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Abstract：Because of injecting an out-of-control beam pulse, thermal shock damage to the accelerator

may well cause a failure of focusing and steering elements. In order to prevent RFQ accelerator,

superconducting cavities and other accelerator components from thermal damage, it is essential to

conduct a quantitative evaluation of the thermal stresses induced in the material during the thermal

shock. The present study in this paper proposed a novel method to evaluate the thermal stresses

quantitatively, which can clarify the characteristics of thermal shock of several materials, such as OFHC,

SUS304 and Niobium. Transitional thermal stress is investigated by three dimensional finite element

method (FEM) to obtain the temperature distribution for three materials at the beam incident angle

of 90°. Finally the simulation results prove that the machine protect system response time meets the

requirement when the allowable injection time is defined as 20 µs.
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1 Introduction

The China Accelerator Driven Subcritical Sys-

tem (C-ADS) project is being developed by Chinese

Academy of Sciences (CAS). Recently the injector

II of C-ADS is being designed and built in Institute

of Modern Physics (IMP), CAS[1]. The accelerator

of injector II will be operating at the frequency of

162.5 MHz with continuous wave (CW) mode. Be-

cause the beam intensity is quite high, the out-of-

control beam will lead to considerably permanent

damage to the accelerator due to the thermal shock

damage. To protect the linac against beam trips, a

machine protect system (MPS) has been developed

in several projects. For instance, it is used to shut

down the beam pulse before the permanent damage

in the Japan Proton Accelerator Research Complex

(J-PARC) project[2]. In Spallation Neutron Source

(SNS) project of Oak Ridge National Laboratory

(ORNL), which is operating at pulsed wave mode,

the time to reach thermal shock damage for a cop-

per accelerating structure was evaluated[3−4].

Thermal shock is a transient process that a po-

tentially catastrophic stress in a material from sud-

den extreme changes in temperature[5]. Thermal

shock damage caused by the particle beam is an im-

portant issue in a high intensity linac. It is fairly

significant to evaluate the allowing injection time to

determine the MPS specifications. As an conven-

tional method, quench tests[6−7] were used to eval-

uate the thermal shock resistance of materials. The

quench test has the advantage of being easily con-

ducted everywhere but the disadvantage of an ab-

sence of physical meaning in the parameter: critical

temperature δT . Using three dimensional finite ele-

ment method(FEM), it is convenient to clarify the
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characteristics of thermal shock of several materials.

In this paper, the simulation results of thermal shock

damage analysis for each section in Injector II are

presented. During the thermal shock damage simu-

lations, allowable injection time is obtained when the

maximum thermal stress attains the material yield

stress[8]. The yield stress is also a strict limitation

which prevents the accelerator element from perma-

nent damage.

2 Brief introduction to Injector II

With the long-term planning lasting until 2032,

the ADS driver linac is defined to be 1.5 GeV in en-

ergy, 10 mA in current and in CW operation mode.

For the first phase, the project goal is to build a

CW proton linac of 50 MeV and 10 mA by about

2015, including an injector II of 10 MeV in energy[9].

Injector II is composed of an ECR ion source, Low

Energy Beam Transport (LEBT), Radio Frequency

Quadruple (RFQ) and superconducting accelerating

section. In the RFQ section it will deliver the pro-

ton beam from 35 keV to 2.1 MeV. As following

MEBT will match beam from output of RFQ to the

injection of superconducting accelerating section. Fi-

nally in superconducting accelerating section, there

are two cryomodules, in which eight superconducting

(SC) half-wave resonator (HWR) cavities and nine

SC solenoids are involved. The proton beam will be

accelerated from 2.1 to 10 MeV. The layout of the

Injector II is shown in Fig. 1. The major material

and beam parameters in each section of Injector II

are listed in Table 1.

Fig. 1 (color online)The layout of the CC-ADS Injector-II.

Table 1 The major beam parameters and material in Injector II*.

Section Particle
Input energy

/MeV
Output energy

/MeV
Operation

mode
Beam current

/mA Rmin/mm1) Major material

LEBT proton 0.035 0.035 CW 15.0 2.5 SUS3042)

RFQ proton 0.035 2.1 CW 10.0 0.25 OFHC3)

MEBT proton 2.1 2.1 CW 10.0 1.3 SUS304

SC section proton 2.1 10.0 CW 10.0 1.7 Niobium

* 1) Rmin is the minimum root mean square (rms) beam radius in every part. 2) SUS304 stands for the austenitic
stainless steel with AISI type 304. 3) Oxygen-Free High Conductivity Copper (OFHC) is an alloy containing a
minimum of 99.99% copper.

3 Analysis process of thermal

shock damage

In traditional method, the allowable injection

time was fixed to prevent the temperature rise from

going above the melting point of material. However,

when the thermal stress is larger than the yield stress,

it also will result in the permanent damage to the

material. All what is discussed above means a more

rigorous evaluation should be needed, which is pre-

sented in the following section.

3.1 Physics model

When the proton beam energy is absorbed in

the material, the thermal expansion of material is

confined to a very small volume. And if the proton

incident energy is extremely high, the proton range

in material is much larger than the beam radius. A

simple evaluation method mentioned in the applica-

tion to J-PARC project[2] can be used to estimate

the allowable injection time. In terms of lower than

10 MeV for proton beam incident energy, the proton

range in main material, which are given in Fig. 2,

is much smaller than the beam radius. It is worth

pointing out that the method used in calculation

before[2] is not suitable for the diffusion and then

the thermal stress cannot be disregarded in beam di-

rection. So it is necessary to analyze thermal shock

damage using 3-D FEM.
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Fig. 2 Proton range as a function of the incident

energy E0 in different materials.

First there are some assumptions as follows for

the injection proton beam:

(1) The proton beam is injected into the mate-

rials perpendicularly. It could be rare for a beam

hit a surface at 90◦, unless intentionally on a target.

However, if the scattering and reflecting of particles

are ignored when beam hits a surface at a large graz-

ing angle, so the relationship between incident angle

and damage time is weak. So the assumption of per-

pendicular to materials for the beam is appropriate

when the safest allowable injection time is calculated

rigorously.

(2) The current density distribution of beam is

approximated by a Gaussian distribution:

ρ(x,y)=
I0

2πσxσy
exp(− x2

2σ2
x
− y2

2σ2
y
) . (1)

In the above equation, I0 means peck current, σx

is the beam rms size in x direction and σy repre-

sents beam rms size in y direction. The allowable

injection time δt is the time when the thermal stress

from beam heating exceeded the yield stress. The

heat generation is shown in Eq. (2):

q=
I0×Rmax(E0)

2πσxσy
ρ , (2)

where Rmax(E0) is the maximum stopping power at

certain incident energy, ρ means the mass density of

material. The stopping power of the incident energy

for proton beam, which is calculated by Monte-Carlo

algorithm, is simulated with the code Stopping and

Range of Ions in the Matter (SRIM)[10]. The maxi-

mum stopping power as a function of the incident en-

ergy for proton beam in different material is plotted

in Fig. 3. And in accordance, the stopping power at

different incident energy is easily available for three

kinds of materials respectively.

Fig. 3 The relationship between stopping power and

incident energy E0 for three materials.

3.2 Thermal-mechanical coupled analysis

Considering thermal diffusion and thermal

stress in beam injection direction, transient thermal

analysis and thermal-mechanical coupled analysis in

finite element software ANSYS have been applied.

The properties of these materials used in the thermal

shock analysis in the following are listed in Table 2.

Table 2 The properties of material in Injector II.

Materials
Density
/(g/cm3)

Tensile strength
/MPa

Young’s modulus
/GPa

Thermal expansion
/(10−6/K)

Specific heat
/(J/g/K)

Thermal conductivity
/(W/m·k)

OFHC 8.9 210 115 17.0 0.39 393

SUS304 8.0 290 193 17.3 0.50 59.5

Niobium 8.6 400 103 5.1 0.28 45

The material properties for Niobium at 4 K are

depicted in Table 2 and the two other materials prop-

erties are at room temperature (300 K). In the ther-

mal shock study, taken the analysis of OFHC as an

example, the procedure is listed below.

(1) The RFQ accelerator is made of OFHC and
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the energy of proton beam for this section is from 35

KeV to 2.1 MeV. As illustrated in Fig. 2 and Fig. 3,

the proton rang is about 0.05 mm and the maxi-

mum stopping power for OFHC at this energy range

is about 0.218 MeV·cm2/mg. Then according to

Eq. (2), the heat generation is obtained of 1.4×1013

W/m3.

(2) Transient thermal analysis is applied to cal-

culate heat load distribution firstly. The number of

finite element mesh grid is 124 618, which can guar-

antee the accuracy of analysis results. There is one

assumption that thermal properties of OFHC do not

vary with temperature rise during the simulation.

(3) The thermal distribution on each node will

be transferred to the mechanical analysis at the end

of transient thermal solution. The area opposite to

beam incident plane is fixed in every direction as the

boundary conditions. Then the thermal stress will

be calculated via the mechanical study.

(4) Finally comparing the max thermal stress

with tensile strength, when the max thermal stress is

equal to yield strength, the allowable injection time

can be solved in principle.

3.3 Results and discussions

The results of thermal shock analysis for OFHC

are illustrated in this section. The temperature dis-

tribution and maximum mises equivalent stress at

different time are listed in Table 3.

Table 3 The results of thermal shock analysis for OFHC.

δt/µs δT/K εmax/MPa

20 71 198

25 89 248

50 175 490

In the Table 3 δt implies the time at end of load

step, δt is the temperature rise, εmax means the maxi-

mum stress. If the time at end of load step is shorter

than 20 µs, the maximum thermal stress does not

exceed the yield strength. So the allowable injec-

tion time of out-of-control proton beam for OFHC

in RFQ should be defined as 20 µs.

The temperature distribution in beam injection

view at time at end of load step of 20 µs is shown

in left picture of Fig. 4. The maximum temperature

is located at half of the beam radius because of no

thermal conductivity existing between OFHC and

Fig. 4 (color online)The temperature distribution (a) and thermal stress distribution (b) at time of 20 µs.

vacuum. Therefore the heat conduction is much

faster in beam injection direction than the horizontal

direction.

In the right of Fig. 4, the thermal stress distri-

bution corresponding to the temperature calculation

is shown. The thermal stress distribution from side

view is consistent with the temperature distribution.

The maximum stress is 198 MPa, which is below the

yield strength of OFHC. For the other two kinds of

materials SUS304 and Niobium, the stopping power

corresponding to energy scope is in the same order of

magnitude. The allowable injection time for SUS304

and Niobium is about 50 µs and 100 µs separately

from the parallel analysis. For superconducting sec-



第 3期 HE Shoubo et al：Study on Thermal Shock Damage to Injector II of China ADS Project · 389 ·

tion, the temperature rise and the change of thermal

stress with growth of time are shown in Fig. 5.

Fig. 5 (color online)The results of thermal shock

analysis in SC section.

Thermal shock damage is a big challenge espe-

cially in superconducting section. From Fig. 5, when

the beam injection time reaches more than 2 µs, the

temperature on the cavity surface will beyond the

superconductor critical temperature 9.5 K. But the

thermal stress is still below the yield stress, so the

process will not be defined as the allowable injection

time for superconducting section. The final limita-

tion of maximum stress is set to 60% of yield stress

of niobium, which will prevent the SC cavity from

thermal shock damage more safely. However, due

to the high loaded quality factor of the supercon-

ducting cavity, it is very sensitive to detuning and

easy to damage in the thermal shock. This also will

decrease the accelerating voltage and bring about

beam loss. If the situation is serious, it will lead

to a quench for the superconducting cavity. There-

fore, RF system needs to supply a surplus RF power

to compensate the cavity frequency shift for keeping

the cavity voltage in a superconducting cavity dur-

ing the allowable injection time. At the same time,

beam injection must be stopped immediately. Once

a fault is observed, the MPS can then stop or re-

duce beam intensity during the allowable injection

time. For example, the MPS response time require-

ment for FRIB project is defined to be a maximum

of 35 µs for faults occurring in linac segment 2[11].

Table 4 lists the allowable injection time for MPS in

some high power accelerators in the world.

Table 4 Allowable injection time of several
high power linacs.

Projects Beam Mode t/µs

TTF[12] e pulse 50

CEBAF e CW 40

SNS[3] p pulse 20

FRIB ion CW 20∼ 40

Injector-II (C-ADS) p CW 20∼ 100

4 Conclusion

Unexpected beam loss from a beam element fail-

ure at the C-ADS driven linac may cause accelerator

component damage in a very short time. For the pur-

pose of building the MPS to prevent permanent dam-

age to the accelerator element in Injector II, the ther-

mal shock analysis with finite element analysis code

ANSYS has been applied to main materials. Tra-

ditionally, quench tests in the former method were

used to evaluate the thermal shock resistance of ma-

terials. The study discussed in this paper proposes

a new method that enables the quantitative evalua-

tion of thermal stresses and overcomes the problem

of critical temperature difference for former meth-

ods.

The simulation results demonstrate the allow-

able injection time is between 20 and 100 µs. The

most remarkable point is that the beam in RFQ

accelerator could be most easily lost and therefore

the allowable injection time of OFHC is the short-

est. Taking the results from the thermal shock study

into account, the allowable injection time for MPS

of Injector II is considered as 20 µs. Due to the nar-

row bandwidth of superconducting cavity, although

the beam injection time in superconducting section

is longer than others, more consideration should be

taken into. In addition, there are some reasonable

assumptions for thermal shock simulation in this pa-

per. For more detailed results, it is necessary to

adopt probable grazing injection beam and complete

structure of accelerator component.
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摘要: 由于束流脉冲无法控制而引起直线加速器的热冲击损伤是造成加速器无法完成聚束及偏转的主要因素，

而对热冲击进行定量的热应力评估可以有效地避免RFQ、超导腔以及其他加速元件等加速器设备的损伤，这

在研制强流直线加速器的过程中至关重要。本研究引用一种新颖的计算方法定量分析整个注入器的热冲击损伤

并明确了三种不同材料高纯铌、无氧铜和不锈钢对应的加速器件的热冲击的特征。基于有限元方法对瞬态热应

力进行分析，得出三种不同材料对应的加速器件在入射角度为 90度时的温度分析结果。对于所研制的注入能

量低于 10 MeV的强流直线加速器来讲，得到可允许的入射时间为 20 µs。
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