
����������
�������

Citation: Wang, G.; Zhang, S.; Chen,

C.; Tang, N.; Lang, J.; Xie, Y. Vacuum

System Optimization for EAST

Neutral Beam Injector. Energies 2022,

15, 264. https://doi.org/10.3390/

en15010264

Academic Editor: Dan Gabriel

Cacuci

Received: 19 November 2021

Accepted: 24 December 2021

Published: 31 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Vacuum System Optimization for EAST Neutral Beam Injector
Guodong Wang 1, Si Zhang 1, Changqi Chen 1, Ning Tang 2,3, Jiaqi Lang 2,3 and Yuanlai Xie 2,*

1 School of Mechanical Engineering, Hefei University of Technology, Hefei 230009, China;
gdwang@hfut.edu.cn (G.W.); zhangsi199704@163.com (S.Z.); cqchen@hfut.edu.cn (C.C.)

2 Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China; ning.tang@ipp.ac.cn (N.T.);
jqlang@ipp.ac.cn (J.L.)

3 Science Island Branch of Graduate School, University of Science and Technology of China, Hefei 230052, China
* Correspondence: laurrence@ipp.ac.cn

Abstract: The neutral beam injector (NBI) generates a high-energy ion beam and neutralizes it,
and then relies on drift transmission to inject the formed neutral beam into the fusion plasma
to increase the plasma temperature and drive the plasma current. In order to better cooperate
with the Experimental Advanced Superconductive Tokamak (EAST), part of the Chinese major
national scientific and technological infrastructure, in carrying out long-pulse high-parameter physics
experiments of 400 s and above, this paper considers the optimization of the current design and
operation of the NBI beam line with a pulse width of 100 s. Based on an upgraded and optimized NBI
vacuum chamber and the structure of the beam-line components, the gas-source characteristics under
the layout design of the NBI system are analyzed and an NBI vacuum system that meets relevant
needs is designed. Using Molflow software to simulate the transport process of gas molecules in the
vacuum chamber, the pressure gradient in the vacuum chamber and the heat-load distribution of
the low-temperature condensation surface are obtained. The results show that when the NBI system
is dynamically balanced, the pressure of each vacuum chamber section is lower than the set value,
thus meeting the performance requirements for the NBI vacuum system and providing a basis for
subsequent implementation of the NBI vacuum system upgrade using engineering.

Keywords: NBI vacuum system; Molflow software; pressure-gradient distribution; heat-load distribution

1. Introduction

In order to realize the high-parameter, steady-state operation of a tokamak nuclear
fusion device, the support of a high-power auxiliary heating system is required. Neutral
beam injection is one of the main methods used for external heating and maintenance of
plasma in tokamak nuclear fusion devices. It is the auxiliary heating method with the
highest heating efficiency and the clearest physical mechanism. The neutral-beam injector
(NBI) is an equipment system that implements Neutral beam injection in a fusion device.
It generates a high-energy neutral ion beam and then relies on drift transmission to inject
the formed neutral beam into fusion plasma to increase the plasma temperature and drive
the plasma current. In the process of generating and transmitting the high-energy neutral
beam, a vacuum pressure-gradient distribution is required. Therefore, the performance of
the NBI vacuum system has a great impact on the efficiency of the Neutral beam injection
and the service life and safety of related components in the beam line [1–3].

The Experimental Advanced Superconductive Tokamak (EAST), which is part of the
Chinese national major science and technology infrastructure, was designed to carry out
long-pulse, high-parameter physics experiments of 400 s and above. In order to better
cooperate with physical testing, internal analysis and discussion concluded that it would
be best to upgrade and optimize the current NBI (hereinafter referred to as the EAST-NBI)
with a maximum pulse width of 100 s. The key objective was to increase the magnetic
pole gap by shifting the bending magnet toward the neutralizers and relieve the excessive
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pressure of the local energy deposition of the bending-magnet pole guard plate caused
by beam divergence under long-pulse operation conditions. At the same time, the heat
exchange capacity of the calorimeters and the ion dumps under high heat-flow conditions
could be enhanced. With this consideration, the existing beam-line vacuum chamber was
changed from a cylindrical shape to a square shape to facilitate better implementation and
maintenance in the future.

2. Overall Design of EAST-NBI Vacuum System
2.1. Requirements for EAST-NBI Vacuum System

To obtain optimal neutralization efficiency, the pressure in the EAST-NBI neutralized
area, or vacuum chamber, is generally required to be in the order of 1 × 10−2 Pa. In theory,
the lower the pressure is in the drift section of the neutral beam, the lower the loss of the
neutral beam should be. In actual situations, in order to reduce the re-ionization loss of
the high-energy neutral beam and obtain higher heating efficiency, the NBI drift-pipe-area
pressure is generally required to be in the order of 1 × 10−3 Pa.

The working gas of the EAST-NBI is deuterium gas. In order to obtain a vacuum
environment that meets the requirements of an NBI, considering the limited space of the
experimental hall and the harsh electromagnetic environment, this vacuum system must
fulfill the following conditions [4]: (1) a pumping speed for deuterium of one million liters
per unit in seconds or higher and as small a geometric size as possible; (2) a completely clean
vacuum without any pollution of the vacuum system; (3) long-term stable operation in a
magnetic-field and neutron-irradiation environment; (4) easy installation and maintenance
and low setup and operating costs.

2.2. Layout of EAST-NBI Vacuum System

In the layout for the upgraded EAST-NBI vacuum system, the concept described above
was adopted after internal consideration and the differential structure was maintained. The
layout of the existing EAST-NBI vacuum system is shown in Figure 1 [5], where the vacuum
chamber is divided into three sections by setting two gas baffles. The first gas baffle is
located between the neutralizers and the bending magnets and divides the cylindrical rear
cryogenic-condensate pump into two parts. The disc-shaped frontal cryogenic-condensate
pump assumes the role of the second gas baffle, leaving calorimeters in the middle and a
beam channel for the high-energy neutral beam to pass through.
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Figure 1. Three-dimensional schematic diagram of the existing EAST-NBI vacuum chamber
and components.

The upgraded NBI is equipped with two gas baffles to enable differential pumping.
A schematic diagram of the structure is shown in Figure 2. After internal consideration,
the first gas baffle was placed in the same position as the existing NBI, and the second
gas baffle was set between the bending magnets and the calorimeters. The NBI vacuum
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chamber could then divided into three areas with different vacuum pressures due to the
action of the gas baffle: a neutralization area, a bending-magnet area, and a drift-pipe area.
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Figure 2. Three-dimensional schematic diagram of the upgraded NBI vacuum chamber and components.

Compared with the existing NBI, the positions of the upgraded NBI bending magnets
were shifted towards the neutralizers by 490 mm, and the beam transmission direction
length of the drift-pipe area was increased by 240 mm in order to place the optimized
calorimeters. Due to the optimization of the bending magnet structure and the change in
position, the size of the beam limiter on the first gas baffle had to be increased to allow
the deflected high-energy ion beam to pass. The main parameter changes of the beam-line
vacuum chamber after the upgrade are shown in Table 1. These changes would cause
changes in the location and size of the gas source in the NBI vacuum chamber and in the
flow conductance between each area, which would affect the cryopump pumping speed
requirements in each area of the vacuum chamber. Therefore, the existing NBI vacuum
system needs to be optimized.

Table 1. Comparison of the dimensions of the beam-line vacuum chamber before and after the upgrade.

NBI Section Name
Quantity

Existing NBI Upgraded NBI

Cryogenic pump shape Cylindrical shape Rectangular shape
Vacuum chamber shape Cylindrical shape Rectangular shape

Neutralized area of the vacuum chamber φ2200 mm × 1900 mm 3700 mm × 2200 mm × 1390 mm
Bending magnet area of the vacuum chamber φ2200 mm × 889 mm 3700 mm × 2200 mm × 978 mm

Drift pipe of the vacuum chamber φ2200 mm × 860 mm 3700 mm × 2200 mm × 1120 mm

2.3. EAST-NBI System Gas Source Analysis

The upgrading of the NBI vacuum chamber and the beam-line components would
result in changes in the location and size of the gas source in the vacuum chamber. It is
thus necessary to reanalyze the gas source of the NBI system. Since the positions of the
bending magnets are moved to the first gas baffle, it can be considered that the beam power
deposition share at the beam current limiter at the exit of the neutralized area increases
from 1.3% to 2.6% and that the beam power deposition at the magnetic pole guard plate of
the bending magnets increases from 9% to 12.3%.

According to relevant theoretical analyses and calculations [6,7], the EAST-NBI vac-
uum system has two main sources of gas load: the gas entering the neutralized area of
the vacuum chamber from the outlet of the neutralizers and the gas generated by the
collision of particles in the beam with the beam limiter, ion dumps, etc. The EAST-NBI
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two-ion source head intake air volume Qions = 4.464 Pa·m3/s, the total equivalent gas
volume under normal conditions corresponding to the three ions in the total extracted
beam Qion = 2.232 Pa·m3/s, the total supplementary gas volume of the two neutralizers
QNeu = 2.66 Pa·m3/s, and the amount of gas entering the neutralized area of the vacuum
chamber from the outlet of the neutralizers Qno = Qions + QNeu − Qion = 4.892 Pa·m3/s.

The amount of gas generated by the collision of particles in the beam with the beam
limiter, ion dumps, etc., can be mainly divided into the following five parts:

1. The amount of gas produced by the beam collision at the beam limiter at the exit of
the neutralizers QL0 = Qion × ΓL0= 0.058 Pa·m3/s;

2. The amount of gas produced by the ion dumps due to beam collision
Qdump = Qion × Γdump= 0.58 Pa·m3/s;

3. The amount of gas produced by the beam collision at the exit of the bending magnet
QL1 = Qion × ΓL1= 0.089 Pa·m3/s;

4. The amount of gas produced by the bending-magnet pole guard plate due to beam
collision QL2 = Qion × ΓL2= 0.275 Pa·m3/s;

5. The amount of gas produced by the beam collision at the entrance of the drift pipe
QL3 = Qion × ΓL3= 0.022 Pa·m3/s.

2.4. Determination of EAST-NBI Vacuum System Parameters

Due to the optimized structure of the bending magnets, the gap in the bending-magnet
pole guard and the height of the beam channel increase. To ensure that the deflected high-
energy ion beam can pass through the gas baffle smoothly, the cross-sectional size of the flow
guide-hole in the first gas baffle was increased from 0.65 m × 0.22 m to 0.86 m × 0.22 m.
Since the beam channel for the calorimeters is no longer needed in the middle of the second
gas baffle, in order to reduce the conductance of the baffle, the baffle was changed from a
single large-beam channel-hole to two small-beam channel-holes. The cross-sectional size
was reduced from 1.05 m × 0.565 m to 2 × (0.48 m × 0.22 m), thereby reducing the gas
flow from the bending-magnet area into the drift-pipe area and improving the vacuum
degree of the drift section. The change in the flow conductance of the gas baffle in the
vacuum chamber leads to differences in the gas load in each area, which directly affects the
pumping speed of the cryopump and which thus needs to be configured in each area of the
vacuum chamber. It was therefore necessary to re-determine the EAST-NBI vacuum system
parameters. The pumping speed for each area of the vacuum chamber was calculated
by balancing it according to the value of the internal pressure setting of each area of the
EAST-NBI, based on the analysis results of the gas-source location and gas volume of
each area.

The gas load of the low-temperature condensation surface in the neutralized area of
the vacuum chamber is equal to the amount of gas entering the vacuum chamber of the
neutralized area minus the amount of gas leaving the neutralized area to the bending-
magnet zone of the vacuum chamber. The part of the gas entering the neutralized area
of the vacuum chamber is the amount of gas Qno that enters the neutralized area of the
vacuum chamber from the outlet of the neutralizers, the amount of gas generated by the
beam collision at the beam limiter at the outlet of the neutralizers QL0 , and the amount of
gas Qdump produced by the ion dumps due to beam collision. The amount of gas leaving the
neutralized area of the vacuum chamber and entering the bending-magnet area depends on
the dynamic vacuum pressures P1 and P2 in the neutralized area of the vacuum chamber,
the bending-magnet area, and the conductance of the corresponding holes on the gas
baffle set between the two sections. The size of the beam limiter at the outlet of the two
neutralizers on the first gas baffle is a = 0.48 m, b = 0.22 m, and L = 0.054 m; the size of the
beam limiter at the entrance of the ion dumps is a = 0.86 m, b = 0.22 m, and L = 0.007 m.
The conductance of the beam limiter can be calculated using Equation (1):

C = 3.638Kjab

√
T
M

(1)
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In this equation, Kj is the shape factor of the beam limiter, which is 0.8362; T is the gas
temperature, which is 300 K; and M is the relative molecular mass of deuterium gas.

The amount of gas entering the bending-magnet area from the neutralized area of the
vacuum chamber can be calculated with Equation (2):

Q12 = C1(P1−P2) (2)

In this equation, P1 is the pressure in the neutralized area of the vacuum chamber,
which is taken as 1 × 10−2 Pa; P2 is the pressure in the bending magnet area of the vacuum
chamber, which is taken as 4 × 10−3 Pa.

The gas load of the low-temperature condensation surface in the neutralized area of
the vacuum chamber can be calculated using Equation (3):

Q1 = Qno + QL0+Qdump − Q12 (3)

After calculation, the gas load of the low-temperature condensation surface in the
neutralized area of the vacuum chamber is Q1 = 4.621 Pa·m3/s.

The gas entering the bending-magnet area of the vacuum chamber consists of the
amount of gas QL1 generated by the beam collision at the exit of the bending magnets, the
amount of gas QL2 generated by the beam collision of the bending-magnet pole guard,
and the amount of gas entering the bending-magnet area from the neutralized area of the
vacuum chamber Q12. The size of the beam limiter on the second gas baffle is a = 0.48 m,
b = 0.22 m, and L = 0.054 m. The amount of gas leaving the bending-magnet area of the
vacuum chamber and entering the drift-pipe area can be calculated using Equation (4):

Q23 = C2(P2−P3) (4)

In this equation, P3 is the pressure in the drift-pipe area of the vacuum chamber, taking
1 × 10−3 Pa.

The gas load of the low-temperature condensation surface in the bending-magnet area
of the vacuum chamber can be calculated using Equation (5):

Q2 = QL1 + QL2+Q12 − Q23 (5)

After calculation, the gas load of the low-temperature condensation surface in the
bending magnet area of the vacuum chamber Q2 = 1.159 Pa·m3/s.

The amount of the gas entering the drift-pipe area of the vacuum chamber is the
amount of gas QL3 generated by the beam collision at the drift-pipe entrance beam-limiter
and the amount of gas Q23 that enters the drift-pipe area from the bending-magnet area of
the vacuum chamber. The size of the beam limiter at the drift pipe is a = 0.48 m, b = 0.3 m,
and L = 0.05 m, and the amount of gas leaving the drift-pipe area of the vacuum chamber
and entering the EAST through the drift pipe can be calculated using Equation (6):

QEAST = C3(P3−PEAST) (6)

In this equation, PEAST is the pressure in the drift-pipe area of the vacuum chamber,
which is 5 × 10−4 Pa.

The gas load of the low-temperature condensation surface in the drift-pipe area of the
vacuum chamber can be calculated using Equation (7):

Q3 = QL3+Q23 − QEAST (7)

After calculation, the gas load of the low-temperature condensation surface in the
drift-pipe area of the vacuum chamber is Q3 = 0.116 Pa·m3/s.
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The pumping speed can be calculated using Equation (8):

S =
Q
P

(8)

The dynamic vacuum pressure in the EAST-NBI vacuum chamber is set at
P1 = 1 × 10−2 Pa, P2 = 4 × 10−3 Pa, and P3 = 1 × 10−3 Pa and calculated as
S1 = 4.62 × 105 L/s, S2 = 2.9 × 105 L/s, and S3 = 1.16 × 105 L/s. Considering the space
of the vacuum chamber and actual operating experience with the NBI, square cryogenic-
condensate pumps should be arranged on both sides of the NBI vacuum chamber. The size
of the low-temperature condensation surface in the neutralized area of the vacuum chamber
is 2× (2.8 m × 1.3 m), the pumping area is 7.28 m2, and the deuterium pumping speed
is 4.62 × 105 L/s. The size of the low-temperature condensation surface in the bending-
magnet area of the vacuum chamber is 2×(2.8 m × 0.9 m), the pumping area is 5.04 m2,
and the deuterium pumping speed is 3.2 × 105 L/s. The size of the low-temperature con-
densation surface in the drift-pipe area of the vacuum chamber is 2×(2.8 m × 1.1 m), the
pumping area is 6.16 m2, and the deuterium pumping speed is 3.92 × 105 L/s.

A comparison of the EAST-NBI vacuum system parameters before and after the
upgrade is shown in Table 2.

Table 2. NBI vacuum system parameters before and after upgrade.

Parameter Name

Design Parameters

Existing NBI Cryogenic
Vacuum System

Upgraded NBI Cryogenic
Vacuum System

First gas baffle conductance 114.52 m3/s 151.5 m3/s
Second gas baffle flow conductance 64 m3/s 37.94 m3/s

Neutralized area gas flow 4.81388 Pa·m3/s 4.621 Pa·m3/s
Bending-magnet area gas flow 0.89512 Pa·m3/s 1.159 Pa·m3/s

Drift-pipe area gas flow 0.194 Pa·m3/s 0.116 Pa·m3/s
Low-temperature condensation surface area of neutralized area 6 m2 7.28 m2

Low-temperature condensation surface area of bending-magnet area 5 m2 5.04 m2

Low-temperature condensation surface area of drift-pipe area 3 m2 6.16 m2

Pumping speed in neutralized area for D2 4.5 × 105 L/s 4.61 × 105 L/s
Pumping speed in bending-magnet area for D2 3.75 × 105 L/s 3.2 × 105 L/s

Pumping speed in drift-pipe area for D2 2.25 × 105 L/s 3.92 × 105 L/s
Ultimate vacuum 5 × 10−6 Pa 4.0 × 10−6 Pa

3. Simulation Analysis of NBI Vacuum System Pumping Performance
3.1. NBI System Gas Molecule Transport Model

Some of the gas molecules in the NBI system enter the vacuum chamber from the
outlet of the neutralizers and some of them are generated by the collision of the beam with
the beam limiter, ion dumps, etc. The gas inlet rate at the outlet of the neutralizers can be
expressed by Equations (9)–(11):

Q f =
d(pV)

dt
(9)

pV = NkTf (10)

dN f

dt
=

pV
dtkTf

=
Q f

kTf
(11)

In these equations, Q f is the inlet gas velocity at the outlet of the neutralizers; f is
the inlet plane; Tf is the gas source temperature; k is the Boltzmann constant; p is the
gas pressure; V is the gas volume; and N is the volume in V—that is, the total number
of molecules.
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The flow state of gas molecules in the NBI vacuum chamber is a free molecular flow,
and collisions between gas molecules can be ignored. Only the collisions between gas
molecules and the walls of the vacuum chamber were considered. It was assumed that
when gas molecules collide with the walls, the gas molecules stay on the walls for a very
short time, and the residence time τ is exponentially distributed:

τ = τ0e
Q
RT (12)

In this equation, τ0 is the period of molecular vibration; Q is the molar absorption heat
of gas molecules; R is the molar gas constant; and T is the wall temperature.

The velocity distribution of the gas leaving the wall follows the Maxwell–Boltzmann
distribution, which can be expressed by the following equation:

f (v) = 4π
( m

2πkT

) 3
2 v2e−

mv2
2kT (13)

In this equation, v is the velocity of the gas molecules after colliding with the wall and
m is the mass of the gas molecules.

The direction in which the gas molecules fly away from the wall of the vacuum cham-
ber has nothing to do with the direction before the collision and is distributed according to
the cosine of the angle θ with the normal direction of the surface. Set as a molecule, the
probability that it will be at the solid angle dω (the θ angle with the normal surface) when
it leaves the surface is

dP =
dω

π
cosθ (14)

In this equation, dω is the solid angle in the direction of the gas molecule’s move-
ment and θ is the angle between the direction of the gas molecule’s movement and the
normal wall.

3.2. Simulation Parameter Setting

The gas source distribution position and gas load in the vacuum chamber are the
key factors that affect the pressure distribution in the vacuum chamber. Therefore, when
simulating the transport process of gas molecules in the NBI vacuum chamber, the gas
source had to be set strictly according to the analysis and calculation results. The two most
important gas sources are the outlet of the neutralizers and the ion dumps. The outlet
gas molecules from the two neutralizers are arranged in a cosine distribution and the gas
flow rate is 4.892 Pa·m3/s. The amount of gas generated by the beam power deposition
at the two ion dumps is 26% and the gas flow rate is 0.58 Pa·m3/s. The gas generated by
beam collision everywhere in the vacuum chamber is also arranged in the form of a cosine
distribution according to the analysis results.

Under actual working conditions, the low-temperature condensation surface is sur-
rounded by an 80 K radiation baffle. The gas molecules first collide with the radiation
baffle and then are condensed by the low-temperature surface. Therefore, the tempera-
ture of the gas molecules that collide with the simplified low-temperature condensation
surface was set at 80 K. The cryopump adopts a classic chevron radiation baffle, and the
transmission probability for gas molecules on the surface of the cryogenic condensation
surface is 0.23 [8,9]. Since the beam collides with the ion dumps, calorimeters, etc., there is a
significant rise in temperature, and the temperature has a greater impact on the movement
of gas molecules in the vacuum environment. Therefore, the temperature for the inner wall
of the neutralizers, the inner wall of the ion dumps, the inner surface of the calorimeters,
the inner wall of the bending magnets, and the surface of the gas baffle was set at 600 K.
The temperature of the surfaces of the outer walls of the neutralization chamber, ion dumps,
calorimeters, and bending magnets is 400 K [10–12].
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3.3. Simulation Results and Analysis

When simulating the pressure distribution in the vacuum chamber, a plane 200 mm
away from the low-temperature condensation surface was selected in each area of the
vacuum chamber, and the average pressure of this plane was used to represent the pressure
in the three areas of the vacuum chamber. To simulate the pressure change in the vacuum
chamber under the conditions of a 400 s long-pulse operation, the gas intake time of each
gas source was set to 400 s, and the pressure situation of each area of the vacuum chamber
over time was obtained, as shown in Figures 3–5.
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In the figure below, the abscissa is time with the unit s and the ordinate is the selected
plane pressure with the unit mbar. We had to calculate the average pressure of the selected
plane every 0.4 s. It can be observed from Figures 3–5 that, during the entire 400 s long-pulse,
as the cryopump continues to pump out the gas load, the gas condensation and desorption
in the NBI vacuum chamber are in dynamic equilibrium and the pressure fluctuation is
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small. The pressure in the neutralized area, bending-magnet area and drift-pipe area are
maintained at 4.2×10−3 Pa, 7×10−4 Pa, and 2.7×10−4 Pa.
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In order to better observe the changes in the pressure in the vacuum chamber in a short
period of time after intake, the intake time was set to 1 s and the plane 200 mm away from
the low-temperature condensation surface in the vacuum chamber was also selected as the
representative plane. The average pressure on this plane represents the pressure of each
area in the vacuum chamber, and the software was set to calculate the average pressure
of the selected representative plane every 0.001 s. The simulation results are shown in
Figures 6–8. The abscissa in the figure is time with the unit s and the ordinate is the average
pressure of the selected plane with the unit mbar. It can be observed from Figures 6–8 that,
within 0.1 s after gas intake, the pressure in each area of the vacuum chamber reaches a
dynamic equilibrium, indicating that the pumping speed of the designed vacuum system
fully meets the requirements of the NBI for a vacuum environment.
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Similarly, a plane with a distance of 200 mm from the low-temperature condensation
surface in each area of the vacuum chamber was selected to simulate the pressure situation
at each position of the entire vacuum chamber after dynamic equilibrium had been reached.
In the pressure distribution diagrams shown in Figures 9–11, the abscissa is 100 equal parts
of the selected plane along the beam transmission direction, the ordinate is the average
pressure of the small plane of each equal part, and the unit is mbar. Figure 9 shows that
the maximum pressure in the neutralized area of the vacuum chamber is located near the
first gas baffle and the maximum value is 7 ×10−3 Pa. This is due to a large number of
gas molecules colliding with the gas baffle during differential pumping, which changes
the direction of movement and means that the molecules cannot enter the bending-magnet
area of the vacuum chamber, resulting in the highest pressure near the gas baffle. It can be
observed from Figures 10 and 11 that the maximum pressure in the bending-magnet zone
of the vacuum chamber is located at the gas baffles on both sides and the maximum value
is 1.1×10−3 Pa. The maximum pressure in the drift-pipe area of the vacuum chamber is
located at the left gas baffle and the maximum value is 4.3×10−4 Pa.
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The distribution of the gas load at different positions in the vacuum chamber affects
the heat-load distribution on the low-temperature condensation surface. The heat load is
evenly distributed, which is beneficial to the long-term stable operation of the cryopump.
The arithmetic average velocity of the gas molecules is used to replace the collision velocity
of the gas molecules and the wall of the low-temperature condensation surface. The greater
the density of the gas molecules is, the greater the thermal load is on the low-temperature
condensation surface, and the gas density distribution nephogram of the low-temperature
condensation surface on the side of the vacuum chamber can be obtained from this relation.
Figure 12 shows that the gas density in the neutralized area of the vacuum chamber is the
largest and that in the drift-pipe area is the smallest. Since the outlet of the neutralizers is
the main gas source, the density of the low temperature condensation surface near the outlet
of the neutralizers is the largest, reaching 1.112 ×1020 1

m3 . The heat-load distribution on the
low-temperature condensation surface of each area of the vacuum chamber is relatively
uniform, which is conducive to the steady-state operation of the cryopump.
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From the above simulation analysis of the gas molecule transport process in the
vacuum chamber, it can be concluded that, under the 400 s long-pulse operation condition,
as the low-temperature condensation surface is continuously pumped, the pressure in the
vacuum chamber reaches dynamic equilibrium at about 0.1 s. The maximum pressure
in the neutralized area of the vacuum chamber is 7×10−3 Pa, the maximum pressure in
the bending-magnet area is 1.1×10−3 Pa, and the maximum pressure in the drift-pipe
area is 4.3×10−4 Pa, lower than the values of 1×10−2 Pa, 4 ×10−3 Pa, and 1 ×10−3 Pa set.
Therefore, the designed vacuum system can obtain a suitable vacuum pressure gradient
and meet the requirements of the vacuum environment during the beam generation and
transmission process.
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4. Conclusions

Assessing the upgraded EAST-NBI structure, Molflow software was used to simulate
the transport phenomenon of gas molecules in the vacuum chamber. Test planes were
selected in the three regions of the vacuum chamber. According to the transient average
pressure of the selected plane and the equilibrium pressure distribution, the pressure dis-
tribution of the entire vacuum chamber was obtained, and the gas density distribution of
the low-temperature condensation surface was simulated to obtain the heat-load distribu-
tion. The simulation results were as follows: the vacuum system based on the upgraded
NBI design could ensure that the neutralized area, bending-magnet area, and drift-pipe
area of the NBI vacuum chamber resulted in pressures of 4.2 ×10−3 Pa, 7 ×10−4 Pa, and
2.7 ×10−4 Pa within about 0.1 s, and the heat loads on the low-temperature condensation
surfaces on both sides of the vacuum chamber were evenly distributed.

Compared with the existing NBI vacuum system, the most notable feature of the
upgraded vacuum system is that the pumping speed in the drift-pipe area was increased
from 2.25× 105 L/S to 3.92× 105 L/S and the gas flow rate was reduced from 0.194 Pa·m3/s
to 0.116 Pa·m3/s. This greatly reduced the dynamic vacuum pressure in the drift-pipe
area of the vacuum chamber during intake. According to the simulation analysis, it could
be reduced from about 8 ×10−4 Pa to 3 ×10−4 Pa under the same parameter conditions.
The reduction of the vacuum pressure in the drift pipe area would greatly reduce the
re-ionization of the high-energy neutral beam and improve the efficiency of neutralization
and Neutral beam injection. Therefore, the optimization of the design of the EAST-NBI
vacuum system provides a basis for subsequent engineering to realize the upgrade of the
NBI vacuum chamber and vacuum system. At the same time, the vacuum system design
and analysis methods used in this paper can also provide references for subsequent vacuum
system design for the same type of device.
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