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Abstract: A novel adjustable aperture is developed for the low energy beam transport line (LEBT) of the China
Accelerator Driven Subcritical System (C-ADS). Two relatively rotating mirror-symmetry cores are adopted for the
adjustable aperture to scrape unwanted outer particles, improve the beam quality and reduce the beam losses, and most
of all, realize continuously tunable beam current and meet the requirement of round beam. The results of simulation
and test show that the unwanted outer particles can be cut away and the beam current can be adjusted continuously
online within the range of 0 to 10 mA. This device provides a convenient beam tuning method for the proton linear
accelerator, which can satisfy the stable and reliable online operation of C-ADS linear accelerator.
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At 2011, Chinese Academy of Sciences (CAS) started the “ Strategic Priority Research Program (Category A)” project
named “ Future Advanced Nuclear Fission Energy” 1. After six years of unremitting efforts, the China Accelerator Driven
Subcritical System (C-ADS) team has made several significant breakthroughs of key technologies in the three major systems:
the high current superconducting proton linear accelerator, the heavy metal spallation target and the subcritical reactor. The
high-current superconducting proton linear accelerator is mainly composed of an electron cyclotron resonance ion source
(ECR), a low energy beam transport line (LEBT), a radio frequency quadrupole (RFQ), a medium energy beam transport line
(MEBT), a superconducting RF cavity accelerating section (SC section) and a high energy beam transport line (HEBT)™!,

LEBT is one of the key components of C-ADS proton linac. It starts from the exit of the ECR and ends with the RFQ
entrance. LEBT mainly consists of two groups of solenoid with two steering magnets, two diagnostic chambers, a limited cone,
an electron trap, and a beam chopper®, it can effectively transmit the 35 keV and 10 mA proton beam from the ECR to the
entrance of the RFQ and achieve the optical matching to the RFQ.

During the online beam commissioning of the superconducting cavity from low power to high power in the continuous-
wave (CW) mode, the beam from the ECR is required to be continuously adjustable. In addition, the focusing of solenoid at the
LEBT requires a round beam and the aberrations of the solenoid to the beam should be eliminated” . In order to satisfy these
requirements, a novel adjustable aperture for C-ADS LEBT was developed. There are several similar devices with different
structure used at European Spallation Source (ESS) and the Soreq Applied Research Accelerator Facility (SARAF). A six
movable blades iris with an adjustable aperture was adopted to control beam current in the LEBT at ESS. Its beam aperture is
from 1 mm to 80 mm with hexagonal shape™®. A variable diameter aperture is used during beam operation to cut away
unwanted outer particles and decrease the beam current continuously at SARAF LEBT U, Compared to these devices, the
most significant improvements of our adjustable aperture for C-ADS LEBT are that it is compact in structure and it can change

the beam current continuously in the whole range down to zero, and satisfy the round beam requirement at the same time.
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1 The principle and structure design of the adjustable aperture

Beam matching between different acceleration segments is important to reduce beam losses and emittance growth. The
mismatch from the LEBT is one of the main sources of beam losses in the RFQ. The beam losses lead to the thermal
deformation of the RFQ electrode surface and then causes radio frequency arcing, which reduces the stability of the long-term
operation of the RFQ!"?. Since the confining magnetic field of the ECR is axisymmetric, the beam from ECR is also considered
an axisymmetric round beam. The diameter of beam spot is less than 40 mm. To better meet the requirements of physical and
optical matching for the RFQ, an adjustable aperture should be designed at the LEBT to achieve continuous tuning of beam
current in the entrance of the RFQ, and satisfy the stable and reliable online operation of the C-ADS linear accelerator. The
following are the key points:

1) The adjustable aperture needs to satisfy the round beam.

2) The beam current can be adjusted continuously on line.

3) Although for the beam commissioning, the beam power at the LEBT was determined to be 350 W (35 keV, 10 mA), the
adjustable aperture should be able to withstand a heat load of 1 kW to allow for equipment upgrades in future.

Based on the above requirements, a novel core component of the adjustable aperture with cooling water made of 304
stainless steel was designed, the schematic diagram of the core component is shown in Fig. 1. It contains two cylindrical
rotating cores which are mirror symmetric to each other. Each core has a water-cooled tubing in the center and a cylinder
with a series of half-moon shaped grooves, as shown in Fig.1(a). With the half-moon shape grooves opening perfectly
matched, the two pillars sitting together are able to produce a circular aperture in between. As shown in Fig.1(b), on the pillar
from the azimuth angle 0° to 190°, the diameter of the half moon shape groove increases from 2 mm to 40 mm continuously.
Therefore the aperture’s diameter is continuously tunable to meet the needs of beam tuning. While from the azimuth angle 190°
to 270°, the diameter of the half moon shape groove remains at 40 mm. The aperture will be completely closed when the
azimuth angle is between 270°and 360°, and then the continuous adjustment of the beam current from 10 mA down to 0 mA is

achieved.
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(a) two rotating cores (b) beam limiting schematic diagram

Fig. 1 The schematic diagram of the core component for adjustable aperture

The adjustable aperture is scheduled to install on the CF100 flange of C-ADS LEBT test chamber. The whole aperture
structure is very compact and includes a CF100 flange, a bearing seat, a support frame, two rotating cores, water-cooling
stepped shaft components and driving parts. The detailed structure is shown in Fig. 2(a), the adjustable aperture is characterized
by compact structure, high adjustment accuracy, stability and reliability, easy installation, and the high power beam current
effectively controlled with high precision.

1.1 Vacuum seal

The operation of the accelerator is inseparable from the vacuum environment. Thus, the assembly of adjustable aperture to

vacuum chamber must meet the high vacuum requirement for accelerator, and the vacuum inside the LEBT should be

10701073 Pa. Since, the two_stepped. shafts of the aperture, transfer relative rotation from the atmosphere. to. the vacuum
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Fig.2 The structure diagram of the adjustable aperture

chamber, the design for a dynamic seal for such high vacuum is always challenging. As a solution, a J-shaped dynamic seal
structure was adopted, as shown in Fig. 2(b), and it is composed of a metal gasket, three J-shaped rubber sealing rings, two J-
shaped sealing gaskets and a J rings gland.
1.2 Actuating device

The actuating device consists of a servo motor, an absolute rotary encoder, a synchronous pulley, a synchronous belt, a
taper-lock, a straight spur gear and a transmission shaft. The servo motor transmits the power to the transmission shaft through
synchronous belt, the taper-locks are installed on the transmission shafts, and the taper-locks are equipped with gears, which
drive the mirror rotation of the transmission shafts through gear engagement. The rotation of the rotating cores is under control
of servo motor, the system adopts closed-loop control, the positioning accuracy of rotation can be 0.5° without repeating
location accumulation error.
1.3 Design and strength analysis of support

The support is bolted onto the CF100 flange for supporting and fastening the adjustable aperture components. Its material
is 304 stainless steel, the thickness of the round plate on the mounting surface, the side plates, the middle rib plate and the end
bearing seat are 12 mm, 6 mm, 4 mm and 12 mm, respectively. The load of the support mainly comes from its own weight, the
weight of two rotating cores, and the weight of the water-cooling shaft components. According to the statics analysis and
calculation, the equivalent weight on the support is about 6 kg, and the static load is about 60 N. The end bearing seat is
connected to the ends of two side plates by screws. Its loads consist of radial pressure p; and uniform axial pressure p, and
concentrate on the two bearing bores. p is the uniform radial load of two bearing bores. The specific calculation is shown in the

following three equations.

po = 2F,/ (mrb) (D
p1 =0.75p, (2)
P2 = 02p0 (3)

Where F. is the radial resultant force on the bearing bore, r is

the radius of the bearing bore, b is the thickness of the bearing  A:static structural
. . total deformation
bore. Calculated results show that p, is 0.45 MPa, p, is 0.34 MPa type: total deformation

. . unit: pm
and p, is 0.09 MPa. The support structure was analyzed using 0.076 413Max
ANSYS Workbench software. Fig. 3 shows the maximum 882’3 ?é%
deformation is about 0.08 um. The results indicate that such a 8823 ?é'%
. . 0.033 961
support made of 304 stainless steel is strong enough to hold the 0.025 471
0.016 981
entire structure. 0.008 490 3
0 Min

1.4 Thermo-mechanical analysis and manufacturing Fig. 3 ANSYS simulation result of support

The proton beam bombards the rotating cores and the beam
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power is dissipated on them as heat. Without proper cooling, the temperature of the rotating cores would rise continuously and
eventually cause the deformation of the rotating cores. Due to the tight fitting between the two cores, thermal deformation will
cause the two cores to be stuck and unable to rotate. Thus, it is important to analyze the heat flow on the cores with the beam
power and water cooling taken into consideration.

On the transverse directions, the proton beam from ECR of C-ADS proton linac follows the Gaussian distribution.
Calculated by the software SRIM, it was found that the penetration depth of 35 keV proton beam in 304 stainless steel is about
0.2 um. Therefore it can be assumed that the beam power would be completely deposited on the surface of the rotating cores.
The Gaussian surface heat source model is used as the heat source model of the proton beam bombarding the cores, the

expression is
q(r) = [3P/ (nRz)] exp (—3r2/R2) (4)

where ¢(r) is the heat flow of formation at radius », P is beam power, R is beam spot radius.

Reynolds number is the characterization for the dimensionless number of fluid flow situation, used to determine laminar or

turbulent, as
Re = pvd/u (5
where p is fluid density, v is fluid flow velocity, d is the channel diameter and  is viscosity coefficient.

The average speed of cooling water flow in the LEBT is 3 m/s, resulting in a turbulent flow in the water pipe. In this case,
ANSYS Fluent was employed to calculate the cooling process, and the standard k-¢ model in the turbulence model analysis was
used for simulation.

In the worst scenario, the boundary conditions for heat simulation go as follows: 1) The beam power is 1 kW (current
value is 350 W, may upgrade to 1 kW in the near future); 2) The 3 times of RMS beam radius is 20 mm, the aperture is
completely closed; 3) The water temperature at inlet is 20 “C; 4) The average velocity of cooling water is 3 m/s; 5) The
Gaussian heat source distribution was added with user-defined program UDF.

As shown in Fig. 4(a), the maximum temperature on the core is 975.4 K and far below the melting point of 304 stainless
steel. Based on the calculation result, the thermal deformation of the core was calculated by ANSYS fluid-solid coupling. As
shown in Fig. 4(b), the maximum thermal deformation is 0.08 mm. The actual assembly clearance between the two cores is
designed to be 0.2 mm, leaving space for the thermal deformation, and guaranteeing safe and stable operation of the rotating

cores in the long run.

temperature/K
contour 1 B: static structural
9.754e+002 total deformation
type: total deformation
9.072¢+002 unit: mm
8.390e+002
0.080 267 Max
7.707e+002 0.071 348
7.025e+002 0.062 43
6.343¢+002 0.053 511
5.660e+002 0:044393
0.035 674
4.978e+002
0.026 756
4.296e+002 0.017 837
3.614e+002 0.008918 5
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(a) temperature disribution (b) thermal deformation of the rotating core

Fig. 4 Temperature distribution and thermal deformation of the rotating core

2 Simulation and test of the adjustable aperture
For the superconducting linear accelerator of C-ADS, it is necessary to realize beam commissioning from low power to

high power in,CW mode. In practice, increasing the beam loading from low beam current to high beam current is an.effective
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commissioning scheme. The LEBT is the main section for controlling the beam current and beam quality, the beam dynamics of
the LEBT was studied in Ref.[13]. It appears obviously that there are beam tails in the phase space at the exit of the LEBT, and
the analysis shows that the beam tails mainly come from aberration of solenoids. In the simulation, the aberration effect can be
reduced if an adjustable aperture was placed in front of the solenoid to optimize the beam envelope, which can effectively
improve the beam quality.
2.1 Simulation of the adjustable aperture

The beam dynamics simulation of the LEBT with aperture in the CW mode was carried out. The adjustable aperture was
located at the 0.6 m of the LEBT from the ion source beam extraction aperture. The space charge compensation (SSC) was
considered in beam dynamics simulation, and the SSC factor was 90%. In Fig. 5, the upper panel of Fig. 5(a) shows the 3RMS
envelope in the X direction, the lower panel of Fig. 5(a) shows the 3RMS envelope in the Y direction. Since the LEBT uses two
solenoids to focus the beam from ECR to RFQ, the beam envelopes in the X and Y directions are identical. Because of the space
charge effect among the beam particles, which is stronger for low-energy particles due to the low transmission speed, the beam
particles tend to diverge, and an external magnetic field is required to focus the beam. The beam reduction of LEBT with
adjustable aperture is shown in Fig. 5 (b), nearly 24% of the beam is cut away by the aperture in this simulation, this illustrates
the adjustable aperture can play a good role in scraping unwanted beam particles.
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Fig. 5 The envelope diagram and beam reduction of LEBT with adjustable aperture

The beam phase space and real space plots at the adjustable aperture are shown in Fig. 6. Because the aperture is roughly
circular, the phase space plots shows that it can scrap part of the outer particles of the X-X', Y-Y"' in phase space, keeping the
phase diagram basically unchanged and the beam parameters still match to the acceptance of RFQ. The red dots depict the

scraped outer particles.
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Fig. 6 Beam phase space and real space plots at the adjustable aperture

The beam parameters at the outlet of the LEBT are shown in Table 1, which shows that the beam parameters have changed
slightly after the beam scraping, thus the beam can still be well matched to RFQ. At the same time, the normalized RMS
emittance is significantly reduced. By effectively reducing the geometrical emittance of the beam at the outlet of the LEBT, the

transmission-matching between LEBT and RFQ is mote favorable. It can be seen from the simulation that the LEBT, with
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Table 1 The beam parameters at the outlet of the LEBT

emittance Toriss a Twiss emittance Toriss a Twiss

&,/(m-mm-mrad) * p/Imm/(m-mrad)]  &/(n-mm-mrad) Y B/[mm/(m-mrad)]
before scraping 0.207 0.908 0.047 0.207 0910 0.047
after scraping 0.173 1.120 0.058 0.173 1.110 0.058

aperture works well.
2.2 Test of the adjustable aperture

Fig. 7 is a picture of the adjustable aperture. Before installing
the adjustable aperture onto LEBT, off-line debugging was
performed, a series of divisions were engraved on the J rings gland
of the aperture as seen in Fig. 8. The aperture diameter was
expected to be in consistent with the size indicated by the pointer
through debugging. After installing the adjustable aperture on
LEBT, it was collimated with the beam orbit as the reference line to
ensure that the true aperture diameter matches the value indicated
by the pointer.

The actual beam transmission through the adjustable aperture
was tested at the LEBT of C-ADS with continuous beam of 35 keV
and 10 mA. The test site is shown in Fig. 8, the pressure in the
beam pipe during the test was 1.3 X107 Pa. In this test, we selected
every 5° as the measuring points, the beam current was measured

for every 5° of rotation. As can be seen from the test results in

Fig. 9, when the rotation angle of two rotating cores is 190°, the
diameter of the aperture reaches its maximum, 40 mm. At this Fig. 8 Test site of the aperture

position, the beam pass rate and the beam current are the highest.
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3 Conclusion Fig.9 Test results of the aperture

The mechanical design, simulation and test of an adjustable aperture, which will be installed in the low energy beam
transport line of C-ADS, were performed at Institute of Modern Physics (IMP). The aperture structure is able to realize
continuous modulation of beam current during the online accelerator tuning and to satisfy the round beam shape. The
mechanical and heat analyses show the aperture is capable of long time stable operation under 1 kW CW proton beam. In
general, this adjustable aperture provides a convenient beam tuning method for the proton linear accelerator, which can satisfy

the stable and reliable operation of C-ADS linear accelerator online.
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