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As the highest power proton linear accelerator in continuous wave mode, China initiative Accelerator
Driven sub-critical System linear accelerator will deliver 2.5 MW proton beam to the target inside the

reactor. Vacuum transition from 5 x 10* Pa to several 107° Pa is required at the accelerator to target
section. A vacuum differential system located at the transfer line is designed to meet the requirement of the
windowless target and upstream collimators are considered for power loss control in this paper. A vacuum
test based on vacuum transition verifies that about 10 orders of magnitude vacuum transition could be
achieved as required, and gas scattering simulation shows that the power loss and beam size increase are at

an acceptable level before the last magnet.
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I. INTRODUCTION

China initiative Accelerator Driven subcritical System
(CiADS) project was approved by the Chinese government,
aiming to demonstrate the nuclear waste transmutation,
including a superconducting (SC) linear accelerator (linac),
a high-power target, and a reactor. The accelerated proton
beam will hit the target to produce high-flux neutrons to
boost the transmutation of nuclear waste in the reactor [1].

The SC linac of CiADS will be operated at 2 K
temperature and the beam power will reach 2.5 MW with
the energy of 500 MeV and the current of 5 mA in
continuous wave (CW) mode (as shown in Table 1) [2],
with the potential for upgrading to 1 GeV or even higher
energy in the future, as shown in Fig. 1. The main
accelerator structure is SC cavities, and the vacuum should
be at the level of several 107 Pa. The accelerator to target
(A2T) section is designed to deliver the high-power beam
to the target and meet the requirement of vacuum transition
meanwhile. The beam is bent horizontally 90° and then
vertically 90° to match the target inside the reactor, with
local achromatic design.

In the long horizontal transport section, there are colli-
mation section and vacuum differential system (VDS)

section. The dispersion function is zero in the collimation
section, as shown in Figs. 2 and 3.

For the high-power target, the vacuum environment at
the target section is far higher than that in the SC section
and the vacuum should be separated between them, i.e.,
vacuum transition. According to the requirement of CiADS
target [dense granular target (DGT)[3] or liquid lead
bismuth eutectic (LBE)], it is filled with helium gas in
5 x 10* Pa pressure. Thus, about 10 orders magnitude for
vacuum transition needs to be achieved in the A2T section.

Target with beam window is an effective way to realize
vacuum transition, as that has been designed and operated
at SNS [4,5], J-PARC [6,7], CSNS [8-10], and PSI [11,12].
The main challenge for beam windows is the high-power
heat deposition and related cooling and shielding. Another
problem is the lifetime of the window and related main-
tenance and replacement after long term exposure in the
proton and neutron radiation environment, especially for
high-power accelerator and target. According to the expe-
rience of MEGAPIE, with additional electromagnetic
pumps (EMPs) providing bypass jet flow for the beam
window cooling [13], the highest temperature achieved on
the beam window is 350 °C with 1 MW power beam [14].
Based on the irradiation experiment of T91 material, the

TABLE I. Beam parameters in the linac of CiADS.
. Corresponding author. Parameters Value Unit
jiahuan@impcas.ac.cn

Particle Proton .o
Published by the American Physical Society under the terms of ~ Energy 500 MeV
the Creative Commons Attribution 4.0 International license. Average current 5 mA
Further distribution of this work must maintain attribution to Duty factor 100 %
the author(s) and the published article’s title, journal citation, Power 25 MW
and DOL
2469-9888/20/23(11)/113002(10) 113002-1 Published by the American Physical Society


https://orcid.org/0000-0002-5192-1200
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.23.113002&domain=pdf&date_stamp=2020-11-17
https://doi.org/10.1103/PhysRevAccelBeams.23.113002
https://doi.org/10.1103/PhysRevAccelBeams.23.113002
https://doi.org/10.1103/PhysRevAccelBeams.23.113002
https://doi.org/10.1103/PhysRevAccelBeams.23.113002
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

YUANSHUAI QIN et al.

PHYS. REV. ACCEL. BEAMS 23, 113002 (2020)

FIG. 1.

The layout of the CiADS accelerator.
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FIG. 2. CiADS A2T layout including VDS.

lifetime of the beam window is limited to be less than 6.8
DPA (displacement-per-atom)[15]. For beam current den-
sity of 35 uA/cm?, the lifetime of the beam window is
about 3 months with proton energy of 590 MeV [16], which
is similar to the proton energy in CiADS. The average
proton beam current (5 mA) at CiADS is 2.8 times of that in
MEGAPIE (1.8 mA), but if the beam current density is also
limited within 35 A/ cm? for CiADS, the lifetime of the
beam window will be the same as 3 months level.
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FIG. 3. 506 envelope and dispersion function at CiADS A2T
section. (The maximum dispersion function is about D, = 3.3 m
and D, = 4.4 m).

To avoid the problems accompanied by the beam window,
a vacuum differential system in A2T is proposed for window-
less target design of CiADS. The main challenge of VDS is to
avoid beam loss on the small vacuum differential holes, thus a
collimation system upstream is considered.

In this paper, first, since the vacuum transition is
achieved by multistage small holes, beam dynamics are
studied and optimized in the code TRACEWIN [17], includ-
ing the VDS section and upstream collimation section.
Second, for the beam in 5 x 10* Pa at the target zone and
100 Pa at the transition zone (as shown in Fig. 2), the gas
scattering effect between the proton beam and the helium
gas is simulated to check beam size increase and power
losses in the beam tube. Third, a vacuum differential test
bench is built to verify the feasibility of VDS.

II. BEAM DYNAMICS

Since the vacuum pressure varies from 107% Pa to
10* Pa, all the three types of flow are presented in the
VDS. For a tube or hole, the effect of vacuum transition
depends on the pressure difference [18]:

Ap=— (1)

_ 1 [J2mRT & — [ RT 0[5
where C=¢.\/5~- 7 and C= R 1—x7

ﬁﬁ - d? are the conductance for molecular flow in a long
tube and viscous flow in a thin hole respectively [19],
where d is the diameter and L is the length of the tube.
Knudsen flow is between molecular flow and viscous flow
and the conductance for molecular flow is adopted to make

a conservative estimation of Knudsen flow in the design,

: RT
1.€., C= M

eter or increasing the length of the tube are beneficial for
the vacuum transition, where reducing the diameter is more
effective for molecular flow in a long tube. In beam
dynamics, a beam waist with a small root mean square
(RMS) beam size in both horizontal and vertical planes is
needed to avoid beam losses at the vacuum differen-
tial holes.

-Z. d*. It indicates that reducing the diam-

A. Beam from linac

The beam coming out from the linac can be considered
as a Gaussian beam. For two-dimensional Gaussian dis-
tribution (X, Y) ~ N(u,. . 6%, 03, r), the distribution func-
tion is

1
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TABLEII. Probability density for 2D Gaussian distribution and
corresponding beam power. (Missing items indicate too high or
too low).

Probability density 2.5 MW 5 MW 7.5 MW
N outside N - ¢ beam beam beam
Unit % W W W
1 60.7
2 13.5
3 1.11 27.8 x 103> 55.6x 10° 83.3 x 10°
4 3.36 x 1072 0.84 x 10> 1.68 x 10> 2.52 x 10°
5 3.73 x 107 9.32 18.6 28.0
6 1.52 x 107 0.0381 0.0762 0.114
7 2.29 x 107~

where p,, p, is the beam center, oy, o, is the beam RMS

size, and r is the correlation coefficient between x and y. In

design consideration, the beam shape at the collimators is

centered, round, and uncoupled, ie., p,=p, =0,

o, = 6, = o, r = 0, then the function is written as f(0, 0,
1 X< +\

2 2 _ i
G,O',O)—W'e 22

N - o takes:

, and the probability density inside

VNP2 ] M
/ 27 dxdy, (3)
No J—+/(No)*—x* 277:0

and the probability density outside N-ois 1 — P

B. Hole aperture selection

Equation (3) cannot be solved analytically, and the
numerical solution is shown in Table II. According to
the experience of SNS, power loss on collimators should be
controlled within the level of several kW [20]. Thus, 4c is
the minimum value that needs to be set at collimators
according to Table II. Considering margins and errors, the
collimator hole radius is set as 5¢ in the collimation section
for CiADS.

C. Beam optics in vacuum differential system

It is impossible to achieve almost 10 orders magnitude of
the vacuum transition by only one or two thin holes with
long tubes in mm level, thus multistage VDS is considered,
which means that periodic structure is needed in physical
design. Beam size at the middle of two doublets is the same,
but one plane is convergent and the other plane is divergent,
and the beam size will extend quickly in the divergent
plane. In contrast with that, the beam shape between two
triplets keeps round and the vacuum differential hole could
be just set at the beam waist. Thus, triplet is adopted as the
periodic focusing structure in the VDS section.

For a triplet period with the symmetric structure as
shown in Fig. 4, beam waist with small RMS envelope is
achieved at the beginning and the end of the period.
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FIG. 4. Triplet sketch.

Considering the limitation of the gradient of quadrupoles,
the layout and the thickness of the quadrupoles need to be
optimized.

In the energy region of 500 MeV to 1.5 GeV, the space
charge effect is not dominant for beam transport and beam
size can be considered extending from the waist analyti-
cally. Without considering the space charge effect, accord-
ing to the theory of emittance ellipse transformation [21],

O'IZRU()RT (4)
[l L r 1 0 [ p -—a
where R = | [ &= [ ando= [, y}’

the relationship between the beta functions at the waist and
the drift end could be written as ; = f, — 2ayL + yoL>.
Since the drift is from the beam waist where oy = 0 and

o l+a(2) _ 1
Yo = 5" = 50 then

2

ﬁ1:ﬁ0+‘lﬁloy (5)

where L is the length of the drift, §, and f; are beta
functions at the waist and the end of the drift. So

L =~/Po-(Pr = Po) (6)

0.2
where f, = ?3 =z /(ﬂy and B, = Q =z /(ﬂy) Beam RMS

size near the waist should be smaller than 0.5 mm, in this
case, 10 times RMS envelope would be within 5 mm. The
drift length gets the maximum value L = 0.58 m for
500 MeV proton beam when

o :ﬂzo—smm~035mm (7)

V2 2

for beam size 6; = 0.5 mm at the end of the drift, and
the corresponding beta function at the waist is Sy =
0.57 mm/(x - mrad), for normalized RMS transverse emit-
tance &, = 0.25 7 - mm - mrad.

For matching the same Twiss parameters at the begin-
ning and the end of each period, the gradient of the
quadrupoles is adjusted. Considering the limitation of
the magnetic field in normal conducting quadrupoles, the
gradient of Q; and O, should be close to each other. For
0o = 0.35 mm, a simulation script is developed for opti-
mizing the ratio of L, /L1, while keeping the gradient of Q;
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FIG. 5. The ratio of thickness and gradient difference. (G,

and G, indicate the gradient of Q; and Q,, L, and L, are the
thickness of Q; and Q,, D, is the drift length between quadru-
poles in the triplet, D, is the drift length before the first
quadrupole in the triplet. In some cases, the distribution is
separated into two branches and the lower L,/L; ones are for
thicker quadrupoles, which is not preferred.)
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FIG. 6. Optimization on D, and D;. (With D, increases, D, is
increasing, while L, and L, are decreasing; the gradient is limited
within 25 4+ 0.5 T/m; periodic phase advance increases in Y
plane and decreases from about 180° in X plane; beam maximum
RMS size and period length are increasing roughly.)

and @, almost the same. For a fixed drift length D,
between the quadrupoles in the triplet, there is a minimum
length for D, before the triplet in a period for keeping
the stable periodic envelope. Considering backward

TABLEIII. Parameters for different proton energies in VDS for
{D1 = 1130 mm {Ll = 460 mm {61 = 252248 T/m
D, =150 mm ° L L, =640 mm’ | G, = -25.1764 T/m’

Parameters Unit Values
Energy MeV 500 1000 1500
Magnetic rigidity T-m 3.636 5.657 7.507
Py 1.162 1.808 2.399
Beam RMS size at the waist mm 0.35 035 0.35

S function at the waist mm/(z-mrad) 0.569 0.886 1.175

X periodic phase advance ° 179.2 176.5 168.6
Y periodic phase advance ° 142.2 124.0 109.8
Highest polar field strength Gs 3927 5995 7567

Maximum RMS envelope mm 2.10 144 1.15

X

3. function (m)
LO = D W Ao
:
|

FIG.7. pfunction in VDS. (Beam sizes are the same at vacuum
holes for different energies. Since the geometric emittance for
lower energy beam is larger, f function at the waist is smaller).

compatibility for energy, the ratio L,/L; should be around
1.4 mainly based on 1.5 GeV beam, and it is also covered
by lower energy cases, as shown in Fig. 5.

To optimize D, and D, the gradient of quadrupoles is
limited within 25 £ 0.5 T/m with the radius of 30 mm, and
the comparison results are shown in Fig. 6. Normally,
thinner quadrupoles, smaller maximum RMS size, and
shorter period length are preferred, so D, = 150 mm is
chosen as the optimized value where there is a local
minimum for beam maximum RMS size, and related
parameters are listed in Table III. In that case, the polar
field is within 8000 Gs for the highest energy, and the
diameter of the VDS holes is chosen as 10 mm. Beam
envelope and power density level are shown in Figs. 7 and 8
with different energies.

D. Collimation

Since the VDS holes are small, beam halo or off-center
beam will lead to a large amount of power loss. To control
beam losses at certain key locations, the separated function

0tw
-10°W
104 W
-10°W
102 W

-10'w

o 2 = . — = 100w
15 20 25 30 B - Aper.

30 L m—— 10‘;W
105w

28
15 100w
10w

10'w

0 — — = N N 100w
15 20 25 30 - Aper.
Tl

105w

10t W

10w

102w

-10'w

° S = £ £ = 100w
15 20 25 30 - Aper.

Position (m)

FIG. 8. Power density level in VDS. (Y-axis indicates radius
in mm, from top to bottom: beam energy E = 500, 1000,
1500 MeV).
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FIG.9. Acceptance of VDS for different energies. To avoid too
large position or angle in phase space, the acceptance calculation
includes part of the matching section between the collimation and
the VDS, i.e., from the end of the last quadrupole Qs of the
matching section until the end of VDS. (From left to right: beam
energy E = 500, 1000, 1500 MeV; the top is for X-X’ and the
bottom is for Y-Y’)

of collimation and VDS are considered. Thus, no water
cooling is considered in VDS holes, and the beam is
collimated upstream of the VDS section.

The main function of the collimation section is to
collimate the outer particles in the phase space to avoid
them losing at the VDS holes, which means that the
emittance of the beam at the exit of the collimation section

should be well inside the acceptance of the VDS section.
For full collimation, the total phase advance (or rotation in
phase space) should be at least 180° in the collimation
section. Figure 9 shows the acceptance of VDS for different
energies. Since periodic phase advance in X plane for
500 MeV and 1 GeV are quite near to 180°, they look like
deviated from the “elliptical” acceptance.

As shown in Fig. 9, the acceptance at 1.5 GeV is smaller
than that at 500 MeV or 1 GeV, which is the object in the
study below. For the same reason as mentioned in
the VDS section, the triplet is chosen as the periodic
structure in the collimation section. Different periodic
phase advances are compared and optimized as shown in
Table IV and 60° phase advance multiply 3 periods is
adopted. The reason is as follows: 1. Comparing to 90°
collimation, 60° collimation has much less particles outside
of the desired emittance, as it has been discussed at CERN
[22]; 2. With the increase of periodic phase advance, the
number of periods and quadrupoles are decreasing. Thus,
higher phase advance with shorter length and fewer
quadrupoles is preferred from the cost view, as long as
it meets the collimation requirements; 3. Larger radius of
collimators is preferred based on the consideration of beam
center offset, errors and the heat distribution on collimators;
4. The maximum beam size is acceptable both in the
periodic section and matching section, while the polar field
strength increases sharply with the increase of periodic

TABLE IV. Comparison of different periodic phase advance in the collimation section for 1.5 GeV beam.

Periodic phase advance 30° 36° 45° 60° 90°

Number of periods 6 5 4 3 2

Total length [m] 15 12.5 10 7.5 5

Number of quadrupoles 18 15 12 9 6

Collimators radius 3.73/3.37 3.40/3.01 3.08/2.64 2.73/2.20 2.33/1.63
in X/Y planes [mm)]

Omax 1N periodic/ 0.82/1.07 0.77/1.00 0.72/0.99 0.69/1.01 0.70/1.11
matching section [mm]

Gmax * R in periodic/matching 3701/5783 4417/5917 5464/6167 7126/6598 10041/7191

section [Gs]
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FIG. 10. Emittance of the collimation section and acceptance of
the VDS section for 1.5 GeV beam. The dark area is the
acceptance of VDS section. The white hexagonal area is the
maximum beam emittance after collimation. Particles in blue and
yellow colors are collimated beam emittance.

phase advance, and it is within 8000 Gs for the case of 60°
phase advance.

From the view of emittance after the collimation section,
Xmax and xf.. are within 1.8 mm and 1.6 mrad for the
cases with periodic phase advance of 60°. Balancing all
the considerations mentioned above, 60° x 3 periods is
adopted as the optimum choice in the collimation section.

To check the effectiveness of the collimation section, the
emittance after the collimation section and the acceptance
of the VDS section are put together, as shown in Fig. 10 for
1.5 GeV beam. The acceptance of VDS is about 7 times of
the emittance edge of the collimation section.

E. Multiparticle tracking

The input distribution of the collimation section is
chosen as 2D Gaussian distribution cutting at 6 standard
deviations as shown in Fig. 11. The input normalized
RMS emittance is ¢,/ = 0.25/0.25/0.35 7 - mm - mrad.
To check the case with beam halo, 0.1% halo is added in the
input distribution. The diameter of the 3 collimators is
adjusted to 5.66/5.06/4.40 to guarantee that the power loss
on the collimators is evenly distributed.

Based on the optimized VDS and collimation section
at 1.5 GeV energy, the 56 envelope and power density
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FIG. 11. Input distribution of collimation section. (Top for
beam without halo, bottom for beam with 0.1% halo).
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FIG. 12. 5c envelope in optimized collimation and VDS section
for 1.5 GeV beam.

distribution are shown in Fig. 12 and Fig. 13. Power losses
on each collimator are about 10 W and 1.3 kW for the beam
with and without the halo, and there is no power loss in the
VDS section in all cases (Fig. 14).

Detailed sensitivity analysis on the input beam trajecto-
ries, manufacturing errors and alignment errors of colli-
mators are studied. The criterion is based on the power loss
on collimators. Since it is already at kW level, we assume
that the power loss variation caused by errors should be
within 10% of the designed maximum power loss on
collimators. For trajectory errors, when the input beam
center is shifted by 0.1 mm, or the input beam angle is
shifted by 0.025 mrad, the power loss variation is about
2.5%. The same method is applied for the manufacturing
errors and alignment errors of the collimators and the
results are 0.05 mm and 0.2 mm respectively. When all the
errors are applied in the lattice, the total power loss
variation is within 10%, which is within the scope of
demand. In general, the input beam trajectories should be
within dx/dy = +0.1 mm, dx'/dy = 4+0.025 mrad, and
the manufacturing errors and alignment errors should be
within £0.05 mm and +0.2 mm, respectively.

F. Feasibility

Beam dynamics are studied and optimized, including the
hole aperture in the VDS section and periodic phase
advance in the collimation section. Multiparticle tracking

100w

10,
8:. -105W
1 -10° W
4‘ -102W
2‘ — _— = ‘-1D‘W
% 5 10 15 20 25 30 =latw
10+ 0w
Sj -105W
1 -10° W
6 -10° W
4_-’ 102 W
(2); —— — - ‘-10‘W
0 § 10 15 20 25 30 oW
Position (m) -Aper.

FIG. 13. Power density distribution in optimized collimation

and VDS section for 1.5 GeV beam with 0.1% halo. (Top for X
plane and bottom for Y plane).
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FIG. 14. Power loss distribution for the beam with 0.1% halo
(about 1.3 kW for each collimator). No power loss in the VDS
section.

with halo shows that no power lost in VDS holes, verifying
the beam dynamics feasibility of vacuum differential
system for the high-power windowless target of CiADS.

III. GAS SCATTER

A. Mechanism and method

As shown in Fig. 2, there is about 30 meters from the last
vacuum hole to the target, which is filled with helium gas in
5 x 10* Pa (target zone), and another 30 meters with helium
gas in about 100 Pa (transition zone). The proton helium
scattering will lead to beam size increase and power loss on
the beam tube.

As charged hadronic particle, proton will be scattered by
helium nucleus due to Coulomb interactions and hadronic
interactions when transporting in helium gas. Unlike
hadronic elastic process, the Coulomb interaction between
proton and helium usually leads to small-angle scattering.
Because the beam tube is quite slender, single hadronic
elastic scattering can easily lead to the loss of the particle,
while the effect of Coulomb scattering will accumulate
along the long tube, resulting in a considerable overall loss
rate. The longer the beam tube is, the more significant the
accumulated effect will be. Thus, both Coulomb scattering
and hadronic process should be taken into consideration
carefully.

The gas scattering effect is investigated base on the
Monte Carlo simulation using GEANT4.10.6 [23] in this
section. For Coulomb scattering process, the WVI-SS
[24,25] model which naturally combines the Wentzel-VI
multiple scattering model [23,24] and the single scattering
model based on Wentzel scattering function [26] is
used. The Wentzel-VI model is for precise simulation of
muons and hadrons. The combination of single and
multiple scattering models presents precise description of
Coulomb scattering effect even in low-density media.

As for hadronic elastic process, the G4ChipsElasticModel
[23] based on CHIPS approach [27] is adopted. It was shown
[23] that the CHIPS model is the most reliable one among
all of the four options exist in GEANT4 for simulation
of proton-nucleus elastic scattering at medium and high
energy protons.
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FIG. 15. Power loss on the beam tube for different energies in

transition and target zone.

B. Simulation

The simulation is based on the beamline near the target,
with helium vacuum pressure of 5 x 10* Pa and 100 Pa for
5 mA proton beam, as shown in Fig. 2. The beam tube is
316 stainless steel with 5 mm thick. Without scattering,
beam RMS size is about 5.5 mm for transition zone and
19 mm on the target for Gaussian distribution.

In the transition zone where the vacuum is about 100 Pa,
the maximum power loss on the tube is within 1.5 W/m
(Fig. 15), and it is human maintainable in this zone.

As shown in Fig. 16, beam loss is mainly caused by
Coulomb scattering in transition zone, but it still stays at
several W/m level. In the target zone, beam power loss is
dominated by Hadronic elastic process, up to several
hundred W/m, which is far higher than 1 W/m hands-
on maintenance level in the accelerator [28]. Thus, the
remote control is required in this zone due to the high
radiation dose rate.

The gas scattering will also lead to beam size increase.
The effect of gas scattering on beam size increase in the
transition zone is neglectable, and it increases 18% in the
worst case for the 500 MeV beam in the target zone. For
circular scan, extra power loss on the tube contributed by
beam size increase is 47 W, 7.5 W, 6.8 W for the three
different energies. Since there would be cooling on the tube
before the target, dozens of watts loss would be acceptable.
To decrease the effect, smaller beam size on the target or
larger beam tube near the target are considered. If the
designed beam RMS size on the target decreases by 1 mm,

Target zone Transition zone

@

£ R N ey

< h I
cuU=s DGO WO

Beam loss (W/m)

o

5 10 15 20 25 30
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FIG. 16. Beam loss caused by gas scattering in transition and
target zone.
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or the radius of beam tube increases by 5 mm, the power
loss will decrease sharply from 47 W to 17 W for the
500 MeV beam.

C. Feasibility

In the transition zone with the vacuum level of about
100 Pa, beam loss and beam size increase are acceptable. In
the target zone, the gas scattering effect is serious, and a
dedicated radiation-hard design and remote control need to
be considered in that region, and beam size should be
controlled smaller or beam tube larger to balance the beam
size increase caused by gas scattering for low energy
beam.

IV. VACUUM DIFFERENTIAL TEST
A. System setup

A prototype for the vacuum differential system with 6
stages is designed and tested at the Institute of Modern
Physics, Chinese Academy of Sciences, as shown in Fig. 17.
Taking the above simulation results, long thin tubes with a
diameter of 10 mm is chosen at the 1st, 2nd, and 3rd stages,
and small holes with the same diameter is chosen at the rest
stages of VDS, as shown in Fig. 18. AISI304 stainless steel is
chosen as the material of vacuum chambers and the leakage
rate is within 1 x 1071 mbar - L/s. All the chambers and
tubes are mirror polished, pickled, ultrasonic cleaned and
high temperature degassed before the test.

Considering the ratio of the diameter of the tube and the
mean free path (MFP) of the molecules of hydrogen or
helium, it is viscous flow in the 1st and 2nd VDS stages,
Knudsen flow in the 3rd stage, and molecular flow in the
4th, 5th, and 6th stages. Different pumps and gauges are
chosen based on the flow type in different stages, as shown
in Table V.

B. Test result

In the test, the vacuum transition from 5 x 10* Pa to
7.8 x 107> Pa was achieved in the multistage VDS for
Helium gas for the long-term test, as shown in Fig. 19
(Left). When considering vacuum variation in the plenum
chamber for the limit test, the vacuum at the 6th stage will
become much worse when the vacuum pressure in the
plenum chamber is beyond 8 x 10* Pa. The same test for
Nitrogen gas was also conducted and the best vacuum at the

FIG. 17. The layout of the VDS prototype.
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FIG. 18. The sketch of the VDS prototype.
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FIG. 19. Vacuum test results for Helium gas in VDS. (Left is for
a long-term test: vacuum pressure in the plenum chamber stays at
5 x 10* Pa; Right is for the limit test: vacuum pressure in the
plenum chamber varies from 1 x 10* Pato 1 x 103 Pa gradually;
the six lines from top to bottom: the first to the sixth stage of
VDS).

6th stage VDS reached 2.5 x 1075 Pa, and it is about half
order lower than the case with Helium gas, which agrees
with the fact that the Nitrogen molecule size is larger than
Helium and it is easier to be pumped out. Figure 20 shows
the comparison results with the different types of gas and
initial pressure in the plenum chamber.

For nitrogen, it is easy to realize about 10 orders of mag-
nitude vacuum transition from 1 x 10° Pato 2.5 x 107> Pa
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FIG. 20. Vacuum comparison with different initial pressure and
gas in VDS. (Nitrogen gas: from 1 x 103 Pa to 2.4 x 107> Pa,
Helium gas: from 8 x 10* Pa to 7.8 x 107> Pa)
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TABLE V. Flow type, gauges and pumps in the test of VDS.

Stage Flow type Vacuum gauge Pump type
0 Viscous flow Diaphragm gauge

1 Viscous flow Diaphragm gauge Oil pump

2 Viscous flow Diaphragm gauge Roots pump

3 Knudsen flow Pirani gauge Roots pump
4-6 Molecular flow Cold cathode gauge Molecular pump

“Stage 0 means the plenum chamber (as shown in Fig. 18).

in both long-term test and limit test. For helium, it would be
3.2 x 1072 Pa at the 6th stage if it is 1 x 10° Pa in the
plenum chamber, however, as long as it keeps lower than
8 x 10* Pa in the plenum chamber, the vacuum in the 6th
stage of VDS could reach 7.8 x 10~ Pa.

C. Feasibility

The result of the vacuum differential test indicates
that about 10 orders of vacuum transition is achieved from
1 x 10° Pato 2.5 x 107> Pa for nitrogen gas, and 9 orders
from 8 x 10* Pa to 7.8 x 10~ Pa for helium gas.

In the test, the tube length is 120 mm and the periodic
length is about 0.75 m. For further study, the tube length
could be extended to 500 mm and the periodic length to
4.12 m, providing longer space for placing more pumps.
The vacuum achieved at the 6th stage will also be better. If
4 K cold trap is added at the zero stage for absorbing the
radioactive gases from the target and residual impurity
gases in the transfer line, and liquid-nitrogen cold traps are
added at the entrance of oil pumps in the 1st, 2nd, and 3rd
stages to avoid oil pollution from pumps, it is also
beneficial for the improvement of the vacuum differential
system.

V. CONCLUSIONS

With the detailed simulation and optimization of the
physical design for the vacuum transition at the HEBT of
CiADS, a vacuum differential system is proposed with
upstream collimators for the high-power windowless target.
Based on the 2D Gaussian distribution, particles outside of
5o are collimated to guarantee the emittance edge of the
collimation section is well inside the acceptance of the
VDS section, with acceptable power loss on collimators.
The simulation shows that power loss from gas scattering is
acceptable in the VDS system. The VDS test is conducted
without beam and vacuum transition is achieved at the
magnitude of 10~ Pa, with possible improvement in the
future. Based on the simulation and test results, a feasible
solution for the HEBT to meet the vacuum requirement of
the high-power windowless target is proposed. Some
engineering problems are still to be studied for the high
duty factor machine, including the reliability study related
with vacuum, power loss, radioactive contamination boun-
daries, etc.
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