applications generally 
place greater emphasis on achieving an overall balance among beam localization, system 
feasibility, apparatus complexity, operational stability, and experimental cost.

1.2. Spatial Selectivity Issues in Micro-Pinhole-Based Measurements
Pinhole collimation has several inherent limitations. At the micrometer scale, par-

ticularly for apertures of approximately 1 μm, fabrication constraints make it difficult to 
produce an ideal straight-through hole with a finite thickness and sidewalls approaching 
90°. In practice, pinholes generally exhibit a tapered geometry, with a larger entrance and a 
smaller exit. Consequently, incident particles may interact with the aperture edges or inner 
walls and undergo scattering. This process can generate low-intensity, spatially extended 
components outside the primary beam, resulting in non-ideal features such as lateral beam 
broadening, side tails, or beam halos [2,3,14,15]. These effects can degrade the spatial 
resolution of the beam at the target, reduce the useful beam intensity, and increase the 
energy spread, thereby compromising the accuracy and reliability of experimental results. 
Previous studies have also emphasized the importance of spatial implantation resolution in 
ion-beam applications. Spinicelli et al. [9], Schukraft et al. [10], and Schröder et al. [11] 
demonstrated the importance of precise ion implantation for the controlled fabrication of 
color centers in diamond and their integration into nanophotonic structures. However, 
the achievable spatial resolution of pinhole-generated microbeams can be limited by ion 
scattering. Gerardi et al. [2] reported limitations in the minimum achievable beam diameter 
and potential increases in energy spread associated with pinhole collimation. Funayama [3] 
further indicated that reducing the pinhole diameter does not necessarily improve the 
effective beam size because the relative contribution of scattered particles may increase. 
Similarly, Alves et al. [14] demonstrated that ion scattering imposes fundamental limitations 
on the spatial accuracy of deterministic ion implantation.

Professor Mario Agio and his colleagues at the University of Siegen, Germany, investi-
gated the scalable fabrication of deeply embedded silicon-vacancy (SiV) color centers in 
diamond by ion implantation through a 1 μm pinhole. They explicitly proposed controlling 
ion scattering and performed corresponding SRIM (Stopping and Range of Ions in Matter) 
simulations to evaluate the influence of ions scattered by the pinhole. The objective was to 
determine suitable conditions for the fabrication of single emitters and to achieve deeply 
embedded, spatially localized, and position-controlled SiV centers over a relatively broad 
range of ion energies. However, the primary objective of the aforementioned study was to 
achieve controlled ion implantation for the creation of SiV color centers and to optimize the 
corresponding experimental conditions, rather than to specifically investigate the ion trans-
port mechanisms following interactions with the pinhole walls and their effects on lateral 
microbeam broadening. Although that study employed SRIM simulations to investigate 
the trajectories of scattered ions and their spatial distributions at the sample surface, it did 
not systematically discuss the different transport pathways of ions following interactions 
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with the pinhole walls, the exit-angle characteristics of wall-scattered ions, or the quan-
titative relationships between these transport behaviors and the resulting lateral spatial 
distributions. In particular, regarding the selection of incident ion energy, the previous 
study demonstrated that a relatively low energy of 0.4 MeV was favorable for reducing 
the scattering background. However, it did not further elucidate the physical relationship 
between the directional transport behavior of scattered ions at different incident energies 
and the near-axis scattering background through an analysis of the exit-angle distribu-
tions of scattered ions and their energy dependence. Similarly, regarding the experimental 
separation distance of more than 400 μm, the previous study demonstrated the practical 
effectiveness of this condition in reducing the scattering background through simulations 
and experimental observations. However, it did not further quantitatively investigate the 
local ion fluence attenuation characteristics in the vicinity of this distance or the physical 
relationship between the experimental separation distance and the degree of scattering 
background reduction [12,13,16–19].

1.3. Objective of This Study
Building on the experimental findings reported by Hunold et al. [15,20], the present 

study focuses on the transport behavior of 28 Si ions passing through a 1 μm tapered pinhole 
and further employs PHITS simulations to investigate the particle transport mechanisms 
underlying the previously observed ion-scattering behavior [21,22]. Particular attention is 
given to the dependence of wall-scattered ion transport on incident ion energy, including the 
contributions of different transport pathways, exit-angle distributions, and radial particle 
fluence attenuation characteristics. By distinguishing different ion transport pathways 
following interactions with the pinhole wall, this study establishes a physical framework 
for examining how wall-related transport processes contribute to energy loss, angular redis-
tribution, and lateral particle spreading. This pathway-resolved analysis provides a basis 
for understanding the energy-dependent scattering behavior and interpreting the radial 
distribution of the scattering background. The primary objective of this study is to elucidate 
the physical mechanisms responsible for the reduced near-axis scattering background un-
der the low-energy irradiation condition of 0.4 MeV and to provide a quantitative physical 
interpretation of the experimental separation distance greater than 400 μm. By establishing 
the relationships between ion-wall interactions and the resulting angular and spatial distri-
butions, this study aims to extend the understanding of pinhole-generated ion microbeam 
formation and transverse broadening beyond the characterization of ion-scattering behavior 
reported in previous studies.

2. Methods
2.1. PHITS Simulation of Ion Transport Through a Micro-Pinhole Structure

The PHITS-based model was used to investigate ion transport within the tapered-
pinhole geometry and to evaluate particle distributions at different scoring locations, pro-
viding a consistent computational framework for the subsequent transport-pathway and 
angular-distribution analyses. PHITS version 3.280 was used in this study.

A representative ion-implantation system equipped with a 1 μm pinhole was adopted 
as the baseline configuration to establish a general analytical framework for elucidating the 
formation mechanism of pinhole-generated microbeams and evaluating the effects of key sys-
tem parameters [15]. The ion-transport simulations were performed using PHITS [21–24]. 
In the baseline model, as shown in Figure 1, the pinhole had a tapered geometry, with 
entrance and exit diameters of 0.006535 cm and 0.0001 cm. The pinhole thickness was 
0.0027 cm, and the angle between the pinhole wall and the plane perpendicular to the 
beam axis was set to 40°. The pinhole was made of steel with a density of 8.03 g/cm−3 
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and was mounted in the forward orientation. The detailed composition of the steel was Fe 
(−0.68995), Cr (−0.19000), Ni (−0.09000), Mn (−0.02000), Si (−0.00750), C (−0.00080), 
N (−0.00100), P (−0.0004), and S (−0.00030). According to the PHITS material input 
format, these negative values represent the mass fractions of the respective elements rather 
than physically negative quantities. Regarding the incident-beam conditions, the beam 
divergence angle was set to 0.3 mrad, and ion energies of 0.4, 1.0, 2.0, and 3.0 MeV were 
considered. The incident beam energy was specified in the [Source] section of the PHITS 
input file. For example, for a total incident energy of 0.4 MeV, the energy of the incident 28 Si 
ions was defined as e0 = 0.4000/28. The incident particles were 28 Si ions, and the incident 
beam diameter was 0.00325 cm. The incidence angle was set to 0°, with the beam axis 
assumed to be perfectly aligned with the central axis of the pinhole. The vacuum pressure 
was approximately 10−7  mbar, and no external magnetic or electric fields were considered. 
In terms of the geometrical arrangement, the sample-to-pinhole distance was set to 1 mm, 
while the source-to-pinhole distance was 40 cm. The target material was diamond with a 
density of 3.515 g/cm−3  and dimensions of 2 cm × 2 cm × 0.5 cm. The transport-related pa-
rameters were specified separately in the [Parameters] section, with emin(11) = 1.0 × 10−3  
and cmin(11) = 1.0 × 10−3 . The detailed simulation parameters are summarized in Table 1.

Figure 1. Schematic illustration of the tapered pinhole geometry and radial beam distribution at the 
diamond target.

It should be emphasized that a one-factor-at-a-time approach was adopted in the 
subsequent sensitivity analysis of the pinhole wall angle. During the analysis, the pinhole 
thickness and exit diameter were kept constant at 27 μm and 1 μm, respectively, with the 
pinhole wall angle treated as the only independently varied geometric parameter. Owing 
to the geometric constraints of the tapered pinhole, the entrance diameter was adjusted 
accordingly as the wall angle varied. Meanwhile, all other simulation parameters, including 
the incident beam conditions, pinhole material, and pinhole-to-sample distance, were 
maintained unchanged.
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Table 1. Specific parameters of the 1 μm pinhole ion implantation system.

No. Parameter Values Unit

Pinhole specific parameters

Pinhole inlet/outlet diameter 0.006535, 0.0001 cm
Pinhole thickness 0.0027 cm

Pinhole shape Cone
Pinhole wall angle 40 °

Pinhole material and density Steel, 8.03 g/cm3 
Pinhole orientation Front-side up

Beam conditions

Beam divergence angle 0.3 mrad
Beam energy 0.4, 1.0, 2.0, 3.0 MeV

Beam particle type 28 Si
Beam Flux Neglected

Beam diameter 0.00325 cm
Beam incidence angle 0 °

Relative position of the beam center and the 
pinhole center (offset) 0 μm

Environmental factors

Space charge effect Neglected
Vacuum level ~10−7 mbar

External magnetic field No
External electric field No

Distance relationship Sample-pinhole distance 1 mm
Source-pinhole distance 40 cm

Sample condition Sample material and density Diamond, 3.515 g/cm3 
Sample dimensions 2 × 2 × 0.5 cm

2.2. Tally Configuration and Spatial Scoring
The calculated radial distribution of the ion beam at the target surface was found to 

be highly sensitive to the tally scoring window. Therefore, the results depend not only on 
the physical model itself but also on the tally configuration and the method used to extract 
the data. An excessively thick tally slice or an overly broad integration range can introduce 
additional spatial averaging effects, thereby altering the resulting distribution. Following 
a systematic comparison of different tally parameters, an R-Z mesh tally was adopted in 
this study. The particle flux calculated using the R-Z mesh tally is expressed in units of 
cm−2 /source and characterizes the intensity of ion transport per unit area and per source 
particle within the specified scoring region. A thin slice extending from z = 40.1027 to 
40.1030 cm was selected to characterize the radial spreading behavior of the 28 Si ion beam in 
the near-surface region of the diamond target. In the radial direction, the integration range 
was restricted to 0–0.0003 cm, with the number of radial mesh divisions set to nr = 100, in 
order to improve the spatial resolution of the localized beam distribution at the target surface. 
The radial scoring range of 0–3 μm was selected to investigate the influence of pinhole-wall 
scattering on the spatial distribution and transverse broadening of the central microbeam. 
This selection is also consistent with the near-axis ion-density distributions reported by 
Hunold et al. [15]. The 3 μm boundary represents the selected range for local analysis rather 
than a physical cutoff for scattered-ion transport. Scattered ions at larger radial distances 
were investigated separately in Sections 3.4 and 3.5. It should be emphasized that the tally 
was positioned immediately after the ions entered the target surface. Ion transport in free 
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space and ion transport within the target represent two distinct physical problems. The 
former primarily concerns ion propagation, divergence, and spatial distribution in vacuum 
or free space after the beam exits the pinhole. The latter focuses on the lateral broadening, 
intensity distribution, and energy distribution generated within the material immediately 
after the ions enter the diamond target. The present study addresses the latter problem, 
with particular emphasis on ion transport under the specified target conditions.

The [T-Cross] tally was primarily employed to investigate ion transport within the 
tapered pinhole geometry. By defining scoring surfaces at different locations, the f-curr 
and b-curr modes were used to analyze forward ion transport and backward scattering, 
respectively, while the a-curr mode was employed to obtain the angular distribution of ions 
crossing the specified surfaces. In addition, the [T-Track] tally with an R–Z mesh was used 
to further investigate the radial ion fluence distribution near the diamond target surface. 
This tally provides a track-length-based estimate of the volume-averaged particle fluence 
within the specified scoring regions.

2.3. Classification and Identification Criteria for Ion Transport Pathways
Based on the outcomes of particle–pinhole interactions, the incident particles were 

classified into four categories: Direct, Wall-scattered, Lost-reflect, and Lost-stop. Direct 
particles are those that pass through the pinhole without interacting with the aperture 
wall. Wall-scattered particles interact with the aperture wall but subsequently continue 
to propagate downstream through the pinhole. Lost-reflect particles interact with the 
aperture wall, are deflected backward, and return upstream. Lost-stop particles are de-
celerated and eventually stopped within the pinhole material. These categories represent 
not only differences in particle transport trajectories but also distinct spatial and energetic 
characteristics of the resulting beam. Direct particles exhibit strong forward transmission, 
limited angular divergence, and relatively low energy loss. Wall-scattered particles un-
dergo scattering and energy loss within the pinhole wall and therefore generally exhibit 
larger exit angles and broader spatial distributions. These particles may contribute to the 
central beam region while simultaneously producing low-intensity peripheral tails or halo 
components. In contrast, Lost-reflect and Lost-stop particles do not belong to the forward-
transmitted beam component and therefore do not directly contribute to the formation of 
the downstream microbeam.

Particle classification was performed using the [Counter] function in combination with 
the [T-Cross] and [T-Time] tallies in PHITS. In the simulation geometry, the steel material 
region forming the pinhole wall was designated as the region monitored by Counter 1, which 
was used to record whether a tracked 28 Si ion had entered this region. For particles crossing 
the downstream scoring plane in the forward direction output=f-curr, ctmax(1) = 0 was 
used to identify Direct particles that had never entered the steel-wall region, whereas 
ctmin(1) = 1 was used to identify Wall-transmitted particles that had entered this region 
at least once. Particles crossing the upstream scoring plane in the backward direction 
output = b-curr after entering the steel-wall region were identified as Lost-reflect particles. 
Lost-stop particles were identified using the cutoff output of the [T-Time] tally within the 
steel-wall region, together with the corresponding counter condition. The classification 
criteria and their corresponding PHITS counter conditions and tally outputs are summarized 
in Table 2.
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Table 2. Particle classification criteria based on PHITS counter conditions and tally outputs.

Category Counter Condition Tally Output

① Direct ctmax(1) = 0 f-curr
② Wall-transmitted ctmin(1) = 1 f-curr

③ Lost-reflect ctmin(1) = 1 b-curr
④ Lost-stop ctmin(1) = 1 cutoff

3. Results
3.1. Transmission Efficiency and Ion-Path Decomposition

Each simulation was performed using 107  source particle histories. The statistical 
uncertainties of the calculated particle fluxes were evaluated using the relative errors (err.) 
reported by PHITS. These errors were examined for individual radial mesh intervals to 
assess the statistical reliability of the simulated intensity distributions, particularly in the 
low-flux peripheral regions.

The transmission fraction was defined as the ratio of the number of transmitted ions 
to the total number of incident source ions. Regarding the collective exhaustiveness of 
the particle classification, the fraction of each particle category was calculated by dividing 
the corresponding particle count by the total number of incident source particles. After 
normalization to the total number of incident particles, the fractions of the four particle 
categories were 2.38 × 10−4  for Direct particles, 2.70 × 10−4  for Wall-transmitted particles, 
6.36 × 10−4  for Lost-reflect particles, and 9.9886 × 10−1  for Lost-stop particles, corresponding 
to 0.0238%, 0.0270%, 0.0636%, and 99.886%. It should be noted that the relative contribu-
tions calculated within the near-axis radial range of 0–3 μm should be distinguished from 
the overall fraction of wall-transmitted particles. These results indicate that, under the 
baseline conditions of the present ion-implantation system, the overwhelming majority of 
incident particles are lost within the pinhole wall. The forward-transmitted beam is there-
fore composed only of the Direct and Wall-scattered components, whereas the Lost-reflect 
and Lost-stop particles do not contribute to downstream beam formation. The relative 
contributions of the core and halo components within the transmitted beam were subse-
quently evaluated. Direct particles undergo almost no significant scattering and therefore 
exhibit strong forward directionality and relatively low energy loss. They mainly form the 
high-intensity central beam spot and are thus assigned to the core component. In contrast, 
Wall-transmitted particles interact with the pinhole wall before emerging downstream at 
larger exit angles. Consequently, they contribute not only to the central core region but 
also to the low-intensity peripheral halo. To isolate the contribution of Wall-transmitted 
particles to the core component, the incident beam was configured with a hollow annular 
profile, with an inner radius of rmin  = 0.00005 cm and rmax  = 0.0003 cm. This configuration 
eliminates the influence of Direct particles on the core evaluation, such that the calculated 
core component originates entirely from Wall-scattered particles. The results show that, 
within the Wall-scattered population, 98.55% of the particles are distributed in the core 
region, whereas only 1.4516% are located in the peripheral halo region. The calculation 
method is presented in Equations (1) and (2). Specifically, the average forward surface-
current densities obtained using the PHITS [T-Cross] tally in the forward surface-current 
mode (output = f-curr, unit = 1) were 7133.070 cm−2 /source and 3.001 cm−2 /source for the 
core region (0–0.5 μm) and the peripheral region (0.5–3.0 μm), respectively. By multiplying 
these values by their corresponding scoring areas, π(0.5 × 10−4 )2  cm2  and π[(3 × 10−4 )2 −
(0.5 × 10−4 )2 ] cm2 , the area-integrated forward-current contributions were calculated to be 
5.6023 × 10−5  source−1  and 8.2521 × 10−7  source−1 , respectively. These source-normalized 
contributions were then multiplied by the total number of simulated source-particle histo-
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ries 107 , yielding estimated numbers of forward-crossing ions of 560.23 and 8.2521 ions in 
the corresponding regions, respectively.

Contribution of wall-transmitted particles to the core/halo region:

fcore =
560.23

560.23 + 8.2521 × 100% = 98.55% (1)

fhalo =
8.2521

560.23 + 8.2521 × 100% = 1.45% (2)

To further evaluate the spatial confinement characteristics of the transmitted ion beam, 
the contributions from the 0–0.5 μm region and the 0.5–3 μm region, comprising the transi-
tion and halo regions, were analyzed. When normalized to the total number of incident 
source-particle histories, the forward-crossing contributions from the core region (0–0.5 μm) 
and the combined transition and halo regions (0.5–3 μm) are approximately 0.0504% and 
0.000392%, respectively. These results indicate that the transmitted beam is strongly con-
centrated within the central core region, while the contribution from the peripheral region 
is considerably smaller within the investigated radial range. These results demonstrate that, 
although a pinhole-generated microbeam inevitably contains a halo component produced 
by wall-scattered particles, the transmitted beam remains overwhelmingly dominated by 
the core component.

The consistency of the particle classification was evaluated based on the PHITS counter 
conditions and the normalized fractions of the four transport categories. As summarized in 
Table 2, Direct and Wall-transmitted particles were distinguished at the same downstream 
scoring plane using ctmax(1) = 0 and ctmin(1) = 1, respectively. These conditions distin-
guish particles that never entered the steel-wall region from those that entered it at least once, 
thereby ensuring that the two forward-transmitted categories are mutually exclusive under 
the specified scoring conditions. The normalized fractions of Direct, Wall-transmitted, Lost-
reflect, and Lost-stop particles were 0.0238%, 0.0270%, 0.0636%, and 99.886%, respectively, 
yielding a total of 100.0004%. The negligible deviation of 0.0004 percentage points from 
100% is attributable to rounding of the reported values. To further validate the classification 
method, the PHITS particle dump function was employed to examine the transport histories 
of individual primary particles and assess the consistency of their event assignments. Each 
primary-particle history was assigned to a single transport category, with no overlapping 
assignments or unclassified histories identified.

3.2. Beam Intensity Distribution in the Micro-Pinhole System
To evaluate the statistical reliability of the radial intensity distributions, the relative 

errors (err.) reported by PHITS were further analyzed. The results show that, at incident 
ion energies of 0.4, 1, 2, and 3 MeV, the median relative errors in the core region were 0.52%, 
0.15%, 0.15%, and 0.31%, respectively, while those in the transition region were 2.25%, 0.39%, 
0.37%, and 0.80%, respectively. These results indicate that the statistical uncertainties in 
both regions were generally low. In contrast, the relative errors in the halo region were 
substantially higher due to the low particle fluence. The median relative errors for nonzero 
scoring bins were 100%, 20.61%, 8.74%, and 11.05% at 0.4, 1, 2, and 3 MeV, respectively. 
In particular, at 0.4 MeV, 51 out of 77 radial scoring bins in the halo region recorded no 
particle contributions, indicating that the available particle statistics in this region were 
limited. With these statistical limitations in mind, the energy-dependent radial intensity 
distributions are examined below.

Using the established particle-transport model, representative 28 Si ion beams with 
energies ranging from 0.4 to 3 MeV were incident on the target material. The lateral spatial 
distributions of the particle intensity generated near the target surface were calculated 
using PHITS, as shown in Figure 2. The horizontal axis represents the radial distance from 
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the beam center over a range of 0–3 μm, while the vertical axis represents the normalized 
particle intensity. The normalized intensity distribution was obtained by dividing the 
particle flux calculated using PHITS by the maximum particle flux within the specified 
radial range, resulting in a dimensionless quantity. The core-halo decomposition discussed 
in Section 3.1 provides an overall description of the dominant central beam component 
and the peripheral contribution associated with wall-scattered ions. However, the radial 
intensity distribution exhibits a gradual transition from the high-intensity central peak 
to the low-intensity peripheral halo, rather than an abrupt boundary between these two 
components. To characterize this spatial variation more precisely, a transition region was 
introduced between the core and halo in the radial intensity analysis. According to the 
calculated intensity distribution, the resulting beam spot was divided into three regions: the 
core region from 0 to 0.5 μm, the transition region from 0.5 to 0.7 μm, and the halo region 
from 0.7 to 3.0 μm. The core region corresponds to the high-intensity central component 
and is composed primarily of directly transmitted particles, representing the main body 
of the microbeam. The transition region lies between the core and halo regions and is 
characterized by a rapid decrease in beam intensity. It reflects the gradual change from a 
distribution dominated by directly transmitted particles to one increasingly influenced by 
wall-scattered particles. The halo region is characterized by a broad spatial distribution 
and relatively low intensity, representing the peripheral component generated by particles 
scattered through interactions with the pinhole wall.

Figure 2. Intensity distribution within 3 μm from the beam center.

Particular attention should be paid to the radial intensity distribution obtained at an 
incident energy of 0.4 MeV, where a distinct low-flux region appears outside the core. Specif-
ically, within the halo region beyond approximately 0.7 μm, the calculated flux remains at 
an extremely low level and does not form a continuously increasing peripheral distribu-
tion. This feature indicates that low-energy 28 Si ions undergo substantial energy loss and 
significant changes in their scattering trajectories after interacting with the inner wall of the 
pinhole. Owing to the low incident energy, some Wall-scattered particles retain only limited 
residual energy after penetrating or leaving the pinhole wall, which markedly reduces the 
probability that they will continue propagating forward and reach the corresponding radial 
region. Moreover, this low-flux region should not be interpreted simply as a conventional 
characteristic of the halo component. Instead, it is more likely a condition-dependent fea-
ture jointly determined by energy loss, the angular distribution of scattered particles, and 

https://doi.org/10.3390/app162111059

https://doi.org/10.3390/app162111059


Appl. Sci. 2026, 16, 11059 10 of 18

their residual range under low-energy irradiation conditions. When the incident energy 
is increased to 1, 2, or 3 MeV, the scattered particles retain greater residual energy and 
exhibit stronger forward-transport capability. Consequently, the distinct low-flux region 
is no longer observed, and the spatial distributions of the halo and transition components 
become smoother and more continuous.

3.3. Sensitivity Analysis of Beam Intensity to Key Parameters
In this study, a sensitivity coefficient S is introduced to quantify the response of the 

beam intensity to variations in a given influencing parameter [25]. It is defined as the 
ratio of the relative change in beam intensity to the relative change in the corresponding 
parameter:

S(sensitivity factor) =
|△I|

I
|△∗|

∗

(3)

where I and ∗ denote the baseline beam intensity and the baseline value of the investi-
gated parameter, respectively, while ΔI and Δ∗ represent their corresponding changes. 
The numerator describes the relative variation in the beam-intensity response, whereas 
the denominator represents the relative variation in the influencing parameter itself. A 
larger sensitivity coefficient indicates that a small variation in the parameter can produce 
a substantial change in beam intensity, suggesting that the parameter is more critical for 
controlling microbeam characteristics. Conversely, a smaller sensitivity coefficient indicates 
that the parameter has a relatively weak influence on the beam intensity. The key parameters 
affecting microbeam formation and lateral broadening were classified into three categories 
for parametric scanning: pinhole-related parameters, including the pinhole taper angle, 
pinhole material, and material density; beam-condition parameters, including the beam 
divergence angle and incident energy; and geometrical parameters, represented by the 
sample-to-pinhole distance. Starting from the baseline model, the effects of these parame-
ters were systematically evaluated using a one-factor-at-a-time approach. The sensitivity 
analysis was performed based on the radial ion fluence distributions calculated by PHITS. 
For each simulation condition, the fluence values at different radial positions were normal-
ized by the maximum local flux under the corresponding simulation condition, yielding a 
dimensionless relative intensity distribution. Subsequently, the normalized radial intensity 
distributions obtained under different parameter perturbations were compared with those 
of the baseline simulation at the corresponding radial positions.

As shown in Table 3, the comprehensive analysis indicates that the core region exhibits 
relatively low sensitivity to all investigated parameters. The effects of incident-beam energy, 
pinhole taper angle, sample-to-pinhole distance, beam divergence angle, and incidence 
angle are generally of the same order of magnitude. Therefore, this region can be regarded 
as a relatively stable primary peak region. Although the generated microbeam remains 
quantitatively dominated by the core component, the principal factor responsible for the 
degradation of lateral spatial resolution is not the core itself, but rather the lateral broaden-
ing of the transition and halo regions outside the core at the sample surface. To improve 
the lateral spatial resolution, the transition region between the core and halo should be 
made as narrow and steep as possible. Accordingly, the transition region between the 
core and halo was selected as the primary quantitative evaluation region for the sensitivity 
analysis. This region provides sufficient particle statistics while also reflecting the onset 
of lateral beam broadening caused by scattering from the pinhole wall. For the sensitivity 
analysis, seven radial tally bins near the core–transition boundary were selected. The parti-
cle flux in each bin was normalized by the maximum local flux under the corresponding 
simulation condition. Taking 0.4 MeV as the baseline, the signed relative changes in nor-
malized intensity were calculated for each bin under the perturbed conditions (1.0, 2.0, and 
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3.0 MeV). The arithmetic mean of these seven changes was then obtained, and its absolute 
value was divided by the relative change in the corresponding parameter to calculate the 
sensitivity coefficient defined in Equation (3). Thus, the absolute value was applied after 
averaging, allowing positive and negative changes to partially cancel. To further evaluate 
the statistical reliability of the sensitivity analysis, the relative errors (r.err) reported by 
PHITS were examined for the seven radial mesh intervals used to calculate the sensitivity 
coefficients. At incident energies of 0.4, 1.0, 2.0, and 3.0 MeV, the relative errors ranged 
from 0.41% to 2.86%, 0.13% to 0.45%, 0.12% to 0.43%, and 0.26% to 0.94%, respectively. 
Among the investigated parameters, the incident-beam energy exhibited a particularly large 
sensitivity coefficient. When the beam energy was increased from 0.4 MeV to 1–3 MeV, 
the sensitivity coefficient in the transition region reached 10.12–45.83%, the highest values 
among all evaluated parameters. It should be emphasized that these results are specific to 
the parameter ranges and simulation conditions investigated in this study. Therefore, the 
incident beam energy is identified as the most influential parameter only within the present 
simulation framework, rather than as a universally dominant factor governing the transverse 
broadening of pinhole-generated ion microbeams. It should also be noted that relatively 
small sensitivity coefficients, particularly those associated with geometrical parameters and 
the pinhole-to-sample distance, may be influenced by statistical uncertainties in the Monte 
Carlo simulations. Therefore, these results should be interpreted with caution and should 
not be regarded as definitive evidence of physical insensitivity without further quantitative 
uncertainty assessment.

Table 3. The contribution of each parameter to the beam intensity in the transition region.

Influencing Factors Base Factors Relative Change Relative Parameter 
Change Sensitivity Factor

Pinhole wall angle 40°

40° → 50° 25% 0.04%
40° → 60° 50% 0.02%
40° → 70° 75% 0.01%
40° → 80° 100% 0.01%
40° → 90° 125% 0.01%

Beam divergence 
angle 0.3 mrad

0.3 mrad → 0.1 mrad 66.67% 0.63%
0.3 mrad → 0.2 mrad 33.33% 0.87%
0.3 mrad → 0.4 mrad 33.33% 0.78%
0.3 mrad → 0.5 mrad 66.67% 0.84%

Beam energy 0.4 MeV
0.4 MeV → 1 MeV 150% 45.83%
0.4 MeV → 2 MeV 400% 19.22%
0.4 MeV → 3 MeV 650% 10.12%

Sample–pinhole 
distance 1 mm

1 mm → 0.8 mm 20% 0.90%
1 mm → 0.9 mm 10% 0.40%
1 mm → 1.1 mm 10% 0.50%
1 mm → 1.2 mm 20% 0.65%

It should be noted that the above discussion is based on a tally position located 1 mm 
downstream of the pinhole exit. Because the ions undergo geometrically induced beam 
spreading and scattering during downstream transport, the relative proportions of the core 
and halo components vary noticeably with the pinhole-to-target distance. For the baseline 
annular ion-implantation configuration in which the central beam component is excluded, 
a change of 0.1 mm in the pinhole-to-target distance results in an approximately ±0.05% 
variation in the calculated results.
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3.4. Angular Distribution of Wall-Transmitted Ions
As discussed above, the lateral beam broadening exhibits particularly high sensitivity to 

the incident beam energy. To further interpret this phenomenon, the underlying mechanism 
was analyzed from the perspective of particle-pinhole interactions. The theoretical analysis 
indicates that any parameter capable of significantly modifying the particle exit angle also 
produces a strong influence on the lateral beam distribution. The effect of the exit angle on 
the spatial intensity distribution can be understood primarily as geometric lateral expansion 
during free-space propagation. Using the baseline annular ion-implantation configuration 
with the central beam excluded, the a-curr output function in PHITS was employed to 
calculate the angular distribution of particles crossing the pinhole exit plane. Figure 3 shows 
the angular distributions immediately after ions of different incident energies interacted 
with the pinhole wall and emerged through the pinhole exit. The angular distributions were 
calculated using the [T-Cross] tally in PHITS with the a-curr output option. The horizontal 
axis represents the radial displacement from the beam center corresponding to the particle 
exit angle, whereas the vertical axis represents the normalized relative intensity. The relative 
intensity was normalized to its maximum value within the specified range, resulting in a 
dimensionless quantity. It should be noted that the lateral displacement calculated using 
△r = Ltanθ represents an equivalent geometric lateral displacement rather than the actual 
radial position of an ion at the target surface. In principle, the actual transverse position 
of an ion also depends on its initial position at the pinhole exit. Under a simplified two-
dimensional geometric approximation, the lateral displacement can be expressed as r = r0  + 
Ltanθ. Based on the SRIM simulation results and the pinhole geometry, the maximum initial 
lateral displacement r0  was estimated to be approximately 0.3950 μm, corresponding to only 
about 0.08–0.40% of the characteristic lateral broadening range of 100–500 μm. Therefore, 
the influence of the initial exit position is considered relatively small at these spatial scales.

Figure 3. Angular distributions of ions immediately after passing through the wall at different beam 
energies.

The beam emerging after transmission through the pinhole wall exhibits a relatively 
broad angular distribution. At a pinhole-to-sample distance of 1 mm, the use of a lower 
incident beam energy allows the large exit angles of Wall-scattered particles to displace them 
from the central microbeam region toward more distant radial positions, thereby reducing 
contamination near the beam center. At an incident energy of 0.4 MeV, the particle exit angles 
are concentrated primarily within the range of 10–30°, with a maximum at approximately 20°. 
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The corresponding lateral displacements at the target surface are therefore approximately 
170–580 μm, with a relatively enhanced contribution near 360 μm, rather than in the vicinity 
of the central microbeam region. To verify this relationship, the radial tally scoring range 
was extended to 1 cm. The relative area-integrated track-length fluence contribution within 
each radial interval was then evaluated by multiplying the average particle fluence obtained 
from the PHITS [T-Track] tally by the corresponding annular area. Since the annular areas 
corresponding to different radial intervals are not identical, a direct comparison of the flux 
values in each interval cannot fully reflect their area-integrated contributions. Therefore, 
to evaluate the relative contribution of each radial interval, the average particle flux in the 
i-th radial interval was multiplied by the corresponding annular area, as expressed by the 
following equation:

𝐶𝑖 = Φ𝑖 ⋅ 𝜋(𝑟2
𝑖+1 − 𝑟2

𝑖 ) (4)

where Φi  represents the average particle flux in the i-th radial interval, with a unit of 
cm−2 /source, ri and ri+1 denote the inner and outer radii of the interval, respectively, with a 
unit of cm, and Ci  represents the area-integrated track-length fluence contribution in the i-th 
radial interval, with a unit of source−1 . This area-weighting method enables the comparison 
of the relative area-integrated track-length fluence contributions of different radial intervals. 
The calculated quantity represents the track-length-based fluence contribution within each 
annular region and should not be directly interpreted as the actual number of ions reaching 
the target surface. Because the spatial flux calculated by PHITS is expressed in units of 
1/cm2 /source, it is normalized per unit area and per source particle. The annular area must 
therefore be taken into account when evaluating the area-integrated track-length fluence 
contribution in each radial interval. The results show that, although the overall intensity 
decreases with increasing radial distance, a distinct locally enhanced peak remains within 
the radial range of approximately 100–500 μm. This range is generally consistent with the 
lateral displacements corresponding to particle exit angles of 10–30°.

To further clarify the relationship between energy loss and angular broadening, we 
performed an additional energy-angle analysis of Wall-transmitted ions at a fixed incident 
energy of 0.4 MeV. The exit-angle range was divided into 5° intervals, and the corresponding 
residual-energy spectra were extracted for each interval. The representative residual energy 
was calculated as the fluence-weighted mean energy. The results show that the mean 
residual energy generally decreases with increasing exit angle, from approximately 0.29 MeV 
at smaller angles to approximately 0.15 MeV at larger angles. Relative to the initial energy 
of 0.4 MeV, these values correspond to mean energy losses of approximately 0.11 MeV and 
0.25 MeV, respectively. This trend indicates that ions emerging at larger angles generally 
exhibit greater energy loss following interactions with the pinhole wall. This energy-angle 
relationship also provides further insight into the physical basis for selecting the relatively 
low incident energy of 0.4 MeV. At this energy, ions interacting with the pinhole wall 
undergo substantial energy degradation, particularly those emerging at larger exit angles. 
When considered together with the energy-dependent exit-angle distributions presented 
in Section 3.4, it is suggested that the combined effects of energy degradation and angular 
redistribution may contribute to the broader transverse scattering distribution at 0.4 MeV 
and potentially help explain the reduced near-axis scattering background.

3.5. Evaluation of Spatial Resolution Effects in a Micro-Pinhole System
For the subsequent radial distribution analysis extending to 600 μm, it should be noted 

that the relatively large statistical uncertainties observed in the halo region at 0.4 MeV 
mainly occurred in the near-axis scoring analysis using fine radial mesh bins and do not 
directly represent the statistical precision over a larger radial range. Specifically, the median 
relative error of 100% reported in Section 3.2 was limited to the nonzero scoring bins within 
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the narrowly defined halo region of 0.7–3 μm, where 51 out of 77 radial bins recorded no 
particle contributions. This value does not represent the statistical uncertainty of the entire 
radial distribution. In contrast, the extended analysis in Section 3.5 covers a radial range of 
0–600 μm. To further evaluate the statistical reliability of the large-range radial distribution 
results, the relative errors (err.) reported by the corresponding PHITS [T-Track] tally were 
examined. The results show that, at an incident energy of 0.4 MeV, the relative errors 
of the radial mesh bins within 0–600 μm ranged from 0.17% to 0.58%. In particular, the 
relative errors of the two adjacent radial bins near the experimentally relevant separation 
distance of 400 μm were 0.49% and 0.53%, respectively. These values are substantially below 
the commonly used 5% relative-error reference criterion in Monte Carlo particle transport 
simulations, indicating high statistical precision of the large-range radial fluence distribution 
within the investigated region. Therefore, the relatively large statistical fluctuations observed 
in individual near-axis halo bins do not necessarily imply a comparable level of statistical 
uncertainty in the subsequent large-range radial distribution analysis.

As shown in Figure 4, the R-Z mesh tally in PHITS was used to evaluate the ion-flux 
distribution at the target surface over a radial range extending to 600 μm, characterizing the 
variation in particle intensity with radial distance from the beam center. The horizontal axis 
represents the radial distance from the beam center over a range of 0–600 μm, while the 
vertical axis represents the normalized relative intensity. The calculated relative intensity 
was normalized by its maximum value within the specified radial range, resulting in a 
dimensionless quantity. Although weak off-axis components produced by ions transmitted 
through or scattered from the pinhole wall remain outside the central region, their influence 
on spatial selectivity depends on whether their intensity exceeds the experimental detection 
threshold. Only off-axis components above this threshold contribute to a measurable 
background signal and thereby reduce the effective spatial selectivity.

The calculated local ion flux decreases rapidly within approximately 100 μm of the 
beam center, followed by a slowly decaying long-range tail. No distinct transport threshold is 
observed at 400 μm; however, the local scattered-ion flux at this distance is already reduced 
to approximately 8.07 × 10−3  of that in the core region, indicating a relatively low background 
contribution from the halo. The value of approximately 8.07 × 10−3  was obtained from the 
normalized radial ion-flux distribution. Specifically, all radial flux values were normalized 
by the maximum local flux within the core region, according to the following equation:

Φnorm(r) =
Φ(r)
Φmax

(5)

where Φmax represents the maximum local ion flux among all radial scoring bins within 
the core region. Therefore, the normalized flux of approximately 8.07 × 10−3  at a radial 
distance of 400 μm indicates that the local scattered-ion flux at this position is approximately 
0.807% of the reference maximum flux in the core region. It should be noted that the 
local ion flux and the area-integrated track-length fluence contribution over a finite radial 
region represent different physical quantities. The local ion flux characterizes the particle 
flux within a specified radial scoring bin, whereas the integrated particle contribution is 
obtained by accounting for the corresponding radial area over a defined region. Therefore, 
the separation distance of more than 400 μm adopted in the reference experiment is more 
appropriately interpreted as a conservative experimental measure for suppressing the 
scattered-ion background, rather than as a uniquely defined physical threshold. This 
interpretation is consistent with the experimentally observed low PL(Photoluminescence) 
background beyond 400 μm in the reference study. It should be emphasized that the 
normalized local scattered-ion flux of approximately 8.07 × 10−3  at 400 μm represents the 
relative flux intensity at this specific radial position, rather than the integrated particle 
contribution over the entire peripheral region. Although the integrated contribution over 
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a large radial area may remain non-negligible, the scattered-ion background affecting an 
individual, spatially localized implantation site is more directly related to the local ion 
flux and the effective area of that site. Therefore, the relatively low local scattered-ion 
flux at 400 μm provides a physical explanation, from the perspective of ion transport, 
for the larger spatial separation adopted in the reference experiment. However, this flux 
ratio should not be directly interpreted as an equivalent reduction in the experimentally 
observed photoluminescence (PL) background, since the PL signal also depends on SiV-
center formation and optical detection conditions. The reduced local halo background may 
help suppress unwanted off-axis irradiation, thereby providing useful physical insight into 
the spatial selectivity of pinhole-assisted SiV-center implantation [26–30].

Figure 4. Relationship between distance from the beam center and intensity.

4. Conclusions
This study investigated 28 Si ions in a representative 1 μm tapered-pinhole system. 

A PHITS-based model was developed to simulate ion transport through the microscale 
pinhole structure. The formation mechanism and lateral broadening characteristics of the 
pinhole-generated ion microbeam were analyzed in terms of particle transport trajectories, 
radial intensity distributions at the target surface, the effects of key parameters, and the 
exit-angle distributions of ions scattered by the pinhole wall.

1. After interaction with the pinhole, the incident ions can be classified into four categories: 
Direct, Wall-scattered, Lost-reflect, and Lost-stop. The vast majority of incident ions 
eventually stop within the pinhole-wall material, whereas the microbeam is formed 
only by Direct and Wall-scattered ions, which account for 0.02% and 0.03% of the total 
incident ions, respectively. These results demonstrate that the overall transmission 
efficiency of the micrometer-scale pinhole system is relatively low.

2. The ions forming the transmitted microbeam are predominantly concentrated in the 
central core region. When normalized to the total number of incident source particles, 
the core component (0–0.5 μm) accounts for approximately 0.0504%, whereas the 
combined halo and transition components (0.5–3.0 μm) account for approximately 
0.000392%. These results indicate that, although a pinhole-generated microbeam 
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inevitably contains a halo component arising from wall scattering, the transmitted 
beam remains quantitatively dominated by the core component.

3. The central core region is only weakly affected by variations in the investigated system 
parameters, whereas the transition region between the core and halo is more sensitive 
to such variations. Among the examined parameters, beam energy has the most 
pronounced effect on the beam intensity in the transition region. When the incident 
energy is increased from 0.4 MeV to 1–3 MeV, the normalized sensitivity coefficient 
of the transition-region intensity reaches 10.12–45.83%, which is substantially greater 
than the effects of the pinhole-wall angle, pinhole material, beam divergence angle, 
and pinhole-sample distance. These results demonstrate that beam energy is a key 
parameter governing the transverse broadening of the microbeam.

4. The emission-angle distribution of wall-scattered ions provides a physical explanation 
for their off-axis transport under low-energy conditions. At a beam energy of 0.4 MeV, 
the emission angles of Wall-scattered ions are mainly distributed between 10° and 30°, 
with a peak at approximately 20°. For a pinhole-sample distance of 1 mm, this angular 
range corresponds to a transverse displacement of approximately 170–580 μm, which 
is broadly consistent with the local enhancement in the area-integrated track-length 
fluence contribution observed within the radial range of approximately 100–500 μm. 
This result indicates that low-energy ions interacting with the pinhole wall can be 
transported to remote off-axis regions because of their relatively large emission angles, 
thereby reducing the scattered-ion background near the central microbeam. Further-
more, the energy-angle correlation analysis revealed that, at an incident energy of 
0.4 MeV, the average residual energy of Wall-transmitted ions generally decreased 
with increasing exit angle, from approximately 0.29 MeV at smaller exit angles to 
approximately 0.15 MeV at larger exit angles. This result indicates that larger angular 
deflections are generally associated with more significant energy losses during ion in-
teractions with the pinhole wall. Combined with the exit-angle distributions obtained 
at different incident energies, these findings suggest that substantial energy loss and 
angular redistribution jointly influence the subsequent transport of wall-scattered ions, 
causing some particles to propagate farther away from the beam axis.

5. The local flux of scattered ions decreases rapidly within approximately 100 μm of 
the beam center, followed by a slowly decaying long-range tail. No distinct transport 
threshold is observed at 400 μm; however, the local flux at this distance is reduced to 
approximately 8.07 × 10−3  of that in the core region. These quantitative results indicate 
that the separation distance of more than 400 μm adopted in the reference experiment 
is more appropriately interpreted as a conservative safety margin that balances the 
suppression of scattering-induced background with experimental positioning, rather 
than as a unique physical threshold.

Overall, the present results provide a quantitative interpretation of the ion-transport 
behavior underlying the reference ion-implantation experiment and clarify its implications 
for the spatially localized fabrication of color centers in diamond. These results support the 
experimental strategy adopted in the reference study and indicate that appropriate control of 
the beam energy, pinhole geometry, and pinhole-sample distance can effectively confine the 
implantation region while suppressing unwanted off-axis irradiation. Therefore, the present 
particle-transport analysis provides a physical and quantitative basis for understanding and 
optimizing pinhole-assisted ion implantation, with potential implications for improving 
the spatial selectivity of localized SiV-center fabrication in diamond.
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