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A B S T R A C T   

An Electron Beam Ion Source (EBIS) will be utilized for charge breeder in the RAON heavy ion accelerator fa-
cility. The vacuum system for the RAON EBIS charge breeder is crucial part for the achievable charge state, 
breeding efficiency, and purity of the charge-bred beam. A strict vacuum level of about 10− 11 mbar is required in 
the ion trap. The pumping system of the RAON EBIS charge breeder consists of turbo pumps (TMPs), cryo-pumps, 
and non-evaporable getter (NEG) ZAO modules. The material for the ion trap structures and vacuum chamber 
was chosen and handled carefully to satisfy the vacuum requirements in the manufacturing step with vacuum 
firing at 1050 ◦C for 2 h. A vacuum test of the ion trap section has been performed with baking, and final vacuum 
level reached 2.3 × 10− 11 mbar. In this paper, the vacuum system of the RAON EBIS and test procedures and 
results are presented and discussed.   

1. Introduction 

The RAON is a heavy ion accelerator facility, which is under con-
struction in Korea for the Rare Isotope Science Project (RISP) [1]. An 
Electron Beam Ion Source (EBIS) will be utilized for charge breeding of 
rare isotope (RI) beams as a part of the Isotope Separation On-Line 
(ISOL) system of RAON. The RAON EBIS will use a 3-A e-gun and a 
6-T superconducting (SC) solenoid to increase electron beam current 
density for large trapping capacity, high breeding efficiency, and short 
breeding time. The ion trapping capacity of the RAON EBIS is estimated 
to be 2.2 × 1011 charges under the expected operational conditions of 
the electron beam and magnetic field configuration as shown in Table 1 
[2]. 

There are two types of charge breeder: the EBIS and electron cyclo-
tron resonance (ECR) ion source. Each charge breeder has its advantages 
and disadvantages, however, the significant advantages of the EBIS 
charge breeder over the ECR charge breeder are a higher efficiency, 
shorter breeding time, and, most importantly, a better purity of charge- 
bred ion beam [3]. The EBIS uses a mono-energetic electron beam to 
produce highly charged ion in the trap. Thus, the mono-energetic elec-
tron beam can control the peak charge state and the charge breeding 
time more precisely. 

The vacuum system also constitutes a significant part of the EBIS 
charge breeder [4]. The ion trap pressure is directly related to the 
achievable charge state, breeding efficiency, and purity of the 
charge-bred beam. Therefore, the base pressure of the ion trap is critical 
for the EBIS, and our required base pressure at the trap is in the low level 
of 10− 11 mbar for the RAON EBIS. There are four types of charge evo-
lution processes, namely electron impact ionization, recombination, 
charge exchange, and escape [5,6]. The electron beam ionizes not only 
the target ion but also the residual gas. These background ions, which 
are ionized from the residual gas, are accumulated in the trap. In other 
words, the space charge potential is compensated by the background 
ions. Moreover, the target ions can be lost from the trap by the back-
ground ions through the ion-ion collision processes. These background 
ions act as contaminants. Oppositely, some light ions from the residual 
gas can act as beam cooling. These ions, which have a lower charge state 
than the target ions, gain energy from the target ions through the ion-ion 
collision and then escape from the trap. This beam cooling positively 
affects the charge breeding, but it is crucial to control the coolant ions by 
injecting gas into the trap, not by the uncontrollable background ions. 
The residual gas can affect the breeding efficiency. The target charge 
state can be produced and lost due to the charge exchange between ions 
and atoms. Becker et al. discussed the vacuum requirements for avoiding 
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space charge compensation, recombination, and charge exchange [7]. 
For avoiding recombination with slow electrons produced by the ioni-
zation of the residual gas, the pressure upper limit should be much lower 
than the limits for the space charge compensation and charge exchange. 
The upper limit of the pressure for avoiding recombination is given by 

P [mbar]< 3.59 ⋅ 10− 5⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅
Ud [V]

√

le [cm]⋅i2⋅τi(je = 1)[s]⋅σ(Ee)
[
10− 16cm2

]

where Ud is drift voltage, le is trap length, i is charge state, τi is breeding 
time, and σ(Ee) is cross section for the ionization of the background gas 
with electron beam energy of Ee. This pressure limit represents that the 
production rate of slow electrons equals to the extraction rate of slow 
electrons from the trap at this pressure. It follows that the pressure upper 
limit of the RAON EBIS will be 3.2 × 10− 10 mbar for Cs30+ when Ud, le, i, 
and τi are 0.1 V, 76 cm, 30, and 11.37 s, respectively. In the level of 
10− 11 mbar, the dominant species of the residual gas is hydrogen. 
Therefore, we assumed the cross section of hydrogen is 0.045 × 10− 16 

cm2 with Ee of 4 keV [8]. The estimated upper limit is higher than our 
aiming base pressure. Consequently, the base pressure in the level of 
10− 11 mbar can provide an excellent vacuum environment for the RAON 
EBIS. 

The RAON EBIS utilizes a warm bore SC solenoid for the electron 
beam compression in the trap. In other words, the cryogenic system of 
the SC solenoid and the vacuum region of the ion trap are totally 
separated, unlike “cold” EBIS [9], in which cryogenic system cools down 
both the SC solenoid and the drift tube structure in the trap simulta-
neously. The “cold” EBIS can achieve a good vacuum environment in the 
trap because the cryogenic system also cools down the trap structure to 4 
- 10 K level, however, a memory effect can be an issue as a contami-
nation source. For the RAON EBIS, the memory effects are lower than in 
a “cold” EBIS, but much more pumps are required to meet the vacuum 
requirement. The vacuum system of the RAON EBIS is described and 
discussed in the following sections. 

2. Vacuum system 

Fig. 1 shows the vacuum system of the RAON EBIS, and the list of 
pumps is summarized in Table 2 as well. The required pressure is in the 
low level of 10− 11 mbar for the ion trap region, as mentioned above. Two 
TMPs, two cryopumps, and several non-evaporable getters (NEG) [10] 
are required to reach that vacuum level in the trap section. An NEG ZAO 
module, produced by SAES Getters, has been selected to pump the gas 
load from the thermal outgassing of the inner structures. The NEG ZAO 
has much higher pumping capacity, higher pumping speed than the St 
707 NEG strip, and also works without producing any particulates, in 
contrast to the St 707 NEG strip [11]. The pumping speed of the NEG 
ZAO module is 500 L/s for hydrogen per unit. Twenty-four units of NEG 
ZAO module are installed in the ion trap region, and the total pumping 
speed of the NEG ZAO is 12,000 L/s for hydrogen. Two cryo-pumps, 
which have large pumping speeds of 3500 L/s per unit and high 
pumping capacity, are also installed [12]. 

At the beginning, a tandem TMP structure was considered and tested. 
In 1990, Enosawa et al. proposed the tandem TMP structure in which the 
TMP is backed by another TMP and reported the performance of it [13]. 
The main advantage of the tandem TMP structure is the improvement in 
the compression ratio, which is an essential parameter for attaining an 
ultra or extremely high vacuum. Theoretically, the TMP could not attain 
a high compression ratio with a high-pumping speed simultaneously 

Table 1 
RAON EBIS specifications.  

Electron beam current ≤3 A 
Electron beam energy ≤20 keV 
Magnetic field at trap center ≤6 T 
Electron beam current density inside trap ≤500 A/cm2 

Trap length 0.76 m 
Electron beam power at the collector ≤20 kW  

Fig. 1. Vacuum system of the RAON EBIS charge breeder.  

Table 2 
List of vacuum pumps for RAON EBIS.  

Section Description Manufacturer Model Pumping 
Speed 

E-gun TMP #1 Edwards STP451 450 L/s for 
N2 

NEG pump SAES CapaciTorr MK5 
C2000 

2000 L/s for 
H2 

Dry scroll pump Edwards nXDS20i 20 m3/h 

Ion trap TMP #2 Pfeiffer HiPace 300H 260 L/s for 
N2 TMP #3 

Dry multistage 
roots pump 

Edward nXL110i 110 m3/h 

NEG ZAO SAES Linear ZAO1 
L500-H10 

500 L/s for 
H2 

Cryopump #1 GVT ICP-200Q 3500 L/s 
Cryopump #2 

Collector TMP #4 Pfeiffer HiPace 700 685 L/s for 
N2 

Cryopump #3 GVT ICP-200Q 3500 L/s  
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[14]. Nevertheless, it is important to have a high compression ratio for 
hydrogen gas because the major residual gas is hydrogen at the vacuum 
pressure level of about 10− 11 mbar. At the end, however, single TMP 
structure with HiPace 300H from Pfeiffer was adopted in the ion trap 
instead of the tandem TMP structure. The experimental comparison 
between the tandem TMP structure and the single TMP structure with 
high compression ratio will be discussed in the final section. The most 
prominent feature of the HiPace 300H TMP is its high compression ratio 
of >1 × 1013 for nitrogen and 1 × 107 for hydrogen, respectively. 
However, the pumping speed is relatively low (~260 L/s for nitrogen). 
Even though the pumping speed of this TMP is low, it is not a big issue 
because the other pumps have large pumping speeds. The risk of 
contamination caused by the backflow can be reduced by using a TMP 
having high compression ratio compared with a normal TMP. 

The low residual gas pressure in the regions of the e-gun and col-
lector is also vital for achieving required vacuum level of the ion trap. 
For the e-gun region, one TMP having a pumping speed of 450 L/s for 
nitrogen and one NEG pump having a pumping speed of 2000 L/s for 
hydrogen are installed. For the collector region, one cryopump and one 
TMP are installed. When the electron beam is dumped into the collector, 
outgassing rate is increased from the surface of the collector. Accord-
ingly, a pump with a large pumping speed is required at the collector 
region, so one cryopump is installed in this region. 

Not only the pumping system in the regions of the e-gun and collector 
but also differential pumping is crucial for a suitable vacuum environ-
ment in the ion trap. There are diaphragms at the interfaces between 
each region of the e-gun, collector, and ion trap. The diaphragms pre-
vent the inflow of gas loads into the ion trap region, which originates 
from outgassing of the hot surfaces in the e-gun region and outgassing of 
the collector surface under bombardment by the electron beam [9]. The 
anode and drift tube #10 penetrate the diaphragms; therefore, the only 
paths for the inflow of gas loads into the trap are through the anode and 
drift tube #10. The inner diameters of the anode and drift tube #10 are 
19 mm and 24 mm, respectively; the lengths of them for conductance 
calculation are 213 mm and 160 mm. The estimated conductance for the 
anode tube and drift tube #10 are 14 L/s and 36 L/s with hydrogen at 
25 ◦C, respectively. For other gas species, the conductance will be less 
than these values. We expect the pressure reduction factor across each 
diaphragm is more than 100. Furthermore, vacuum firing and baking 

are the essential procedures to satisfy the vacuum requirements. Vac-
uum firing at 1050 ◦C for 2 h was performed to remove hydrogen from 
the bulk material of the ion trap structures and chamber during the 
manufacturing step. The in-situ baking of the ion trap region was also 
performed at 550 ◦C. 

3. Vacuum test of the ion trap 

3.1. Mechanical design and NEG ZAO vacuum system for ion trap 

The drift tube (DT) structure of the CARIBU EBIS charge breeder [15] 
was benchmarked for the DT structure of the RAON EBIS charge breeder 
for the ion trap. There are significant improvements in the RAON EBIS 
DT structure’s design to accept a higher electron beam current up to 3 A. 
Accepting the higher electron-beam current means that a higher space 
charge effect of the electron beam can be controlled. Thus, a higher DT 
potential is required to avoid the virtual cathode formation as a 
space-charge effect of the electron beam in the ion trap [16,17]. Internal 
diameter of all DTs has been increased to 24 mm. Diameters of ceramic 
posts and potential leads have been increased to 5 mm, and gaps be-
tween neighbouring DTs have been increased to hold higher potentials. 
These implementations can be feasible because of the large bore size of 
the SC solenoid, which is 206 mm. Moreover, the DT structure design 
has also been improved to get higher pumping speed through the large 
bore size. These features are major modifications implemented in the DT 
section design of the RAON EBIS [18]. 

Fig. 2 shows an engineering model of the DT structure for the RAON 
EBIS. There are 10 DTs inside the vacuum chamber. The total length of 
the DT assembly is 2068 mm, and the gap between each DT is 3 mm. 
Different lengths are used for each DT to avoid a periodic structure that 
would cause unwanted RF generation due to interaction with the elec-
tron beam [19] as shown in Fig. 3 and Table 3. Moreover, the overlapped 
ends design of each DT, called a capacitive shunt, is adopted to short out 
the RF signal [20], and the DTs have slots for a satisfactory vacuum 
conductance. The DTs are supported on the scaffold by the ceramic 
standoffs. There are eight 2.75-inch ports for vacuum gauges, RGA, and 
antennas in the vacuum chamber of the DT section. The antennas will be 
installed to measure the RF signal caused by interaction of electron beam 
with drift tube structure. 

Fig. 2. Three-dimensional model of RAON EBIS 
DT structure (top), zoomed e-gun side (bottom 
left), zoomed collector side (bottom right): 1 - DT 
#1, 2 - DT #10 (8 DTs are placed between DT #1 
and DT #10), 3 - vacuum chambers, 4 - scaffold, 5 - 
ceramic standoff, 6 - protection cup, 7 - potential 
lead, 8 - ceramic supporter for potential lead, 9 - 
potential lead connector, 10 - large hole on the 
scaffold for pumping, 11 - differential pumping 
baffle, 12 - HV feedthrough, 13 - 2.75-inch port, 14 
- e-gun anode.   
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The material of the metallic parts in the DT section should be 
stainless steel (SS) 316L, being a non-magnetic material, to minimize the 
distortion of the magnetic field for the electron beam alignment. In the 
aspects of the vacuum system, it is necessary to vacuum fire the SS at 
1050 ◦C for 2 h, to remove hydrogen from the bulk material. SS 316LN is 
used for the flange of the vacuum chamber. SS 316LN is harder steel than 
SS 316L; thus, it is a suitable material to protect failing of knife-edge 
ConFlat (CF) sealing after vacuum firing. Fig. 4 shows the components 
of the ion trap section and the assembly of the ion trap structures with 
NEG ZAO linear modules. 

The DTs were installed and aligned inside the scaffold using ceramics 
and supporting parts. For the ceramic standoffs and supporters for the 
potential lead, 99.99% pure alumina, which is an XHV compatible ma-
terial, was used to meet the vacuum requirement. The NEG ZAO module 
was fixed at the outer wall of the scaffold using a SS 316L metallic band, 
and the final assembly was made for the vacuum chamber and pipe. 

After completion of the installation, the chamber was sealed and 
evacuated. For the baking system, heating bars, which has heating 
power of 24 W per a unit, were installed outside the chamber with a 
thermal insulation layer sequentially as shown in Fig. 5. Thermocouples 

were also attached on the outer surface of the vacuum chamber to 
monitor the baking temperature. The monitoring positions for the vac-
uum level, temperature, and gas analysis are shown in Fig. 6. 

3.2. First baking and vacuum test 

Fig. 7 shows the temperature profile of the first baking. For tem-
perature monitoring, temperature of trap vacuum pipe is measured by 
thermocouples attached at outer surface of the vacuum pipe. There are 
five temperature measuring points from Temp #1 to #5 as shown in 
Fig. 6. The heating bars and the NEG ZAO modules are located at the 
same longitudinal positions as from the Temp #1 to #5 marks. The NEG 
ZAO module is activated at 450 ◦C, which is the temperature of the 
heated vacuum pipe. Moreover, the hydrogen inside the chamber wall is 
emitted by heating and evacuated by pumps. During the rise in tem-
perature, the chamber walls and the NEG ZAO were cleaned at 150 ◦C 
and 250 ◦C for a certain period. As the baking procedure began for the 
first time, some of wrapping materials used to fix the baking system were 
burned. The temperature was maintained at 350 ◦C for 7 h until the 
combustion ended. After that, the temperature was raised to 450 ◦C and 
held for 78 h to complete the baking. 

Fig. 8 shows the vacuum history of the first baking. The temperature 
was maintained at 450 ◦C for 78 h. Vacuum evacuation was performed 
with combination of NEG, TMP, and tandem for 13 h from the start of 
cooling, and the vacuum level reached 2.0 × 10− 9/1.2 × 10− 9 mbar. For 
the combination of NEG, TMP, tandem, and cryopump, the vacuum level 
reached 1.2 × 10− 10/1.9 × 10− 10 mbar. A malfunction of vacuum gauge 
#2 continued during the baking. However, the data from the RGA and 
the vacuum level from gauge #1 showed good agreement, and final 
vacuum level was estimated to be 1.2 × 10− 10 mbar. The reason that the 
vacuum could not reach to a low level of 10− 11 mbar is supposed that 
NEG ZAO modules were not fully activated because of insufficient 
temperature (355 ◦C) on the positions #1 and #5. The monitored tem-
perature is the vacuum pipe temperature and not the NEG ZAO tem-
perature. Therefore, it is necessary to increase the temperature of the 
center up to 550 ◦C for the full activation of NEG ZAO modules. 

Fig. 3. Design of DTs for avoiding unwanted RF coupling with electron beam.  

Table 3 
Length information of DTs for an aperiodic arrangement to avoid unwanted RF coupling (in mm).  

DT #1 DT #2 DT #3 DT #4 DT #5 DT #6 DT #7 DT #8 DT #9 DT #10 

231.9 210 200.6 170.2 210 170.2 200.6 154.3 170.2 313  

Fig. 4. Photograph of manufactured components of the DT section: (top left) DT structures, (top center) DT structures installed inside scaffold, (top right) vacuum 
firing of DT at 1050 ◦C for 2 h, (bottom left) NEG ZAO modules and metal band, and (bottom center/right) assembled DT parts with NEG ZAO modules. 
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3.3. Second baking and vacuum test 

In order to increase the temperature, a thermal insulation was rein-
forced. The temperature profile of the second baking is shown in Fig. 9. 
The temperature of positions #2 to #4 rose to 550 ◦C, and the tem-
peratures of positions #1 and #5 exceeded 400 ◦C, which enables the 

activation of the NEG ZAO. One singularity in the temperature profile is 
that the temperature did not increase and stagnated for 11 h in the range 
of 475–488 ◦C. In order to prevent heat loss, one layer of thermal 

Fig. 5. Installation procedure of baking system.  

Fig. 6. Monitoring positions for vacuum level, temperature and gas analysis.  

Fig. 7. Temperature profile of the first baking.  

Fig. 8. Vacuum history of the first baking.  

Fig. 9. Temperature profile of the second baking.  
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insulation was reinforced again during baking, and the temperature then 
reached the target of 550 ◦C. Baking was carried out by holding the 
temperature at 550 ◦C for 143 h. 

Fig. 10 shows the vacuum history of the second baking and residual 
gas analysis data. In contrast to the first baking, the holding time of the 
temperature at 550 ◦C was increased by approximately factor of two. 
The measurement signal from gauge #2 was also noiseless compared 
with the first baking. The vacuum level tended to be continuously 
decreased even at 550 ◦C; thus, we decided to maintain the temperature 
at 550 ◦C until reaching the 10− 8 mbar level. After cooling, the change in 
vacuum level according to the combination of pumps was confirmed. 
When the vacuum pumps were operated for 62 h using NEG and TMP, 
the attained vacuum level was 5.4 × 10− 10/4.3 × 10− 10 mbar. For the 
combination of NEG, TMP, and cryopump, the vacuum level reached 
3.3 × 10− 10/2.0 × 10− 10 mbar. The performance of vacuum evacuation 
was increased by approximately a factor of two. Finally, the vacuum 
level reached 4.8 × 10− 11/2.8 × 10− 11 mbar with the combination of 
NEG, TMP, cryopump, and tandem after 51 h. The target vacuum level is 
achieved with this vacuum system. As shown in Fig. 10, the hydrogen 
partial pressure is higher than the other gas pressures by approximately 
two orders of magnitude. Accordingly, the final vacuum level is mostly 
due to the hydrogen partial pressure. 

When vacuum evacuation was performed by NEG ZAO alone, the 
vacuum level increased to 10− 9 mbar. In this condition, methane and 
argon tended to increase continuously. In the case of methane, it is 
considered that the carbon near the hot filament of vacuum gauge reacts 
with hydrogen in the hydrogen atmosphere to become methane. 

For argon, its partial pressure can increase because NEG ZAO cannot 
pump it. A slight leakage may have occurred during the cooling process 
after the high-temperature baking. However, the possibility of leakage is 
not very likely because nitrogen and oxygen were not detected by the 
RGA. We presume that argon is released from the copper gasket most 
likely. The ultimate vacuum pressure of 3.4 × 10− 11/2.3 × 10− 11 mbar 
was achieved with the combination of NEG and cryopump as shown in 
Fig. 11. Because the backflow of hydrogen is blocked in this pump 
combination, we estimate that reduced hydrogen backflow improves the 
vacuum level. 

4. Simplification of the TMP system in the ion trap 

As mentioned previously, the main residual gas in the vacuum level 
of 10− 11 mbar is hydrogen. In the ion trap, the compression ratio of the 
TMP is more critical than its pumping speed. The purpose of using 
tandem TMP system is also to increase the compression ratio. In the 
previous vacuum test, the primary TMP model used was STP451 from 
Edwards. The 300H TMP from Pfeiffer has a much higher compression 
ratio for hydrogen as a factor of three order of magnitude higher than the 
STP451. The comparison of the two TMPs are presented in Table 4. 

An additional vacuum test with these two TMPs has been carried out 

to improve the compression ratio of hydrogen in the ion trap. The test 
configuration is described in Fig. 12. The Pfeiffer HiPace80 having 
compression ratio of 1.4 × 105 for hydrogen is used for the backing TMP 
as the same as in the previous vacuum test, and the multi-roots pump of 
nXLi from Edwards is used for the roughing pump. The hydrogen 
pumping characteristics of dry pumps were investigated by S.R. In 
Ref. [21]. According to this reference, the roots pump has excellent 
hydrogen pumping capability among the dry pumps. Thus, the 
multi-roots pump was used in this vacuum test. 

In Fig. 13, the effect of the tandem pumping system can be distin-
guished from the general TMP system remarkably. Whereas, for the case 
2, there is no difference between the tandem pumping and the general 
TMP system as shown in Fig. 14. The total compression ratios of the 
cases 1 and 2 for hydrogen are 2.8 × 109 and 1.4 × 1012, respectively. It 

Fig. 10. Vacuum history (left) and ionic currents of residual gas species (right) for the second baking.  

Fig. 11. Vacuum history for the comparison with different pump combinations.  

Table 4 
Specification comparison between Edward STP451 and Pfeiffer 300H TMPs.   

Edwards STP451 Pfeiffer 300H 

Pumping speed [L/s] H2 460 220 
He 460 255 
N2 480 260 
Ar  255 

Compression ratio H2 2 × 104 1 × 107 

He 5 × 105 2.5 × 109 

N2 >108 >1013 

Ar  >1013  
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seems that the effect of the compression ratio is saturated. Further 
investigation is needed to understand this phenomenon. Based on these 
experimental results, we note that the tandem pumping system is not 
needed when Pfeiffer 300H pump is used. 

Therefore, if the high compression ratio TMP is used, the TMP system 
becomes much simpler than the tandem pumping system. This provides 
another advantage for the RAON EBIS. Because the TMP is positioned 
near the SC solenoid of 6 T, a magnetic shield structure is required to 
protect TMPs from a malfunction due to the stray field of the SC sole-
noid. If the tandem pumping system is used, the magnetic shield struc-
ture’s shape should be more complicated. Subsequently, the 
complicated magnetic shield structure distorts the magnetic field line on 
the electron beam path. In the worst case, it is possible that the magnetic 
field lines starting from the cathode may completely deviate from the 
collector entrance; and the electron beam cannot be collected properly. 
Thus, using the high compression ratio TMP with a simple magnetic 
shield structure is an appropriate TMP system for the RAON EBIS. The 
vacuum pressure of 6.6 × 10− 11/4.7 × 10− 11 mbar was achieved with 
the combination of the cryopump, the NEG ZAO and the high 
compression ratio TMP (Pfeiffer 300H) in the ion trap. Finally, the high 
compression ratio TMP will be utilized in the ion trap section instead of 

the tandem pumping system. 

5. Conclusion 

The vacuum system for the RAON EBIS was designed, implemented 
and tested. The required vacuum pressure in the ion trap is at the low 
level of 10− 11 mbar. Thus, we had handled the vacuum requirements 
carefully in the design and manufacturing stage of the ion trap structure. 
All metallic parts of the ion trap were vacuum fired at 1050 ◦C for 2 h. 
The pumping system consists of TMPs, cryo-pumps, and NEG ZAO linear 
modules for the ion trap. Particularly, the NEG ZAO linear module and 
the high compression ratio TMP were tested and implemented. The NEG 
ZAO modules have significant advantages such as its large sorption ca-
pacity, high pumping speed, and transverse compactness. Recently, the 
characteristic of NEG ZAO modules for the EBIS application has been 
studied in great details by BNL EBIS group [22]. The high compression 
ratio TMP not only provides good vacuum results similar to the tandem 
TMP system, but also can make a simpler TMP structure in the presence 
of a strong magnetic field. 

The baking was carried out at 550 ◦C for 143 h. After baking pro-
cedure, the vacuum pressure of 4.7 × 10− 11 mbar was achieved using 

Fig. 12. Configuration for comparison of compression ratio effects on vacuum pressure in ion trap section.  

Fig. 13. Effect of tandem pumping system using Edwards STP451 as the pri-
mary TMP. 

Fig. 14. Effect of tandem pumping system using Pfeiffer 300H as the pri-
mary TMP. 
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the cryopump, the NEG ZAO modules, and the high compression ratio 
TMPs in the trap. The pumping characteristics with different combina-
tion of pumps were compared. Moreover, the ultimate pressure was 
attained as 2.3 × 10− 11 mbar when only using the NEG ZAO and cry-
opump. These results have well satisfied the vacuum requirement of the 
RAON EBIS charge breeder. 
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