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H I G H L I G H T S

• Poor vacuum conditions increase electron production, which lead to enhanced background radiation.
• Design of vacuum system for the gas-based charge exchange method in tandem accelerators.
• Determine optimal operating window for gas throughput and pumping speed in charge exchange region.
• Ensuring atomic gas density of 7.24 × 1016 cm−2 required for nearly 100% charge exchange efficiency.
• Effective range of pump speeds on charge exchange section and accelerating tubes was identified.

A B S T R A C T

In tandem accelerators, charge exchange can be achieved using either foil-based or
gas-based methods. This study presents the design of a vacuum system specifically
for the gas-based charge exchange method in tandem accelerators, aiming to maintain
optimal atomic gas density in the interaction region and minimize gas leakage toward the
accelerating tubes. To achieve high charge exchange efficiency, precise design of the Beam
Transfer Lines (BTL) is essential. In this study, the impact of length and diameter of the
BTL on the pressure profile along the tube was investigated. A geometry was selected
that concentrates gas in the interaction region while minimizing leakage into accelerating
tubes. Subsequently, gas flow simulations were used to determine the optimal operating
window for gas throughput and pumping speed in the charge exchange region, ensuring
an atomic gas density of 7.24 × 1016 cm−2 required for nearly 100% charge exchange
efficiency. Keeping the gas injection rate fixed, the effective range of pump speeds on
charge exchange section and accelerating tubes was then identified to create a pressure
ratio of about 10−3 mbar between the charge exchange section and accelerating tubes.
Results showed that beyond a certain threshold, increasing pumping speed does not
significantly reduce the pressure due to conductance limitations.
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1 Introduction

A proton beam has a wide range of applications in medical,
industrial, and research fields. In medicine, it is used for
ion therapy (Loap et al., 2024; Sterpin et al., 2024), radio-
pharmaceutical production (Boschi et al., 2017), and tech-
niques such as boron neutron capture therapy (BNCT)
(Dimov et al., 2003; Nakamura et al., 2022). In indus-
try, the proton beam is employed in processes such as ion
implantation (Upadhyay et al., 2016) and neutron pro-
duction (Zmeškal et al., 2023). In scientific research, it
is utilized to improve material properties (Zhou et al.,

2004) and conduct material analysis (Hietel et al., 1996;
Mouchard et al., 2024).

Among various types of accelerators, the electrostatic
tandem accelerator (Van de Graaff, 1960) is considered a
suitable option for generating high-energy proton beams
for material analysis applications due to its unique fea-
tures, such as high beam energy resolution (in the 10−4

beam energy range (Uchiyama et al., 1991)). In this type
of accelerator, a negative ion is first generated in the ion
source. After acceleration through the low-energy section
of the accelerating tube, the beam enters the charge ex-
change section via Negative Beam Transfer Line (NBTL),
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where it undergoes charge transformation from negative
to positive (Hotchkis et al., 2013). The beam then enters
the high-energy section of the accelerating tube via Pos-
itive Beam Transfer Line (PBTL) and it will accelerate
again. As a result, for hydrogen ion beams, this technique
enables achieving twice the energy relative to the terminal
voltage (Van de Graaff, 1960).

One of the main differences between this type of ac-
celerator and single-stage electrostatic accelerators is the
charge exchange section. In this section, negative ions
are converted into positive ions using either a carbon foil
(Shima et al., 2001; von Reden et al., 2007; Gulley et al.,
1996) or a gas (Makarov et al., 2015; Kolesnikov et al.,
2020; Saitoh et al., 2009). Due to its better stability at
high currents, the gas-based charge exchange is more com-
monly used in applications such as beam analysis (Bur-
ducea et al., 2017; Maruta et al., 2024) or ion implantation
(Burducea et al., 2017; O’Connor and Tokoro, 1993; Mas-
Ruiz et al., 2023). In the gas-based method, the absence of
a separating window allows the gas to be injected directly
into the beamline to provide a suitable atomic density for
charge exchange. Improper vacuum system design in the
charge exchange section and accelerating tubes fails to es-
tablish the required atomic gas density along the beam
path, causing gas leakage into both the high-energy and
low-energy sections. This leakage compromises the neces-
sary vacuum level (around 10−6 mbar (Hellborg, 2005))
in these areas and disrupts optimal system performance.
Therefore, the vacuum system is a key factor in the per-
formance and stability of tandem accelerators. Achieving
a proper vacuum level is essential to reduce beam scatter-
ing and prevent energy loss due to interactions between
ions and residual gas molecules. Such interactions can re-
duce beam resolution, lower beam transmission efficiency,
and decrease beam current. Additionally, poor vacuum
conditions increase the probability of secondary electron
production, which can lead to enhanced background radi-
ation.

The Physics and Accelerators Research School (PARS)
at the Nuclear Science and Technology Research Institute
(NSTRI) is active in the development of both radiofre-
quency (Aghayan et al., 2021; Zarei et al., 2017, 2023;
Kejani et al., 2019) and electrostatic accelerators (Nazari
et al., 2020; Mirzaei et al., 2025; Shirshekan et al., 2024;
Hasanpour et al., 2022). At NSTRI, a high-voltage power
supply based on parallel-fed CockcroftWalton structure
has been designed and constructed. This system com-
prises 34 cascade stages housed in an insulating gas-filled
chamber and is capable of producing 1.7 MV maximum.
Currently, the design of a tandem accelerator for beam
analysis and ion implantation applications is in progress,
using this high-voltage power supply. In this system, ni-
trogen gas is selected for charge exchange due to its high
charge exchange cross-section at the desired proton beam
energy (Heinemeier et al., 1976).

This paper focuses on the vacuum system design for
the accelerating tube of this tandem accelerator and
presents the pressure profile calculation along the beam
path. Initially, the gas transport behavior within the
charge exchange cell is discussed, and the designed geom-

etry for the charge exchange section is introduced. This
is followed by a review of the relevant charge exchange
interaction equations and cross-section data, along with a
description of the problem-solving approach and solution
methodology. Finally, based on the simulation results, an
optimized vacuum system is proposed to fulfill the opera-
tional requirements of the tandem accelerator.

2 Gas transport behavior in the charge
exchange cell and geometric design

The charge exchange section in a tandem accelerator is
situated between the low-energy and high-energy sections
of the accelerating tube and is primarily responsible for
converting negative ions into positive ones. In a gas-based
charge exchange system, an appropriate gas is injected to
achieve the required atomic gas density for efficient charge
exchange processes. As the atomic gas density increases,
the interactions between negative ions and gas molecules
rises, leading to a higher conversion rate of negative ions to
positive ones. However, since the ion acceleration process
within the accelerating tube demands a high vacuum level
(in order of 10−6 mbar (Heinemeier et al., 1976)) control-
ling gas leakage from the charge exchange section into the
accelerating tube becomes a major challenge. One possible
solution to prevent gas leakage is to use a physical window
to isolate the charge exchange region from the accelerating
tube. However, this method presents significant disadvan-
tages, as placing a window in the beam path can severely
attenuate the ion beam intensity, thereby reducing the
overall system efficiency. Therefore, the charge exchange
section should be designed to maximize the gas number
density along the beam path using the lowest possible gas
injection rate, while also ensuring minimal gas leakage into
the accelerating tube. Accordingly, the proper geometric
design of various components, along with the selection of
an appropriate vacuum pump speed, is essential for achiev-
ing the desired vacuum conditions in the accelerating tube.
A schematic of the tandem accelerator is presented in Fig.
1.

Depending on the pressure conditions, the gas trans-
port behavior can be described by three regimes, which are
characterized by the Knudsen number (Kn). The Knud-
sen number is defined as Kn = λ/d, where d is the charac-
teristic dimension (e.g., tube diameter) and λ is the mean
free path of gas molecules (Hellborg et al., 2005). Based
on the Kn value, the flow is categorized into molecular flow
(Kn > 1), transitional flow (0.01 < Kn < 1), and viscous
flow (Kn < 0.01) (O’Hanlon, 2003). In the present study,
the operating pressure inside the accelerating tube corre-
sponds mainly to the molecular flow regime, which is the
relevant regime for the vacuum system design considered
here.

The geometry of the charge exchange section and the
pressure gradient along the beam path determine the ex-
tent of gas leakage into the accelerating tube. This ef-
fect is quantified by the conductance (C), which rep-
resents the capacity of a given geometry to allow gas
flow under a pressure difference. Conductance is defined
as C = Q/(P2 − P1), where Q is the gas throughput
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Figure 1: Schematic of the tandem accelerator.

(Pa.m3.s−1), and P1 and P2 are the pressures at two points
(Pa) (O’Hanlon, 2003). The Knudsen number therefore
provides the criterion for selecting the appropriate con-
ductance formulation, as the dependence of conductance
on geometry differs between molecular, transitional, and
viscous regimes. For molecular flow in a long cylindri-
cal tube, C is proportional to d3/L, where d is the tube
diameter and L is its length (Hellborg et al., 2005). There-
fore, to suppress gas leakage and achieve the required vac-
uum level, the charge exchange section must be designed
with an optimized geometry that minimizes conductance
between the charge exchange region and the accelerating
tube.

Gas molecules collide with the walls more often than
with one another in the free molecular flow regime.
This kind of flow can be simulated in two main ways.
The first is the Direct Simulation Monte Carlo (DSMC)
method (Prasanth and Kakkassery, 2008), which follows
the paths of numerous particles that are dispersed at ran-
dom throughout the system. The second is the Angular
Coefficient method, which integrates the flux received on
a surface from every other surface in its line of sight to
determine the gas flow (Ossipov, 1997). The Angular Co-
efficient method’s primary advantages over DSMC are its
faster computation and the removal of statistical scatter
from the results. The Angular Coefficient method is used
in the Free Molecular Flow interface of COMSOL Mul-
tiphysics software (https://www.comsol.com/) to solve
gas flow problems. This interface is capable of calculating
flux, pressure, and molecular number density at specified
points, along defined paths, and within various regions
inside boundary surfaces.

The geometry of the charge exchange system was op-
timized in a separate study by the authors of this pa-
per, as reported in reference (Kejani et al., 2025). Free
Molecular Flow interface of COMSOL Multiphysics soft-
ware was used to perform accurate calculations for this
optimization. The charge exchange section has its own
vacuum pump, as illustrated in Fig. 1, and each of the low-
energy and high-energy sections of the accelerating tube
have their own vacuum pump. In this optimization the
vacuum pump speed for all three sections was set at 300
L.s−1, and a nitrogen gas throughput of 10 standard cubic
centimeters per minute (SCCM) was taken into account.

The gas temperature was assumed to be constant at 20
◦C under steady-state conditions. Finally, the optimized
dimensions of the charge exchange section, reflecting the
results of this optimization, are presented in reference (Ke-
jani et al., 2025).

In the charge exchange cell designed for converting an
H− beam to H+ at an energy of 1.7 MeV, it is essential
to consider all interactions that result in proton produc-
tion following the collision of H− ions with nitrogen gas
molecules. To achieve this, two primary approaches for
converting H− to H+ are considered: 1) Direct Conver-
sion: H ions directly lose two electrons in a single collision,
resulting in the formation of H+ ions; 2) Indirect Conver-
sion: H ions first undergo a single-electron detachment to
become neutral hydrogen atoms (H0), which subsequently
lose another electron in a following collision to form H+

ions. To calculate the number of each interaction (Nqq′),
the Eq. (1) is used:

Nqq′ = Nq.σqq′ .ngas.x (1)

where Nq is the number of incident particles, σqq′ is the
interaction cross-section (in cm2), q and q′ are the initial
and final charge state of particles, ngas is the atomic den-
sity of gas molecules (in cm−3) and x is the interaction
length (in cm). Accordingly, the interaction rates for each
of two approaches (direct and indirect) are determined by
Eqs. (2) and (3):

Direct conversion: N−11 = N−1.σ−11.ngas.x (2)

Indirect conversion: N−11 = N−1.(σ−10.σ01).(ngas.x)2

(3)
Therefore, the interaction rate within the charge exchange
cell for a given gas and energy of ions is influenced by the
cell’s geometry (which affects the interaction length), the
gas number density and the interaction cross section.

In calculating the atomic number density of the gas re-
quired in the charge exchange cell, it is important to use
accurate values for the interaction cross sections. Consid-
ering the maximum voltage that can be supplied by the
designed power supply, the energy of the H− beam upon
entering the charge exchange section will be 1.7 MeV. Due
to the high energy resolution of electrostatic accelerators
(10−4 of the beam energy (Uchiyama et al., 1991)), the en-
ergy spread resulting from the high-voltage power supply
can be considered negligible.
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Table 1: Energy ranges (in keV) for interaction cross-sections reported in various references.

σ−11 σ−10 σ01

(Heinemeier et al., 1976) 100 - 500 100 - 500 -
(Allison, 1958) 5 - 40 4 - 30 4 - 103

(Schryber, 1967) - - 1040 - 4180
(Barnett and Reynolds, 1958) - - 10 - 103

(Barnett et al., 1977) 5 - 104 0.2 - 1.5 × 104 4 - 104

(Toburen et al., 1968) - - 100 2.5 × 103

(Lichtenberg et al., 1980) 44 - 227 50 - 227 -
(Dmitriev et al., 2010, 1995) - 300 300, 700
(Stier and Barnett, 1956) - 4 - 30 -
(Welsh et al., 1967) - - 1027, 2440
(Ormrod and Michel, 1971) - - 5 - 80
(Kovacs, 1967) 200 - 500 200 - 500 -
(Pilipenko and Fogel, 1962) - - 5 - 40
(Tawara et al., 1990) - 10 - 1 × 104 -
(Puckett et al., 1969) - - 150 - 400
(Noda, 1976) - - 0.3 - 5
(Miethe et al., 1982) - - 0.14 - 5
(Fogel et al., 1957) 5 - 40 - 5 - 40

Figure 2: Cross section of charge exchange interactions a) σ−11, b) σ−10, c) σ01.

In this study, the cross-section values for charge ex-
change processes were obtained using fitted functions pro-
vided in reference (Kejani et al., 2025). These functions
were derived by applying polynomial fitting to experimen-
tal data published in various references, enabling the ex-
trapolation of cross-section values at the energy of 1.7
MeV. Details of the fitting procedure and its statistical ac-
curacy are available in the reference (Kejani et al., 2025).
Table 1 presents the cross sections used for both direct
and indirect charge exchange interactions, and Fig. 2 il-
lustrates the agreement between the fitted curves and the
published experimental data for the specified energy.

The efficiency (η) of the charge exchange cell, defined
as the ratio of the number of H+ ions to the number of
H− ions. Therefore, the efficiency equations for both di-
rect and indirect conversion methods of H− to H+ are
calculated using Eqs. (4) and (5), respectively:

Direct conversion: η1 = σ−11.ngas.x (4)

Indirect conversion: η2 = (σ−10.σ01).(ngas.x)2 (5)

Considering the cross-section values for each of the di-
rect and indirect conversion interactions, the conversion
efficiency of H− ions to H+ can be analytically calculated

for the two primary pathways. In these calculations, due
to the high energy resolution of the selected accelerator,
the energy spread is neglected. Therefore, the beam en-
ergy is assumed to be constant at 1.7 MeV, and the effi-
ciency equations are derived accordingly.

By solving the corresponding equations for an ideal ef-
ficiency of 100%, the required gas thickness (ngas.x) for
complete conversion of H− ions to H+ was determined.
For the direct pathway (simultaneous removal of two elec-
trons from H−), the required gas thickness was calculated
to be 7.24×1016 cm−2, while for the indirect pathway (se-
quential removal of two electrons from H− and then H0),
it was found to be 7.17 × 1015 cm−2.

Although the indirect pathway requires a smaller gas
thickness for H− to H+ conversion, in practice, secondary
interactions within the gas environment of the charge ex-
change cell may lead to the loss of H+ or H0 particles.
These include processes such as electron attachment to
H+ (converting it back to H0), or even reverse conversion
to H−. While the cross-sections of these secondary inter-
actions are smaller than those of the primary processes
(Barnett et al., 1977; Toburen et al., 1968; Welsh et al.,
1967), they can slightly reduce the overall efficiency under
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real operating conditions.

Therefore, to ensure effective and complete conversion
of the H− beam to H+, the higher gas thickness corre-
sponding to the direct pathway is adopted as the design
basis. This conservative approach ensures that even in the
presence of unfavorable interactions, sufficient gas density
is maintained to achieve high efficiency.

Accordingly, in the design of the charge exchange cell,
this value is considered the required gas thickness to
achieve approximately 100% efficiency, and all other ge-
ometric and operational parameters are determined based
on this value.

3 Simulation Methodology and Problem-
Solving Approach

In the design of the vacuum system for the accelerating
tube of a tandem accelerator, the primary objective is
to achieve the highest possible atomic gas density in the
beam interaction region with the minimum gas injection
rate. This ensures maximum charge exchange efficiency
while preventing gas leakage into the low- and high-energy
sections of the accelerating tube and maintaining the re-
quired vacuum conditions throughout the system. To ac-
complish this goal, an optimized geometric design and the
careful selection of operational parameters -such as gas
injection rate and pumping speed- are essential.

Although various combinations of operational param-
eters can provide the required gas density, the optimal
design focuses on achieving the desired performance condi-
tions with the lowest possible gas throughput and minimal
pumping speed. This approach reduces gas consumption,
extends the service life of vacuum components, enhances
beam transmission efficiency, reduces background radia-
tions, and improves the overall stability of system opera-
tion.

One of the critical factors affecting the pressure profile
inside the accelerating tube is the geometry of the Beam
Transfer Lines (BTL) between the charge exchange section
and the accelerating tubes. Therefore, prior to perform-
ing calculations dependent on gas throughput and pump-
ing speed, this section was analyzed as a key structural
element. Specifically, the BTL must be designed to min-
imize gas leakage from the charge exchange section into
the accelerating tubes.

In this analysis, the length and diameter of the BTL
(see Fig. 1) were varied under fixed gas throughput and
pumping speed conditions, and their impact on the pres-
sure profile along the tube was evaluated. The results
enabled the selection of optimal dimensions for the BTL
to ensure both minimal gas leakage into the accelerating
tubes and consequently effective ion beam transmission.
Since the charge exchange cross-sections for H− are much
larger than those for H+, the vacuum quality in the low-
energy section connected to the NBTL is more critical.
Nevertheless, to adopt a conservative design strategy, the
PBTL was treated under the same vacuum requirements
as the NBTL, ensuring that suitable vacuum conditions
are achieved throughout the entire accelerating tube.

An appropriate design of the charge exchange cell is
achieved when the gas throughput and pumping are con-
figured such that gas delivery to the interaction region is
effective yet limited. The system’s overall performance is
greatly influenced by these parameters since they have a
direct impact on the pressure profile along the beamline
and the distribution of atomic gas density.

Based on the theoretical relationships between pres-
sure, gas throughput, pumping speed, and conductance
of the vacuum path, the pressure can be expressed as a
function of the gas injection rate and the effective pump-
ing speed. The pressure (P ) is related to the effective
pumping speed (Seff ) and the gas throughput (Q) based
on Eq. (6). And on the other hand, the relationship be-
tween effective pumping speed (Seff ), pump speed (S),
and conductance (C) is given by Eq. (7):

P =
Q

Seff
(6)

1

Seff
=

1

S
+

1

C
(7)

Under ideal conditions, increasing the pump speed
leads to a reduction in pressure. However, in reality, the
limited conductance (C) of the vacuum path imposes a
constraint such that, in the molecular flow regime (at low
pressures), the system’s performance becomes predomi-
nantly conductance-limited. When C � S, further in-
creasing the pumping speed has little impact on pressure
reduction, and the system behavior is governed primarily
by the conductance.

Accordingly, the optimal design strategy is to select
the gas throughput at an appropriate value that achieves
the desired atomic gas density without requiring the use
of excessively high-capacity pumps. To this end, a range
of gas flow rates (Q) and pumping speeds (S) was ana-
lyzed through parametric simulations to identify the “Op-
timal Operating Window” for the vacuum system. This
window includes the set of parameter combinations that
ensure high charge exchange efficiency while maintaining
suitable pressure levels in three critical regions: the charge
exchange section, the low-energy section, and the high-
energy section of the accelerating tube. To ensure the
atomic gas density required for nearly 100% charge ex-
change efficiency (corresponding to 7.24×1016 cm−2), the
gas throughput was first determined based on this target
density. Once the optimal gas throughput was established,
it was held constant while the pumping speeds at two key
locations in the system (the charge exchange section and
the accelerating tube) were varied.

The resulting pressure profile along the accelerating
tube was calculated for each case. A pressure differential
on the order of 10 mbar (Wiebert et al., 1995; Persson
et al., 2003; Hellborg et al., 2002; Kiisk et al., 2004) be-
tween the charge exchange section and at the entrance of
the low-energy section of the accelerating tube was de-
fined as the final design goal. This pressure drop was
achieved by tuning the pumping speeds on both sides while
maintaining the gas throughput constant. Based on these
simulations, the optimal operating window for both gas
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Figure 3: Pressure profile along the beam path, a) BTL length, b) BTL diameter.

Figure 4: Pressure distribution for the final geometry.

throughput and the pumping speeds in each region was
identified, ensuring that the system maintains sufficient
gas density for efficient charge exchange while minimizing
gas leakage and the need for high-capacity or high-cost
pumps.

In total, 200 simulation cases were conducted: 100
cases for determining the optimal gas injection rate re-
quired to achieve the desired atomic gas density, and an-
other 100 cases for identifying the optimal operational
window for the vacuum pump speeds. These computations
were performed using the High-Performance Computing
(HPC) system at the Nuclear Science and Technology Re-
search Institute (NSTRI). The entire process required ap-
proximately 120 hours of computational time, utilizing 52
CPU cores and about 100 GB of RAM. The geometry was
fully meshed with approximately 950 k elements.

4 Results

To produce an appropriate pressure profile along the accel-
erating tube and to ensure the required atomic gas density
in the charge exchange section, the design of the BTL is
important. To evaluate the effect of this section, the im-

pact of the length and diameter of the BTL on the pres-
sure profile was investigated. The simulation results are
presented in Fig. 3, demonstrating that these two pa-
rameters significantly influence the pressure profile in the
beam path. Based on this analysis, the optimal values
of the length and diameter of the BTL were determined
to be 20 cm and 1.2 cm, respectively. In this design, the
transverse beam size was assumed to be approximately 1
cm. Figure 4 illustrates the pressure distribution for the
optimized geometry.

With the optimized geometry established, various com-
binations of gas throughput and pumping speeds in the
charge exchange section were analyzed to determine the
conditions required to achieve the gas thickness for ef-
ficient charge exchange. Gas throughputs ranging from
10 to 100 SCCM and pumping speeds between 10 and
100 L.s−1 (in steps of 10 for both) were considered. For
each case, the resulting gas thickness within the charge
exchange section was calculated and compared with the
desired values. The outcomes are presented in Figure 5,
where the optimal operating window (defined as an atomic
gas density between 6 × 1016 and 8 × 1016 cm−2) is high-
lighted.
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Although the optimal density for achieving nearly
100% charge exchange efficiency was calculated to be
7.24 × 1016 cm−2, a broader range was adopted in the
simulations to reflect potential real-world deviations. This
includes uncertainties such as pressure instabilities, tem-
perature fluctuations, and atomic interactions that were
not considered in the calculations (such as proton loss due
to neutralization via electron capture or the conversion of
neutral atoms into negative ions). By defining an opti-
mal operating window rather than a single target value,
the design ensures improved stability of the vacuum sys-
tem under practical operating conditions. The values of
gas thickness corresponding to different combinations of
gas throughputs and the charge exchange (Ch. Ex) pump
speed are presented in Fig. 5.

Based on Fig. 5, it can be observed that the gas thick-
ness initially decreases with an increase in pumping speed;
however, after a certain point, the gas thickness stabilizes.
Therefore, in this scenario, the required gas thickness be-
comes proportional to the gas throughput. According to
Fig. 5, the optimal gas throughput for the charge ex-
change section was chosen to be 25 SCCM.

In the next step, with the gas throughput set to 25
SCCM, variations in the pumping speeds of the accelerat-
ing tube and the charge exchange section were made, and
the pressure profile along the accelerator tube was ana-
lyzed. Pumping speeds ranged from 10 to 100 L.s−1 in
increments of 10 units, and the pressure ratio between the
charge exchange section and the low-energy section of the
accelerator tube was calculated. Since the pressure ratio
between these two points should be around 10−3 (Wiebert
et al., 1995; Persson et al., 2003; Hellborg et al., 2002; Ki-
isk et al., 2004) to ensure the necessary vacuum for ion
accelerating and prevent operational issues, the pressure
ratio was calculated and analyzed for all different cases.
The results are presented in Fig. 6. The pressure ratio
range between 9.0× 10−4 and 1.0× 10−3 is defined as the
optimal operating window for the system.

Figure 5: The values of gas thickness corresponding to dif-
ferent combinations of gas throughputs and the Ch. Ex pump
speed.

Figure 6: The pressure ratio of Ch. Ex. section and L.E
section of accelerating tube for different pump speed variations.

Figure 7 presents the diagram of the vacuum system
designed for the tandem accelerator. At the beginning of
the beamline, the ion source is placed and equipped with a
dedicated vacuum pump to ensure optimal conditions for
H− beam production and extraction. The beam then en-
ters the low-energy section of the accelerating tube, where
a turbomolecular pump maintains the required vacuum,
and a pressure gauge with a display unit allows real-time
monitoring. After passing through the NBTL, the beam
enters the charge exchange section. In the charge exchange
section, nitrogen gas is injected into the charge exchange
cell using a variable leak valve. The internal pressure of
the chamber is continuously monitored by a vacuum gauge
connected to a display unit. In charge exchange section,
a turbomolecular pump with magnetic coupling is used to
avoid any physical or electrical connection between the
high-voltage components and the pump’s motor. This
eliminates the risk of stray currents potentially introduced
via power cables, shafts, or bearings, which could be haz-
ardous in such environments. Following the conversion of
H− to H+, the beam continues through the PBTL into
the high-energy section of the accelerating tube, which
also includes a vacuum gauge for monitoring and a tur-
bomolecular pump at the tubes exit to maintain proper
vacuum conditions. Finally, the beam reaches a vacuum
chamber dedicated to experimental measurements. It has
to be noted that, all turbomolecular pumps in the system
are backed by rotary pumps to handle initial pumping and
ensure proper operation.

5 Conclusions

In this study, the effect of the length and diameter of the
BTL on the pressure profile within the tandem tube was
investigated. By analyzing the influence of these two pa-
rameters, a configuration was selected that concentrates
gas in the interaction region while preventing its leakage
into the low- and high-energy sections of the accelerating
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Figure 7: Diagram of the vacuum system for the accelerating tube.

tubes.

Subsequently, the optimal operating window for gas
throughput and pumping speed in the charge exchange
section was determined to achieve a sufficient atomic gas
density (equal to 7.24 × 1016 cm−2). Then, with the gas
throughput fixed at its optimal value of 25 SCCM, the
vacuum pump speeds on charge exchange section and ac-
celerating tubes were varied to achieve the design target
(a pressure ratio of approximately 10 mbar). Based on
the results, the optimal operating window for the pump-
ing speeds in each section was identified, allowing efficient
system performance without relying on excessively large
or costly pumps.

The results also indicated that increasing the pump-
ing speeds improves the pressure conditions only up to
a certain point. Beyond this limit, no significant change
in pressure is observed, which is attributed to the limited
conductance of the vacuum paths. Therefore, optimal vac-
uum system design requires simultaneous consideration of
both pumping capacity and conductance.

Overall, the findings of this work demonstrate that
with proper geometric design, targeted gas injection con-
trol, and optimized pump selection, it is possible to estab-
lish a stable, efficient, and cost-effective vacuum environ-
ment for tandem accelerator systems.
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