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HIGHLIGHTS

e Integrated beam diagnostic system designed for low-energy proton beams from ECR ion source.

e Faraday cup optimized using MCNPX simulations and COMSOL thermal analysis.

e Aluminum collector with 60° cone angle provides balance of performance and manufacturability.

e Helical cooling channel effectively removes heat from the conical collector region.

e Both SEM grid and slit scanner techniques yield Gaussian profiles with B2 > 0.99.

ABSTRACT

Accurate measurement of beam current and transverse profile is critical for the develop-
ment and optimization of low-energy ion beam systems. In this study, a comprehensive
beam diagnostic setup integrating a Faraday cup, a slit-Scanner, and a secondary electron
monitor (SEM) grid was designed and evaluated via MCNP simulations. Parametric
studies were conducted to assess the influence of collector material and cone angle on
Faraday cup performance, complemented by thermal analyses under realistic beam
irradiation conditions. Simulation results indicated that variations in material and cone
angle produced only marginal differences in collected current, suggesting comparable
charge collection efficiency across configurations. Accordingly, the final design was
guided by a multi-criteria framework encompassing electrical performance, thermal
response, manufacturability, mechanical stability, weight, and cost. An aluminum
collector with a 60 cone angle was selected as optimal, offering a balanced trade-off
between performance and engineering practicality. Thermal simulations revealed peak
temperatures in the conical region, underscoring the need for integrated cooling. Beam
profile reconstruction using both the SEM grid and the slit-scanner yielded Gaussian
distributions with full width at half maximum (FWHM) values of 76.7 mm and 68.7
mm, respectively. The narrower profile obtained from the slit-scanner reflects its superior
spatial resolution, while the overall consistency between the two techniques confirms
robust beam characterization. These findings validate the proposed diagnostic system
as a reliable tool for current and profile measurements, providing a practical design
framework applicable to low-energy ECR ion sources and accelerator facilities.
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1 Introduction

Particle accelerators and ion sources are fundamental
tools in diverse fields, including nuclear physics, mate-
rials science, medical applications, and plasma research
(Humphries, 2013). The performance and reliability of
these systems are critically dependent on the quality, sta-
bility, and transport characteristics of the charged par-
ticle beams they produce (Reiser, 2008). Consequently,
beam diagnostic systems are indispensable for monitor-
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ing beam behavior, optimizing transport efficiency, and
ensuring overall accelerator performance (Minty and Zim-
mermann, 2003).

Among the various types of ion sources, Electron Cy-
clotron Resonance (ECR) ion sources have gained par-
ticular prominence due to their ability to deliver stable,
high-current-density beams with low emittance. These
advantageous features have led to their widespread adop-
tion in accelerator facilities and experimental beamlines
(Geller, 2018). For such sources, precise characterization



T. Rahmanabadi et al.

of the extracted beam is essential for evaluating extrac-
tion conditions and transport properties. This characteri-
zation typically involves measuring key beam parameters,
including current, spatial distribution, profile, and diver-
gence (Sortais, 2000). Faraday cups remain one of the
most common and reliable devices for absolute beam cur-
rent measurement, valued for their simple construction,
high sensitivity, and robust charge collection capability
(7). Recent developments have extended the role of Fara-
day cups beyond simple current monitoring; they now of-
ten serve as integral components of more complex diag-
nostic systems that, when combined with complementary
techniques, enable comprehensive beam profile reconstruc-
tion. Their application scope has accordingly broadened
from traditional accelerator diagnostics to medical acceler-
ators, mass spectrometry, fusion experiments, and indus-
trial irradiation systems, reflecting their versatility and
ongoing technological evolution (Rawat et al., 2025).

For transverse beam profile characterization, slit-
Faraday cup and secondary electron monitor (SEM) grid-
Faraday cup configurations are frequently employed (?).
The slit-Faraday cup technique offers high spatial resolu-
tion by sampling the beam intensity locally, making it par-
ticularly suitable for accurate profile measurements and
beam optics optimization in low-energy transport lines
(You et al., 2015a). In contrast, SEM grids infer the beam
profile by detecting secondary electrons emitted from thin
metallic wires, enabling fast, near-real-time monitoring
with satisfactory spatial resolution-an attractive feature
for routine operation in modern accelerators (Baxter et al.,
2025).

In this work, a diagnostic system is developed to char-
acterize the proton beam extracted from an ECR ion
source. The study includes the design and optimiza-
tion of a Faraday cup collector, where material selec-
tion, geometry, and thermal behavior are evaluated us-
ing MCNP particle transport simulations and COMSOL
thermal analysis. In addition, the transverse beam pro-
file is reconstructed through slit-Faraday cup and SEM
grid-Faraday cup configurations, and Gaussian fitting is
applied to quantify the beam spreading and spatial distri-
bution.

The main contribution of this study is the integrated
optimization of a diagnostic setup specifically tailored for
lowenergy proton beams. While the individual diagnos-
tic techniques are well established, their combined use to-
gether with a systematic optimization of the collector has
not been fully addressed for this application. The pro-
posed design provides a practical balance between electri-
cal performance, thermal stability, and engineering con-
straints, and offers complementary current and profile
measurement capabilities. The structure of the paper is
as follows: Section 2 presents the Faraday cup design and
optimization; Section 3 describes the profilemeasurement
methods; Section 4 discusses the simulation and experi-
mental results; and Section 5 summarizes the main find-
ings.
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2 Design and optimization of the Faraday
Cup

Accurate beam current measurement with a Faraday cup
depends not only on its electrical characteristics but also
on a complex interplay of geometrical configuration, con-
struction material, thermal behavior, and mechanical in-
tegrity. These factors collectively govern charge collec-
tion efficiency, measurement stability, and long-term op-
erational reliability. Consequently, the development of
a high-performance Faraday cup necessitates a compre-
hensive optimization framework that simultaneously ac-
counts for particle transport, secondary electron suppres-
sion, heat dissipation, and fabrication constraints (Rawat
et al., 2025). A primary source of measurement uncer-
tainty in Faraday cups is the emission of secondary elec-
trons when incident ions strike the collector surface. These
low-energy electrons, if allowed to escape, reduce the net
collected charge and introduce systematic errors in the
measured current. To mitigate this effect, a negatively
biased suppressor electrode is typically placed at the en-
trance aperture. The resulting electrostatic field redirects
secondary electrons back into the collector cavity, thereby
enhancing charge collection efficiency and measurement
accuracy (Ehwald et al., 2023). The effectiveness of this
suppression mechanism, however, is highly sensitive to the
applied bias voltage. An insufficient suppressor voltage
generates a weak electrostatic field near the entrance, fail-
ing to retain all emitted electrons and allowing a fraction
to escape-thus degrading the measurement fidelity (Ha-
rasimowicz and Welsch, 2010).

Beyond secondary electron suppression, the collector
geometry plays a decisive role in the internal physical pro-
cesses of the detector. The geometrical configuration in-
fluences the transport of backscattered particles, the re-
capture probability of secondary electrons, the internal
electrostatic field distribution, and the spatial pattern of
beam-induced heat deposition. Compared with conven-
tional cylindrical collectors, conical geometries offer dis-
tinct advantages: they provide a larger effective interac-
tion surface, promoting a more uniform distribution of de-
posited thermal power and mitigating localized hot spots.
Moreover, secondary electrons and backscattered ions gen-
erated within a conical cavity undergo multiple interac-
tions with the inclined inner walls before reaching the
entrance aperture, significantly increasing their recapture
probability and reducing particle escape (Brown, 2004).
In addition, the conical shape fosters a more favorable
electrostatic potential distribution inside the collector, re-
sulting in stronger confinement of low-energy secondary
electrons and improved measurement accuracy and opera-
tional stability (7). These attributes collectively establish
the collector geometry as one of the most influential pa-
rameters in Faraday cup optimization.

Based on these considerations, an integrated,
simulation-driven design methodology was adopted in
the present work to optimize the detector prior to fabrica-
tion. The optimization process proceeded through three
sequential stages. First, Monte Carlo particle transport
simulations (using MCNP) were performed to investigate
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the effects of collector geometry and construction mate-
rial on charge collection performance. Second, thermal
analyses (using COMSOL) were conducted to evaluate
the temperature distribution under proton beam irradi-
ation and to identify regions susceptible to high thermal
loading. Finally, the optimized configuration was trans-
lated into a three-dimensional mechanical model to verify
its structural feasibility and manufacturability. The de-
tailed methodology employed in each stage of the design
and optimization process is presented in the following
subsections.

2.1 MCNP Modeling and Geometrical Optimiza-
tion

To optimize the Faraday cup design prior to fabrication,
Monte Carlo simulations were conducted using MCNP
version 2.6.0. Within this framework, a threedimensional
model of the proposed collector, consisting of a conical
section attached to a cylindrical body, was constructed to
evaluate the effects of geometry and material on current-
collection performance. A monoenergetic 45 keV proton
beam, defined using the SDEF source card, was directed
normally onto the collector entrance, and 1.0 x 108 particle
histories were simulated to ensure statistically converged
results. Proton transport and particle-matter interactions
were modeled using the ENDF70PROT continuousenergy
proton crosssection library, which is specifically designed
for proton transport simulations in MCNP.

Figure 1: Three-dimensional MCNP view of the optimized
Faraday cup with a conical collector, as implemented in the
MCNP simulations for beam current evaluation.

(b)

Figure 2:
cal and (b) cylindrical Faraday cup geometries under identical
beam conditions.

MCNP-simulated proton trajectories in (a) coni-
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Figure 3: Three-dimensional MCNP models of conical Fara-
day cup geometries with different collector angles ranging from
30° to 70°, used to evaluate the effect of cone angle on beam
current collection performance.

The collected beam current was computed using the
F1 surface current tally, which records the net current
crossing a specified surface. The statistical uncertainty
associated with the F1 tally was determined to be 0.07%,
indicating excellent numerical convergence and a high level
of confidence in the simulation outcomes. The resulting
data were then used to guide the selection of the collector
geometry and material composition prior to fabrication,
providing a robust and reliable foundation for the final
design of the Faraday cup (Ehwald et al., 2023).

A qualitative comparison of particletransport behav-
ior between cylindrical and conical collector geometries is
shown in Fig. 2. Under identical beam conditions, the
incident protons undergo multiple scattering interactions
before thermalization. In the cylindrical collector, a sig-
nificant fraction of scattered particles remains near the
entrance, increasing the probability of backscattering or
escape. In contrast, the converging walls of the conical
collector redirect scattered particles deeper into the cavity,
promoting successive wall collisions and reducing particle
loss at the aperture. This improved confinement enhances
chargecollection efficiency, consistent with the results pre-
sented earlier. Based on these observations, the conical
geometry was selected as the reference configuration for
subsequent optimization of the collector angle and mate-
rial (Brown, 2004; 7).

To evaluate the influence of collector angle on the col-
lected beam current, MCNP simulations were performed
for cone angles ranging from 30° to 70°, while all other
beam and geometric parameters were kept constant. This
parametric study enabled an isolated assessment of the
angular effect on particle transport and charge collection.
As shown in Fig. 3, varying the cone angle modifies the
internal collision geometry and the likelihood of particle-
wall interactions prior to full energy deposition. Smaller
angles generally enhance confinement through more effec-
tive multiple reflections, but the optimal angle cannot be
determined solely from collection performance. Practi-
cal manufacturability considerations, including machining
complexity, tool accessibility, dimensional precision, over-
all manufacturing feasibility, and production cost, must
also be taken into account. Sharper angles require deeper
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machining and reduced tool clearance, increasing the risk
of dimensional inaccuracies and higher fabrication cost,
whereas larger angles are easier to machine but provide
weaker confinement. The quantitative results of this an-
gular study are presented in Section 4, where a balanced
tradeoff between performance and manufacturability is es-
tablished.

Following the geometrical optimization, the influence
of collector material on beamcurrent collection was exam-
ined using MCNP. Proton interactions with the collector
surface depend on the atomic and physical properties of
the material, which can affect charge deposition and the
measured current. To evaluate this effect, four commonly
used engineering materials in chargedparticle diagnostics-
copper, aluminum, stainless steel, and brass-were selected
as candidates. All simulations were performed using the
optimized conical geometry under identical beam condi-
tions, ensuring that any differences in collected current
arose solely from material properties. This approach en-
abled an independent assessment of materialrelated effects
before incorporating additional engineering considerations
such as thermal conductivity, mechanical strength, and
cost. A quantitative comparison of the simulated beam
currents for each material is presented in Section 4, form-
ing the basis for the final material selection.

2.2 Thermal Analysis Using COMSOL Multi-
physics

While the MCNP simulations provided an optimized col-
lector geometry with enhanced beam collection efficiency,
thermal performance remains a critical design consider-
ation for continuous operation of the Faraday cup. The
kinetic energy deposited by the incident proton beam is
converted into heat within the collector volume, giving
rise to localized temperature increases that can adversely
affect measurement stability, material integrity, and the
long-term reliability of the diagnostic system (Ashcroft
and Mermin, 1976). Consequently, a comprehensive ther-
mal analysis is essential to verify that the optimized geom-
etry meets operational requirements under realistic beam
irradiation conditions.

Three-dimensional thermal simulations were per-
formed using COMSOL Multiphysics to investigate heat
generation and dissipation within the optimized Faraday
cup. The simulations covered a range of proton beam en-
ergies from 45 to 55 keV and beam currents from 500 pyA
to 30 mA, reflecting the typical operating envelope of the
ECR ion source. The effects of collector material, beam
power, and geometrical configuration on the steady-state
temperature distribution were systematically evaluated.

The thermal behavior of the collector is of particu-
lar importance because the electrical resistivity of metallic
materials increases with temperature. Excessive heating
can induce thermal drift in the measured current, intro-
duce thermal stresses, and cause geometric deformation of
the collector, all of which compromise measurement accu-
racy and reproducibility (Ashcroft and Mermin, 1976). In
practical beam diagnostic systems, maintaining the collec-
tor temperature below approximately 80-100 °C is gener-
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ally recommended to preserve both electrical stability and
dimensional precision during prolonged operation (7).

To identify the most suitable collector material prior to
the implementation of an active cooling system, the four
candidate materials, copper, aluminum, stainless steel,
and brass, were comparatively investigated under identi-
cal beam conditions. The thermal simulations considered
the heat transfer mechanisms of conduction within the
collector body and convection from the external surfaces,
while radiation losses were assumed to be negligible due
to the relatively moderate temperature levels expected in
this study. The quantitative results of the thermal analy-
sis, including maximum temperatures, temperature gradi-
ents, and thermal stress distributions, are presented and
discussed in Section 4, providing the basis for the final
material selection and cooling strategy.

2.2.1 Thermal Performance of Candidate Collec-
tor Materials

The thermal response of the Faraday cup under proton
beam irradiation is strongly governed by the thermophys-
ical properties of the collector material, particularly ther-
mal conductivity and specific heat capacity. To evaluate
this dependence, the four candidate materials-copper, alu-
minum, stainless steel, and brass-were subjected to iden-
tical beam conditions in the COMSOL simulations, and
their transient thermal behavior was compared.

As presented in Fig. 4, the temperature evolution ex-
hibits a characteristic rapid rise during the initial stage of
beam irradiation, corresponding to the concentrated de-
position of beam power within a relatively small interac-
tion volume at the collector surface. Subsequently, as heat
propagates through the collector body via conduction, the
rate of temperature increase gradually diminishes, and the
system approaches a quasisteadystate condition where the
heat input is balanced by dissipation to the surroundings.
The colored curves in this Figure represent the tempera-
ture response of each material under different beam pow-
ers, as indicated in the legend. The numerical values anno-
tated directly on the curves denote the time at which the
material reaches its melting point for that specific power
level. As expected, no melting occurs at the lowest power,
whereas both intermediate and maximum powers lead to
melting, with the highest power producing the shortest
melting time due to the more rapid thermal rise.

Among the investigated materials, copper demon-
strates the most favorable thermal performance, exhibit-
ing the lowest peak temperature and the shortest time to
reach thermal equilibrium. This behavior is attributed to
copper’s exceptionally high thermal conductivity (approx-
imately 401 W.m~*.K~1), which facilitates efficient heat
spreading from the beam interaction zone throughout the
entire collector volume. Conversely, stainless steel, with
its relatively low thermal conductivity (approximately 16
W.m~1.K™1), shows the highest temperature rise, indi-
cating less efficient heat distribution and greater localized
heat accumulation. Aluminum and brass exhibit interme-
diate thermal responses, consistent with their respective
thermal conductivities of approximately 237 W.m~!.K~!
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Figure 4: Temperature evolution over time for different collector materials (a) stainless steel, (b) aluminum, (c) Copper, and
(d) brass simulated using COMSOL Multiphysics under identical beam irradiation conditions.

and 109 W.m~ LK1

These results demonstrate that thermal conductivity
is the dominant factor governing heat dissipation and the
steadystate temperature distribution inside the Faraday
cup. Although the four candidate materials exhibit differ-
ent thermal responses, all remain within acceptable tem-
perature limits under the simulated operating conditions.
This observation indicates that thermal behavior alone is
insufficient for distinguishing between the candidate ma-
terials, and therefore the thermal analysis presented here
should be regarded as one component of a broader multi-
criteria’ evaluation framework.

The final collector configuration will be determined by
combining the thermalanalysis results with particletrans-
port performance and practical engineering considerations
such as manufacturability, mechanical stability, structural
integrity, weight, and fabrication cost. This integrated
approach ensures that the selected material and geometry
achieve an optimal balance between scientific performance
and engineering practicality.

2.2.2 Effect of Collector Angle on Thermal Per-
formance

The influence of the collector cone angle on the transient
thermal response of the four candidate materials is shown
in Fig. 5. Under identical beamloading conditions, all ma-
terials exhibit an initial rapid temperature rise followed by
a gradual approach to steady state. Although the overall
heating trend is similar for all angles, the equilibrium tem-
perature increases moderately as the cone angle is raised
from 30° to 65°, reflecting changes in the heattransfer path

and the spatial distribution of deposited power.

For each material, the temperature differences between
the investigated angles remain relatively small, indicat-
ing that thermal behavior alone does not provide a strong
basis for selecting the cone angle. Accordingly, the fi-
nal configuration was determined through a multicriteria
decisionmaking process that integrated MCNP particle-
transport performance, thermal response, manufactura-
bility, and mechanical design constraints. This approach
ensured an appropriate balance between beamcollection
efficiency, thermal stability, and engineering practicality.

2.2.3 Temperature Distribution and Localization
of Thermal Load

The spatial temperature distribution for the investigated
materials under the highest beampower condition is shown
in Fig. 6. Despite differences in peak temperature arising
from variations in thermal conductivity, all materials ex-
hibit a similar pattern: the maximum temperature is con-
centrated near the conical tip, where most of the proton
beam energy is deposited, and decreases gradually along
the axial direction as heat is conducted through the col-
lector body. This indicates that the thermal load is highly
localized at the tip, where the highest thermal stresses are
expected during continuous operation, potentially affect-
ing mechanical integrity and longterm reliability.

Based on these findings, the cooling strategy was de-
signed to focus on the conical section, where the ther-
mal load is concentrated. Targeting this region maximizes
heat removal while simplifying the mechanical layout and
reducing overall system complexity. The performance of
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Figure 5: Effect of collector cone angle on the transient temperature evolution of different collector materials obtained from

COMSOL thermal simulations.
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Figure 6: Temperature distribution in the Faraday cup collector obtained from COMSOL simulations under beam irradiation

for different materials: (a), (b), (c) and (d).

this localized cooling approach is discussed in the following
section.

2.2.4 Cooling System Design Based on Thermal
Analysis

Based on the thermal analysis, an active watercooling sys-
tem was implemented to maintain the collector tempera-

ture within a safe operating range under highpower beam
conditions. The cooling channel consists of a fiveturn he-
lical tube wrapped around the conical section, with a to-
tal length of approximately 85 cm and a pitch of about
2 cm. This spiral configuration was selected to maximize
heat removal from the region of highest thermal load while
preserving a compact and manufacturable design.

The thermal performance of the cooling system was
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Figure 7: Temperature distribution of the cooled Faraday cup with the helical water-cooling channel under maximum beam

power.
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Figure 8: Thermal performance of the cooling channel as a function of water velocity under maximum beam power.

evaluated using. COMSOL under maximum beampower
conditions. As'shown'in Fig. 7, the cooling channel signif-
icantly reduces the peak temperature compared with the
uncooled configuration, with the remaining hotspot con-
fined to a small area near the beam impact point. The rest
of the collector operates at substantially lower tempera-
tures, confirming that localized cooling around the coni-
cal section provides effective thermal management with-
out requiring fullbody cooling and thereby simplifies the
mechanical design.

To optimize the cooling system, the effect of coolant
flow velocity on thermal performance was examined un-
der identical beamloading conditions. As shown in Fig. 8,
increasing the water velocity from 0.1 to 0.5 m.s~! signifi-
cantly reduces the outlet temperature, reflecting enhanced
convective heat transfer. Further increasing the velocity
to 1.0 m.s~! yields only a modest additional decrease, in-
dicating that cooling performance approaches a plateau at
higher flow rates. Beyond approximately 0.5 m.s~', ther-
mal improvements become marginal while the required
pumping power and mechanical stress on the cooling cir-
cuit increase.

The corresponding evolution of the maximum coolant
temperature is presented in Fig. 9, which shows a consis-
tent trend. At a flow velocity of 0.1 m.s~!, the coolant

temperature reaches approximately 95 °C, indicating in-
sufficient heat removal due to limited convective heat
transfer. Increasing the velocity to 0.5 m.s™! results in
a substantial temperature reduction, while a further in-
crease to 1.0 m.s~! provides a smaller additional improve-
ment. These results confirm that the most significant en-
hancement in cooling performance is achieved by raising
the flow velocity from 0.1 to 0.5 m.s~!, whereas higher
velocities yield diminishing returns.

Temperature (k)

0.1 0.2 0.3 0.4 05 0.6 0.7 08 0.9 1
V_water (m/s)

Figure 9: Effect of cooling-water velocity on the peak coolant
temperature.
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Table 1: Comparative assessment of physical, thermal, and engineering properties of candidate collector materials (Cu, Al, SS
304, and brass) for Faraday cup fabrication (?Valizadeh et al., 2014).

Property/Criteria Copper (Cu)  Aluminum (Al) Stainless Steel (SS) Brass
Electrical conductivity Excellent Good Poor Moderate
Thermal conductivity Excellent Very Good Poor Moderate
Secondary electron emission yield (SEY) Low High Moderate High
Vacuum compatibility Good Good Excellent Moderate
Machinability Difficult Excellent Difficult Excellent
Relative Cost High Low Moderate Moderate
Mechanical stability Moderate Moderate Excellent Good

Based on these findings, a coolant velocity of 1.0 m.s™!

would select for the final design. Although the improve-
ment from 0.5 to 1.0 m.s~! is relatively modest, this veloc-
ity provides an additional safety margin to ensure reliable
thermal stabilization of the Faraday cup under the max-
imum operating beam power, while remaining practically
achievable with standard pumping systems.

2.3 Three-Dimensional Modeling of the Faraday
Cup Using Solid Works

Following the geometrical optimization through MCNP
simulations and the thermal evaluation performed using
COMSOL Multiphysics, the final mechanical model of the
Faraday cup was developed using SolidWorks. The three-
dimensional CAD model incorporates the optimized col-
lector geometry with a cone angle of 60°, together with the
final structural dimensions adopted for fabrication (Fig.
10). Section views were employed during the design pro-
cess to verify the internal cavity geometry, ensure dimen-
sional consistency, and identify any potential manufactur-
ing conflicts prior to prototyping. The resulting model
served as the basis for the fabrication of the experimental
prototype, providing a precise digital representation of the
detector for subsequent manufacturing and assembly.

Figure 10: Three-dimensional CAD model of the conical
Faraday cup developed in SolidWorks.

2.3.1 Multi-Criteria Material Selection

To complement the numerical simulations, the four candi-
date collector materials, copper, aluminum, stainless steel,
and brass, were evaluated based on a comprehensive set
of practical engineering criteria. These included electri-
cal conductivity, thermal conductivity, secondary electron
emission characteristics, vacuum compatibility, machin-
ability, mechanical stability, and material cost. A qual-
itative comparison of the investigated materials is sum-
marized in Table 1, which provides an overview of the
relative performance of each candidate across the selected
evaluation metrics.

The evaluation criteria were selected because they di-
rectly affect the electrical performance, thermal response,
and practical manufacturability of the collector. Electri-
cal and thermal conductivities determine chargecollection
efficiency and heat dissipation, while vacuum compatibil-
ity prevents outgassing in ultrahighvacuum environments.
Machinability and mechanical stability influence fabrica-
tion quality and longterm dimensional integrity, and cost
represents a practical constraint for system development.
The materialselection process integrated the MCNP parti-
cletransport results, COMSOL thermal analyses, and the
engineering considerations summarized in Table 1. Al-
though copper has higher electrical and thermal conduc-
tivity than aluminum, the MCNP simulations showed only
marginal differences in collected current among the four
materials, indicating that electrical conductivity alone
does not strongly differentiate the candidates. In contrast,
the thermal analyses revealed notable variations: stainless
steel exhibited the highest temperature rise due to its low
thermal conductivity, whereas aluminum showed moder-
ate peak temperatures and efficient heat spreading.

Aluminum also provides several practical advantages.
Its low density (~ 2.7 g.cm™?) results in a significantly
lighter collector compared with copper or stainless steel,
improving mechanical handling and mounting. Its ex-
cellent machinability enables precise fabrication of the
conical geometry with reduced tool wear. Additionally,
aluminum is vacuum compatible, readily available, and
costeffective. Based on the combined simulation results
and engineering considerations, aluminum was selected
as the optimal collector material. This choice represents
a balanced compromise between electrical performance,
thermal behavior, mechanical stability, manufacturability,
weight, and cost, ensuring that the final design satisfies
both scientific and engineering requirements.
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3 Beam Profile Measurements

Precise characterization of the transverse beam profile is
essential for evaluating beam transport quality, optimiz-
ing beam optics, and ensuring the efficient performance of
ion source diagnostic systems. Beam profile measurements
provide critical information regarding beam focusing, spa-
tial intensity distribution, and transverse beam behavior
in low-energy accelerator beamlines. These parameters
are fundamental for understanding beam extraction con-
ditions, identifying transport inefficiencies, and optimiz-
ing the performance of the overall beamline system. In
the present work, the transverse profile of the 45 keV pro-
ton beam extracted from the ECR ion source was char-
acterized using two complementary diagnostic techniques:
the slit-Faraday cup method and the SEM grid-Faraday
cup system. These diagnostic approaches were employed
to evaluate the spatial distribution of the extracted beam
and compare their performance in beam profile measure-
ments.

3.1 Slit-Faraday Cup Method

The slit-Faraday cup method is a most widely established
interceptive techniques for transverse beam profile mea-
surements due to its high spatial resolution and relatively
simple diagnostic configuration (You et al., 2015b). In this
method, a narrow slit is scanned transversely across the
beam path, and the transmitted particles are collected
by a Faraday cup positioned behind the slit. The re-
sulting intensity as a function of slit position provides a
direct measure of the beam’s transverse spatial distribu-
tion. The selection of slit material is critical to the mea-
surement accuracy and operational stability of the system
(Sun, 2017). The slit material must exhibit low secondary
electron emission yield to minimize measurement artifacts,
adequate thermal resistance to withstand direct beam ir-
radiation without deformation, and sufficient mechanical
stability to maintain dimensional precision over extended
use. Additionally, practical considerations-including fab-
rication feasibility, machining characteristics, and mate-
rial cost-were taken into account during the design pro-
cess. Based on these criteria, molybdenum was selected
as the optimum slit material due to its high melting point
(2623 °C), excellent thermal stability, low secondary elec-
tron emission yield, and suitable mechanical strength un-
der beam irradiation conditions.

In the present work, the slit was scanned incrementally
across the beam path, and at each position, the transmit-
ted proton flux entering the Faraday cup was recorded. To
quantify the intensity of particles transmitted through the
slit aperture, the MCNP F2 tally was used to calculate the
proton flux crossing the entrance surface of the Faraday
cup positioned immediately behind the slit. This configu-
ration enabled direct evaluation of the transmitted beam
intensity as a function of slit displacement without redun-
dancy in the tally definition. This approach provided a
high-resolution spatial sampling of the beam intensity dis-
tribution, which was subsequently used to reconstruct the
transverse beam profile through Gaussian fitting, as de-
scribed in Section 4.
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Figure 11: SolidWorks model of the slitFaraday cup diagnos-
tic assembly used for transverse beam profile reconstruction.

3.2 SEM Grid and Faraday Cup Method

The operating principle of the SEM grid is based on
the phenomenon of secondary electron emission, in which
charged particles strike the surface of a thin metallic wire
and secondary electrons are emitted with a yield that is
proportional to the local beam intensity incident upon
that wire. By measuring the current collected from each
wire across the array, the transverse beam profile can be
reconstructed with high temporal resolution (Baxter et al.,
2025) «

In the present work, the SEM grid system was em-
ployed for transverse beam profile measurements of the
extracted 45 keV proton beam (Barale et al., 1979). In
this diagnostic arrangement, the movable SEM grid was
positioned directly in the beam path, while the Faraday
cup was located downstream the grid structure (Figs. 12
and 13). The SEM grid consisted of 48 tungsten wires dis-
tributed across the beam cross-section with non-uniform
spacing. A denser wire arrangement was implemented
near the central region of the grid in order to achieve
higher spatial resolution in the beam core, where the par-
ticle intensity and profile gradients are most significant.
Conversely, larger wire spacing was employed toward the
outer regions of the beam, where the particle intensity is
lower and the profile variations are smoother. This non-
uniform design optimizes the trade-off between spatial res-
olution and measurement coverage, ensuring that the most
critical region of the beam profile is sampled with maxi-
mum detail. It should be noted that the singleaxis SEM
grid configuration used in this study represents a simplifi-
cation appropriate for the simulation framework. In prac-
tical accelerator systems, SEM grids are typically installed
in both horizontal and vertical orientations to provide full
twodimensional transverse beam profiles.

The selection of tungsten as the wire material was
based on several key material and operational consider-
ations. Tungsten possesses a very high melting point
(3422 °C), excellent thermal resistance, suitable mechan-
ical rigidity, and high structural stability under charged
particle irradiation conditions (Minty and Zimmermann,
2003). These characteristics make tungsten particularly
well suitable for thin-wire diagnostic structures exposed to
direct beam interaction. Furthermore, the high mechani-
cal durability and low deformation probability of tungsten
wires enhance the stability and reliability of beam pro-
file measurements during prolonged operation, even under
high beam current conditions.
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Figure 12: MCNP geometric model of the SEM grid assem-
bly used for transverse beam profile measurements.

Figure 13: CAD model of the SEM gridFaraday cup diag-
nostic assembly used for beam profile measurements.

When the proton beam interacts with the tungsten
wire array, The signals generated on the individual wires
are recorded .and processed to reconstruct the transverse
beam intensity distribution. In the simulation framework,
each tungsten wire was modeled as an independent volu-
metric cell to enable detailed analysis of particle interac-
tions within the wire structure. The average particle flux
within each wire was obtained using the MCNP F4 tally,
which provides a volumeaveraged measure of proton in-
tensity while accounting for scattering and local variations
inside the wire. The resulting values were then used to re-
construct the transverse beam profile, yielding a simulated
intensity distribution suitable for direct comparison with
the slitscanner results and experimental measurements.

4 Results and Discussion

4.1 Beam Current Measurement Using the Fara-
day Cup

To evaluate the influence of collector material on the cur-
rent collection performance of the Faraday cup, systematic
MCNP simulations were performed for four candidate ma-
terials, copper, aluminum, stainless steel, and brass, while
maintaining a fixed collector cone angle of 60°. The col-
lected beam current was calculated for two distinct beam
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currents levels: 500 pA and 30 mA, representing low- and
high-intensity operating conditions of the ECR ion source.

As presented in Fig. 14, copper exhibits the high-
est collected current, while aluminum results in the low-
est measured value for both beam current levels. The
observed differences are relatively small and can be at-
tributed primarily to material, dependent variations in
particle backscattering and energy deposition mecha-
nisms. Although material-dependent effects are evident,
the relatively small variation among the investigated ma-
terials suggests that the current collection process is pre-
dominantly governed by the- collector geometry. Further-
more, the moderate beam energy of 45 keV limits the mag-
nitude of material-dependent effects, resulting in compara-
ble current collection performance for all investigated ma-
terials. The small differences indicate that, at the inves-
tigated beam energy, material-dependent effects remain
secondary compared with geometrical factors.

Following the selection of aluminum as the collector
material, the influence of the collector cone angle on the
measured beam current was systematically investigated.
Simulations were performed for cone angles ranging from
30° to.70° in 5° increments, at beam currents of 500 pA
and 30 mA, while keeping all other parameters constant.

Figure 15 illustrates the variation of the collected cur-
rent as a function of the collector cone angle. The results
indicate that the collected current gradually decreases as
the cone angle increases from 30° to 70°. Although the
highest collected current appears at 30°, this value repre-
sents an overestimation caused by the strong confinement
of scattered particles within the deep conical cavity at this
angle. Because this artificially enhances the measured cur-
rent, the 30° configuration cannot be considered a reliable
operating angle and is therefore excluded from the opti-
mization process. For angles above 30°, smaller cone an-
gles still provide stronger particle confinement, increasing
the probability of multiple wall interactions before escape.
As the cone angle increases, the confinement capability is
slightly reduced, leading to a modest decrease in collected
current. Nevertheless, the overall trend remains relatively
weak, indicating that efficient charge collection is main-
tained throughout the investigated angular range.

4.2 Beam Profile Measurement

To characterize the initial proton source used in the sim-
ulations, both the onedimensional transverse profile and
the twodimensional spatial distribution were obtained us-
ing MCNPX mesh tallies. Figure 16 presents the extracted
source profiles, which form the baseline input for the sub-
sequent beamtransport analysis.

The proton source was characterized using MCNPX
mesh tallies to obtain both its transverse and spatial in-
tensity distributions. The onedimensional profile shows a
smooth and symmetric distribution around the beam axis,
and the Gaussian fit closely matches the MCNPX data,
confirming that the source can be accurately represented
by a Gaussian model for transport calculations. The ex-
tracted parameters (¢ = 31.00 mm, FWHM = 72.94 mm)
define the effective beam width at the source plane.
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Figure 16: Proton source profiles:
intensity distribution.

The twodimensional spatial map further demonstrates
a radially symmetric Gaussianlike distribution with max-
imum fluence at the center and a gradual decrease toward
the periphery. This confirms the absence of asymmetry or
localized intensity peaks, validating the assumption of ax-
ial symmetry in the source model and ensuring welldefined
initial conditions for downstream diagnostic comparisons.

2D Spatial Distribution of the MCNPX Source
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(a) onedimensional transverse profile with Gaussian fit, and (b) twodimensional spatial

4.2.1 Beam Profile Measurement Using the SEM
Grid Method

The transverse beam profile was reconstructed from the
current distribution measured by the SEM grid. The
SEM grid consisted of 48 tungsten wires distributed across
the beam cross-section with non-uniform spacing, provid-
ing adequate spatial sampling, particularly in the beam
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core region where intensity gradients are most significant.
The resulting intensity distribution and its corresponding
Gaussian fit are presented in Fig. 16.

As shown in Fig. 16, the reconstructed beam profile
obtained using the SEM grid method exhibits a nearly
symmetric, unimodal distribution with a well-defined
maximum at the beam center and a gradual decrease to-
ward larger transverse positions. The measured intensity
distribution follows a characteristic bell-shaped curve, in-
dicating that the extracted proton beam from the ECR
ion source exhibits a stable, well-focused transverse pro-
file under the operating conditions investigated. To quan-
titatively characterize the beam profile, the reconstructed
data were fitted using a Gaussian function, yielding a co-
efficient of determination of R? = 0.9975, indicating ex-
cellent agreement between the simulation data and the
Gaussian model. The fitted full width at half maximum
(FWHM) was determined to be 74.53819 £ 1.9075 mm,
representing the effective transverse beam width at the
measurement plane. The relatively small uncertainty as-
sociated with the fitted FWHM demonstrates the stability
of the fitting procedure and the reliability of the recon-
structed beam profile. Furthermore, no significant devia-
tion from the Gaussian fit was observed, in any region of
the profile, indicating a stable beam distribution without
noticeable asymmetry or halo formation. These results
demonstrate that the SEM grid method provides reliable
and repeatable reconstruction of the transverse beam pro-
file.

4.2.2 Beam Profile Measurement Using the Slit-
Faraday cup Method

To reconstruct the transverse beam profile using the slit-
Faraday cup method, the transmitted beam intensity was
recorded as a function of slit position as the slit was
scanned incrementally across the beam cross-section. The
measurement was performed at 63 discrete positions, pro-
viding a high-resolution spatial sampling of the beam in-
tensity distribution. The resulting profile and its corre-
sponding Gaussian fit are presented in Fig. 17.
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Figure 17: Reconstructed transverse beam profile obtained
from the SEM grid measurements together with the corre-
sponding Gaussian fit.
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using the slit scanning method together with the corresponding
Gaussian fit.

As shown in Fig. 17, the reconstructed beam pro-
file obtained wusing the slit-scanner method exhibits a
nearly -symmetric; unimodal distribution with a well-
defined maximum at the beam center and a gradual
decrease toward larger transverse positions. The mea-
sured intensity distribution follows a characteristic Gaus-
sian shape, consistent with the profile obtained from the
SEM grid method and confirming the stability and qual-
ity of the extracted proton beam. The reconstructed data
were fitted using a Gaussian function, yielding a coeffi-
cient of determination of R? = 0.9972, indicating excellent
agreement between the measured profile and the Gaussian
model. The fitted full width at half maximum (FWHM)
was 68.0581 £+ 1.431 mm, representing the effective trans-
verse beam width at the measurement plane. The rela-
tively small uncertainty associated with the fitted FWHM
demonstrates the stability of the fitting procedure and
the reliability of the reconstructed beam profile. Further-
more, no significant deviation from the Gaussian fit was
observed, indicating a stable beam distribution without
noticeable asymmetry or halo formation. These results
demonstrate that the slit-scanner method provides reli-
able and repeatable reconstruction of the transverse beam
profile.

4.2.3 Comparison of Beam Profile Reconstruc-
tion Methods

The beam profiles reconstructed using the SEM grid and
slit-Faraday cup techniques exhibit similar overall char-
acteristics, confirming the consistency and reliability of
both diagnostic approaches. As presented in Figs. 16 and
17, both methods produce nearly symmetric, unimodal
distributions that are well described by Gaussian func-
tions. In both cases, the maximum intensity is located
near the beam center, with a gradual decrease toward the
beam edges, indicating a stable, well-collimated, and prop-
erly transported proton beam from the ECR ion source.
Despite these qualitative similarities, a quantitative com-
parison of the fitted profiles reveals a notable difference
in the extracted beam parameters. The slit-Faraday cup
method yields a smaller FWHM of 68.0581 £+ 1.431 mm,
compared with 74.53819 £ 1.9075 mm obtained from the
SEM grid method. This difference of approximately 6.48
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mm (about 8.5%) is not attributed to measurement er-
ror or fitting inaccuracies, as both fits exhibit high coeffi-
cients of determination (R? = 0.9972 for the slit scanner
and R? = 0.9975 for the SEM grid). Rather, the ob-
served discrepancy arises from the intrinsic spatial reso-
lution characteristics of the two diagnostic techniques. In
the slit-Faraday cup method, the beam profile is recon-
structed by mechanically scanning a narrow slit (0.5 mm
aperture) across the beam cross-section at 63 discrete po-
sitions. This approach provides highly localized sampling
of the beam intensity distribution, enabling precise deter-
mination of the beam boundaries and fine details of the
profile shape. The high spatial resolution of the slit scan-
ner allows for accurate identification of the beam edges,
resulting in a more precise FWHM measurement. In con-
trast, the SEM grid method employs an array of 48 tung-
sten distributed across the measurement plane. The dis-
crete wire structure introduces a certain degree of spatial
averaging, leading to a slightly broader reconstructed pro-
file. Nevertheless, the high coefficients of determination
and the relatively small FWHM uncertainties obtained
for both techniques demonstrate that the observed dif-
ference originates from the measurement principles of the
two diagnostic methods rather than from reduced mea-
surement accuracy or fitting reliability. Therefore, both
techniques provide reliable beam profile characterization,
while the slit-scanner offers higher spatial resolution for
detailed transverse beam analysis.

4.2.4 Validation of the Simulated Beam Profile

To assess the reliability of the developed simulation frame-
work, a dedicated validation study was conducted by com-
paring the simulation results with the experimentally mea-
sured beam profile reported by M. Yarmohammadi Satri
et al. (Yarmohammadi Satri et al., 2014), as presented.in
Fig. 19. According to this figure, the Gaussian parameters
of the reference profile are ¢ = 1.28364 mm and FWHM =
3.02274 mm, whereas the simulated Gaussian profile yields
o = 1.2127 mm and FWHM = 2.8559 mm. The relative
error calculated for both o and FWHM is 5.52%, indicat-
ing that the difference between the simulated and reference
profiles remains within an acceptable range. This level of
discrepancy can be attributed to natural differences be-
tween real experimental conditions and numerical model-
ing. In practical systems, the beam profile is influenced by
various physical and operational factors that are idealized
in numerical simulations. In contrast, the simulated pro-
file is generated using a Gaussian distribution with fixed
parameters representing the average beam behavior. Fur-
thermore, geometric approximations and boundarycondi-
tion simplifications in the numerical model may introduce
minor deviations between the simulated and experimental
results.

Considering these factors, the observed difference is
entirely reasonable and demonstrates that the simulated
beam profile exhibits a reliable agreement with the ref-
erence data in terms of shape, peak width, and statisti-
cal parameters. Therefore, the numerical model employed
in this study provides sufficient accuracy for subsequent
analyses.
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Figure 19: Validation of the slit-scanner (dashed line) simu-
lation by comparison with the experimentally measured beam
profile (dotted line) reported by M. Yarmohammadi Satri et
als’(Yarmohammadi Satri et al., 2014).

5 Conclusions

In this work, @ comprehensive ion beam diagnostic sys-
tem consisting of a Faraday cup, a slit-scanner, and a sec-
ondary electron monitor (SEM) grid was designed, opti-
mized and evaluated using MCNP simulations and COM-
SOL Multiphysics thermal analyses. The study addressed
both beam current measurement and transverse beam pro-
file characterization within a unified diagnostic framework,
specifically tailored for low-energy proton beams extracted
from an ECR ion source. The influence of collector ma-
terial and cone angle on the Faraday cup response was
systematically investigated through Monte Carlo particle
transport simulations. Although the collected current ex-
hibited only minor variations across the examined geomet-
rical and material configurations, the results valuable in-
sights into the interplay between collector geometry, parti-
cle confinement, and charge collection efficiency. Thermal
simulations further revealed that the highest temperature
concentration occurs in the conical collector region, em-
phasizing the necessity of an appropriate cooling strategy
for reliable long-term operation. A five-turn helical water-
cooling channel was designed and evaluated, demonstrat-
ing effective heat removal from the critical conical section.

Based on the combined results of the MCNP par-
ticle transport simulations, COMSOL thermal analyses,
and practical engineering considerations, a 60° conical
collector was selected as the optimum geometry. Al-
though smaller cone angles exhibited slightly improved
particle confinement, they also introduced significantly
greater machining complexity, reduced tool accessibility,
and higher fabrication costs. The 60° configuration thus
provides an appropriate compromise between beam collec-
tion efficiency, thermal performance, and practical man-
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ufacturability. Among the investigated materials, alu-
minum was selected as the optimum collector material be-
cause it offers a balanced combination of satisfactory ther-
mal behavior, low weight, ease of machining, and reduced
fabrication cost, while maintaining reliable beam current
collection. Although copper possesses superior electrical
and thermal conductivity, its higher cost and greater ma-
chining difficulty make aluminum a more practical choice
for the proposed design.

Beam profile reconstruction was performed using both
the SEM grid and the slit-Faraday cup, and the results
were compared with the intrinsic source profile obtained
from MCNP. The source exhibited an FWHM of 72.94
mm, serving as the reference for evaluating the diagnostic
accuracy. The SEM grid yielded an FWHM of 74.53+1.90
mm, corresponding to a relative deviation of only 2.18%
from the source profile, indicating that the wirebased sam-
pling preserves the overall beam width with high fidelity.
In contrast, the slitFaraday cup produced an FWHM of
68.06 & 1.43 mm, which is 6.69% narrower than the source
profile. This slight underestimation is consistent with the
higher spatial resolution of the slit scanner (0.5 mm aper-
ture and 63 sampling positions), whose localized sampling
tends to emphasize the central intensity region compared
with the spatial averaging inherent in the SEM grid (48
wires with 50 ym diameter).

Despite these differences, both diagnostics® demon-
strated excellent Gaussian conformity, with coeflicients
of determination of R? = 0.9975 (SEM grid) and R? =
0.9972 (slit-Faraday cup), confirming the stability, symme-
try, and wellcollimated nature of the beam. The combined
diagnostic system-integrating the optimized Faraday cup,
SEM grid, and slit scanner-provides a robust, costeffec-
tive, and complementary solution for lowenergy ion beam
characterization. The methodology, supported by parti-
cle transport simulations, thermal analysis, and engineer-
ing optimization, establishes a reliable framework that can
be extended to higher energies and different ion species.
Furthermore, the reliability of the developed simulation
framework was assessed by comparing the simulated beam
profile with the experimentally measured profile reported
by M. Yarmohammadi Satri et al. (Yarmohammadi Satri
et al., 2014), and the simulation. Future work will focus
on experimental validation, realtime data acquisition, and
expansion of the diagnostic capabilities.
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