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A large particle accelerator requires an ultrahigh vacuum (UHV) system of average pressure 
under 1×10-7 Pa for mitigating the impact of beam scattering from the residual gas molecules. 
The surface inside the beam ducts should be controlled with an extremely low thermal 
outgassing rate under 1×10-9 Pa.m3/(s.m2) for the sake of the insufficient pumping speed. 
To fulfil the requirements, the aluminum alloys were adopted as the materials of the beam 
ducts for large accelerator that thanks to the good features of higher thermal conductivity, 
non-radioactivity, non-magnetism, precise machining capability, et al. To put the aluminum 
into the large accelerator vacuum systems, several key technologies have been developed 
will be introduced. The concepts contain the precise computer numerical control (CNC) 
machining process for the large aluminum ducts and parts in pure alcohol and in an oil-free 
environment, surface cleaning with ozonized water, stringent welding process control manually 
or automatically to form a large sector of aluminum ducts, ex-situ baking process to reach 
UHV and sealed for transportation and installation, UHV pumping with the sputtering ion 
pumps and the non-evaporable getters (NEG), et al. The developed UHV technologies have 
been applied to the 3 GeV Taiwan Photon Source (TPS) and revealed good results as the 
expectation. The problems of leakage encountered during the assembling were most associated 
with the vacuum baking which result in the consequent trouble shootings and more times 
of baking. Then the installation of the well-sealed UHV systems is recommended.
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I. Introduction

The vacuum system for a large particle accelerator, 

especially the electron storage ring as the light 

source, requires the ultrahigh vacuum (UHV) of the 

pressure (P) under 1×10-7 Pa and the low impedance 

beam ducts of very smooth cross section for 

mitigating the impact of beam scattering from the 

residual gas molecules and the beam instability 

problems result from the wake field excited by the 
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Figure 1. Layout drawing of the vacuum system with the magnets for a 1/24 section of the TPS, including a 7 m
long straight section and a 14 m arc-cell section.

non-smooth surface. The surface inside the beam 

ducts should be controlled with an extremely low 

thermal outgassing rate (q) typically under 1×10-9 

Pa.m3/(s.m2) due to the limit conductance (C) of the 

beam duct and the consequent insufficient effective 

pumping speed (S'), as shown in equation (1) and (2), 

respectively [1].

q=P·[A·(1/Sp+1/2C)]-1 (1)

S'=(1/Sp+1/C)-1
∼C, when Sp＞＞C (2)

Where A (m2) is the surface area of the beam duct, 

and Sp (m
3/s) is the effective speed near the pump.

For smoothing the cross section of the beam ducts, 

the structures including any small step or small gap 

must be avoided and the number of quantity should 

be minimized. Usually the tapered beam ducts with a 

typical taper ratio larger than 10 : 1 are adopted for 

joining the beam ducts of different cross sections. 

The flanges and the bellows are the components with 

higher impedance that the RF-contact bridges must 

be implemented for filling in or shielding the gaps 

otherwise the numbers of flanges or bellows should be 

reduced [2]. In addition, the dimension for the 

vacuum beam ducts or components must be well 

controlled usually by the precise machining process. 

The inner surface of the beam ducts must be kept 

smooth and ultra clean all the time. The aluminum 

alloys were taken into account as the materials of the 

beam ducts for the large accelerator due to the good 

features of high thermal conductivity, no residual 

radioactivity, non-magnetism, great precise machining 

capability, and lower outgassing rate to attain the 

UHV [3]. To apply the aluminum for the large 

accelerator vacuum systems, several key technologies 

have been developed. The concepts contain the 

precise computer numerical control (CNC) machining 

process for the large aluminum ducts in pure alcohol 

and in an oil-free environment, surface cleaning with 

ozonized water, stringent welding process control 

manually or automatically to form a large sector of 

aluminum ducts, vacuum baking process to reach 

UHV and sealed for transportation and installation, 

et al will be addressed in the following sections.

II. Construction of the 14 m 

Arc-cell Vacuum System

The 14 m arc-cell vacuum system is designed for 

the electron storage ring of the 3 GeV Taiwan Photon 

Source (TPS) contains 24 arc-cells for the 24-DBA 

lattice. The vacuum chambers are tightly fit in the 

lattice magnets, including two Dipoles, ten Quadrupoles, 

and seven Sextupoles, with an overall clearance less 

than 3 mm [4]. Fig. 1 presents the layout drawing of 

the vacuum system with the magnets for the 1/24 

section of the TPS, including a 7 m long straight 

section and a 14 m arc-cell section [5]. Since the 

spaces between the magnets are too tight to 

accommodate the vacuum pumps, gauges, absorbers, 
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Figure 3. Combination of the aluminum vacuum cham-
bers for a typically 14 m arc-cell vacuum 
system.

Figure 2. Vacuum chambers and the components for
the 14 m vacuum system.

beam position monitors (BPM), bellows, and flanges, 

then the vacuum system must be compromised to 

reduce the quantity as well as the size of the vacuum 

components. It is clear the quantities of the vacuum 

parts with higher impedance, e.g. bellows and 

flanges, must be reduced. Besides, the tolerances of 

the machining and the assembling for all the vacuum 

ducts and components must be controlled as small as 

possible. Then the manufacturing of a 14 m arc-cell 

vacuum system by welding all the aluminum vacuum 

chambers and the components to form one sector was 

decided as the drawing shown in Fig. 2. 

Manufacturing process will be described in the 

following sections.

1. Machining and welding for the aluminum vacuum 

chambers

The vacuum chambers for a typically 14 m arc-cell 

vacuum system are composed of two short straight 

(S-) chambers: S3, S4, and two bending (B-) 

chambers: B1, B2, as shown in Fig. 3. The 

S-chambers, short tubes, pumping ports, and the 

cooling pipes, were made of the A6063T5 aluminum 

alloys and produced by the aluminum extrusion. The 

B-chambers and the BPM ducts are made of the 

A6061T651 aluminum alloys and produced by the CNC 

machining in ethanol in the clean room. The Bellows 

are formed and made of the titanium alloys, built 

with the interior BeCu RF-contact shielding fingers, 

and welded with the Ti/Al bimetallic end pieces.

Machining of the two half plates (lengths of 3.6 m∼

4.2 m) for the aluminum B-chambers was performed in 

the Class 10000 clean room. The CNC machine built 

with super dry compressed air (<10 ppb) to spray the 

pure alcohol to the fresh surface as the cooling 

lubricant and for production of the clean oxide layers 

through all the cutting process. The clean room must 

be maintained at the temperature of 25±1oC and the 

humidity of <50% for mitigating the thermal expansion 

and the growing rate of the surface oxide layers. 

Machining of the plates follows the steps of rough 

machining to intermediate machining and to precise 

machining, and with 1∼3 days of intervening intervals 

for releasing the stress. The dimension of all the 

plates were inspected with the dial gauges to assure 

the flatness and the deformation <0.05 mm prior to 

the package [4]. Fig. 4 depicts the oil-free CNC 

machining facilities and the cutting process for the 

B-chambers. Each half plate after machining was 

kept in an aluminum bag packed with driers and 

deoxidizers, sealed with the dry nitrogen gas, and 

then delivered to the laboratory.

The machined aluminum plates after delivery were 
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Figure 4. Oil-free CNC machining facilities and the cutting process for the B-chambers.

unpacked and cleaned the surface by directly 

immersing in the high concentrate ozonized water 

(>20 ppm) for half an hour, and then moved to the 

Class 1000 clean room for the welding. The welding 

process for the B-chambers, B1 and B2, was made by 

Tungsten Inert Gas (TIG) method follows the steps of 

(1) welding the pumping port on each half plate, (2) 

combining the two halves and spot-weld together, (3) 

heating the joined B-chamber up to 90oC and welding 

the both long straight sides with a six-torches 

simultaneously auto-welding system [6], (4) welding 

the corners and the end plates, (5) inspecting the 

leakage, (6) packing and returning to the CNC 

machine room for further inspection of the flatness 

and cutting the end plates, (7) packing and returning 

to the welding room, (8) welding the bellows and the 

side tubes, (9) inspecting the leakage, and (10) 

sealing in vacuum.

The aluminum extruded straight chambers had to 

be precisely machined the side cooling channels, the 

edges, and the pumping holes, etc. for the welding 

purposes. Afterwards, the extruded chambers were 

chemical cleaned and welded with the pumping 

chambers, the end flanges, the cooling pipes, the 

BPM ducts, and the inner absorbers, etc. to form the 

S3 and S4 chambers [7]. The extruded chambers and 

BPM ducts had been assembled on the precise 

supports to control the flatness and the total length 

within specifications prior to the welding.

The photographs about the aluminum vacuum 

chambers welded for the B-chambers and the 

S-chambers are shown in Figs. 5(a) and 5(b), 

respectively. After completing the four chambers for 

a 14 m arc-cell vacuum system, as shown in Fig. 3, 

they were installed in series of S3-B1-S4-B2 on the 

pre-aligned aluminum supporting plates on the 

girders fixed with the precise pins or spacers on the 

BPM ducts as the basis. All the chambers were 
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(a) (b)

Figure 5. Photographs about the aluminum vacuum chambers welded for (a) the B-chambers and (b) the 
S-chambers.

inspected with the laser tracker to confirm the 

positions within 0.1 mm in vertical direction and 0.3 

mm in other directions. Then weld the joint interfaces 

between the four chambers on-site to form one 

segment of 14 m arc-cell vacuum chamber. The 

leakage checking for all the welding ports with the 

leak detector was performed and confirmed the rate 

of leakage <1×10-9 atm.cc/s.

2. Assembling and baking for the 14 m vacuum 

systems

After completing the welding of the entire 14 m 

arc-cell vacuum system on the girders, the vacuum 

components including the pumps, gauges, valves, BPM 

flanges, viewports, etc. were installed and pumped 

down for leak-checking and then vacuum-sealed 

[8,9]. All the welding processes and the assembling 

works were performed in the clean room of the grade 

better than Class 10000, and well control of the 

ambient temperature at 25±1oC and the humidity 

under 50%.

Due to the long lead time for assembling the 24 

arc-cell vacuum systems and some parts have to be 

installed later, those 14 m vacuum systems must be 

moved from the girders to the supports in the storage 

area waiting for the next assembling and baking 

process. To protect the vacuum systems from 

deformation during the transportation, each cell was 

fixed with the long jig fixtures holding the vacuum 

ducts, the pumps, and the gate valves on. Then a 

rigid carrier system of ∼14 m in length had 

pre-aligned to flatness <0.2 mm on the bottom planes 

was used to hang the 14 m vacuum system and move 

from the girders to the supports in the storage area 

for storage [10]. After receiving the vacuum 

components and being installed, the 14 m vacuum 

system was wrapped with the heating tapes and 

baked to 150oC for 24 hours to UHV. The sector gate 

valves (SGV) on both ends of each 14 m vacuum 

systems were closed tightly after confirming the 

whole system without leakage and then sealed in 

vacuum. Each cell, with the combination of the 

pumping with the triode sputtering ion pumps (SIP) 

and the cartridge NEG pumps, has reached to a 

typical ultimate pressure <5×10-9 Pa after baking. 

The pressure buildup test, by switching the SIP off 

over 60 hours, for the entire 14 m vacuum system 

kept the pressure under 4×10-7 Pa for most of the 

cells pumped with the NEGs only. The typical residual 

gases measured in the 14 m vacuum system, with a 

residual gas analyzer (RGA), contained the major 
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Figure 6. Processes of the transportation and the installation of the 14 m vacuum systems to the girder/magnets
assemblies in the TPS tunnel.

outgas of H2, CH4, Ar, and He, for most of the 

arc-cells [11].

III. Transportation and Installation of 

the 14 m Vacuum Systems

After completing the construction of the TPS site 

in 2013 and the tunnel for accommodating the 

accelerators was accessible, the installation of the 

vacuum systems inside the tunnel has been started in 

the sequence of (1) transportation of the 24 arc-cells 

vacuum systems from the storage area to the 

experimental hall of the TPS and immediate 

installation on the pre-aligned girder/magnet 

assemblies, (2) installation of the vacuum systems in 

the straight sections and connection with the 

neighbor cells had fixed on both ends. Transportation 

and the installation of a 14 m vacuum system from 

the storage area to the TPS tunnel only took a half 

day. A quick installation of the 18 cells (75%) out of 

the 24 cells 14 m vacuum systems in the tunnel 

continuously took three months. The processes of the 

transportation and the installation of the 14 m 

vacuum systems are illustrated in the photographs in 

Fig. 6. During the transportation, the pressure bursts 

in the cells had happened several times due to the 

incident vibration but recovered to the base pressure 

of 10-7 Pa. No leakage was found after installation of 

the vacuum systems on the girders. Eventually, the 

pressure in the cell vacuum systems reached to 10-9 

Pa after switching the SIP on.

IV. Conclusions

Technologies of the aluminum ultrahigh vacuum 

systems for a large accelerator have been developed 

and applied to the TPS electron storage ring. The 

unique design of the 24 arc-cells 14 m vacuum 

systems possessed the completely oil free machining, 

ozonized water cleaning, and in-house TIG welding 

for the large aluminum vacuum chambers reveals the 

superior features of low impedance structure and low 

thermal outgassing rate. The profits gained from the 

large aluminum accelerator ultrahigh vacuum system 

are summarized as follows, 

1. Precise and completely oil-free CNC machining 
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inside the clean room for obtaining the clean surface 

oxide layers.

2. Ozonized water cleaning to further reduce the 

surface outgassing rate after baking.

3. TIG welding for the aluminum chambers was 

performed in the dry clean room to protect the 

cleaned surface from contamination. No further 

cleaning process is required afterwards.

4. A 6-touches auto-TIG welding system was 

established for welding the 4 m large aluminum 

bending chamber to obtain the least deformation after 

the welding.

5. The precise machined supports for the 14 m 

vacuum system provide a quick installation efficiency 

that assists the on-site welding and the on-site 

installation.

6. The chambers in a 14 m vacuum system are 

welded to one piece that reduces the quantity of 

bellows, flanges, and the consequent lower impedance 

of beam duct.

7. The ex-situ vacuum baking for the 14 m vacuum 

system was performed in the assembly hall to confirm 

the achievement of UHV quality prior to the 

installation.

8. A precise heavy-loading carrier was constructed 

for hanging the 14 m vacuum system from the 

assembly hall transporting to the tunnel site for the 

installation.

Transportation and installation of the 24 arc-cells 

14 m vacuum systems from the storage area to the 

TPS tunnel was efficient and successful. A quick 

installation of a 14 m vacuum system in the tunnel 

took a half of day. No leakage was found afterwards 

and the pressure recovered to 10-9 Pa after switching 

the SIP on.
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