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a b s t r a c t

A solid tungsten target was used at the China Spallation Neutron Source (CSNS) with 100 kW proton
beam power. To improve the lifetime, hot isostatic pressing (HIP) process was selected to bond tantalum
cladding with tungsten plates. Radioactive isotope 182Ta, an activation product of tantalum, was found in
the cooling water after a period of operation, however, no radioactive isotopes of 187W was found, which
shows the tantalum layer remained mostly intact. The CSNS Target-1 had been operating safely for three
years and was replaced by Target-2 in August 2020.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

China Spallation Neutron Source (CSNS) is the first spallation
neutron source constructed and operated in a developing country
[1]. Like the ISIS [2], SNS [3], and J-PARC [4], CSNS is an accelerator-
driven neutron source with a 25 Hz pulsed proton beam of 1.6 GeV
energy [5]. Neutrons are generated from the target by high-energy
proton beam bombardment. After being moderated and extracted,
neutrons interact with the samples for material structure and dy-
namic analysis. The target is very important for spallation neutron
source because it determines the production of neutrons. In addi-
tion, due to the harsh service environment, accidents may occur
during operation [6e8], therefore, target status monitoring is crit-
ical for each spallation neutron source.

CSNS reached the design proton beam power of 100 kW in
February 2020. Fig. 1 shows the beam power history data of CSNS
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operation. Proton beam power reached 100 kW in less than three
years after the first neutron beam. During the summer mainte-
nance period in 2020, the CSNS Target-1 was replaced by Target-2
after five months of 100 kW power operation. The target was
replaced not because service life was reached or momentousness
accident occurred, but to allow more comprehensive monitoring of
the target's condition. Six thermocouples were installed in the
Target-2 to monitor the temperature of the tungsten target plates,
while there were no thermocouples in the Target-1.

In this paper, the CSNS tantalum cladded tungsten solid target is
reviewed, including the improvement of the target design, its
preparation and operation.

2. Improvement of the target design

The CSNS target consists of tungsten target plates, target vessel,
and vessel cover. Fig. 2 is a three-dimensional cross-sectional view
of the Target-1 along the proton beam direction. Flat solid tungsten
target plates cladded with tantalum were chosen by CSNS because
of their high neutron yield in the 100 kWpower range. Target vessel
and vessel cover were made of 316 stainless steel (SS316L), mainly
due to its mechanical performance after irradiation [7,9]. Target
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Fig. 1. Power history data of CSNS operation.

Fig. 2. Three dimensional sections of Target-1.
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plates of different thicknesses were parallelly placed in the target
vessel, and the vessel cover was electron beam welded with the
target vessel. Light water was used as the cooling medium for the
target. Cooling water enters into the target vessel on one side and
exits out from the other [10].

The operating pressure of the cooling water outlet was 0.4 MPa.
According to the finite element analysis (FEA), the top and bottom
the target vessel were deformed; the maximum deformation was
0.54 mm during operation as shown in Fig. 3(b). In order to mini-
mise the deformation, some structural improvements were applied
to the Target-2, by insenting two 316 stainless-steel plates between
the target plates, this can be seen from Fig. 3(c). Each 316 stainless-
steel plate was connected to the vessel using welded bolts to ensure
no water leakage. The rigidity of the Target-2 was improved by
insenting the stainless-steel plates to the vessel and vessel cover.
According to Fig. 3(d), the FEA results indicate that the maximum
deformation of the vessel was reduced to 0.21 mm.

A further improvement was achieved by placing six thermo-
couples in Target-2. There was no thermocouple in the Target-1,
and the operation status of the target was not well monitored
1536
without thermocouples. Unlike ISIS [11] and SINQ [12], the ther-
mocouples were inserted to the center of the target plate from the
outside of the vessel to measure the target temperature. The
detailed placing of a thermocouple from the out outer center to the
center of the target plate is shown in Fig. 4. In order to measure the
core temperatures, the K type thermocouple were wrapped into a
stainless steel tube that are inserted into the target plates.
3. Development of tantalum cladded tungsten plates

Tungsten is used as the target core material at CSNS, with a
tantalum layer cladding due to tungsten's poor corrosion resistance
against water flow [13]. The preparation of tantalum cladded
tungsten was the key step in target fabrication. There are many
reports [14,15] on the technology of tantalum tungsten bonding, in
which HIP is frequently used.

During study of target prefabrication at CSNS, three different
methods were studied to bond tantalum onto tungsten. Fig. 5(a)-(c)
show that tantalum can be cladded on tungsten by HIP, brazing, and
plasma spraying. The bonding quality of tantalum and tungstenwas



Fig. 3. (a)Cross section view of target-1, (b) FEA results of target-1 vessel deformation, (c) Cross section view of target-2, (d) FEA results of target-2 vessel deformation.

Fig. 4. Structural diagram of CSNS Target-2 temperature monitoring.
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analyzed by observing the interface microstructure. Fig. 5(d) is a
scanning electron microscope(SEM) image of TaeW interface
bonded by HIP. Except for some small pinhole defects, the overall
interface was found to be well bonded. In the brazed samples,
shown in Fig. 5(e), Ta and W were well bonded with NieCreSieB
solder. The interface between solder and Ta, solder and W both
were found to be very good, however, a number of microcracks
were evident in the solder. But as seen from Fig. 5(f), tantalum
coating was deposited on tungsten by plasma spraying, the TaeW
bonding quality was poor, a large number of pores and cracks
were found at the interface. In addition, tantalum coating had a
layered structure and contained porosity.

From the microscopy results of the TaeW interface, the quality
of HIP and brazing was found to be better than that of plasma
1537
spraying. For brazing, the post-irradiation performance of
NieCreSieB solder is not known, at the same time, the introduc-
tion of solder will lead to the decrease of neutron yield of the
tungsten target plate, mainly because the neutron yield of the el-
ements contained in solder is much lower than that of tungsten. In
addition, the neutron absorption cross section of boron is large,
which also affects the neutron yield. Aa a result, HIP was selected as
the clad bonding method at CSNS. According to the relevant
experimental results [15e17], the temperature of TaeW diffusion
welding should reach more than 1400 �C. Moreover, with the in-
crease of diffusionwelding temperature, tantalum grains grew, and
the bonding strength of tantalum-tungsten increased at first and
then decreased. A HIP welding process were developed at CSNS by
considering to the international experience and combining with
Chinese equipment conditions. The parameters of the HIP were as
follows: temperature was 1550 �C, pressure was 130 MPa, and
holding time was 2 h. Fig. 6 shown an SEM image of the WeTa
interface obtained by HIP process. The SEM image shows that the
interface of the WeTa is good, as no obvious pores were found. The
average grain size of tungsten and tantalum approximately 60 mm
and 300 mm, respectively.
4. Operation

The operating power of CSNS reached 100 kW in February 2020,
and in the following weeks, the radioactivity in the cooling water
loop of the target increased significantly. To find out the cause of
the abnormal increase of dose, a gamma spectrum of the cooling
water circuit with a high purity germanium detector was obtained
6 h after the beamwas turned off. The water pump, heat exchanger
and water pipe were analyzed by placing the detector 40 cm away
from each object.

Fig. 7 shows the gamma spectrum measurement results of the
target cooling loop. Types of radioactive nuclides such as 175Hf,
171Lu,170Hf,169Yb,46Sc, and 7Be were confirmed via gamma spectra
analysis, 175Hf, 171Lu,170Hf,169Yb, and 46Sc were the products of
spallation reaction of the tantalum cladding when bombarded by
high-energy protons [18], whereas 7Be was the spallation reaction
product of cooling water [19]. As the proton beam power increased,



Fig. 5. SEM images of WeTa and Ta cladded tungsten target block by different methods.

Fig. 6. SEM image of tantalum cladded tungsten interface obtained by CSNS HIP process.
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the number of radioactive products increased, the radioactivity
significantly increased in the cooling water loop of the target.182Ta,
the activation product of the tantalum cladding, was also deter-
mined as the dominated radioactive product. No characteristic
gamma-ray of 187W was found. This shows that although a small
amount of tantalum entered into the cooling water, the tantalum
layer remained intact, and the tungsten block was not in direct
contact with the cooling water. According to the operation expe-
rience of the ISIS TS2 target [18,20], if 187W is found in the cooling
water loop, it indicates that the tantalum coated tungsten is
1538
damaged. From the above results, the CSNS tantalum coated
tungsten target should be undamaged.

In the operational plan of the CSNS, there are two long main-
tenance periods every year, including 2e3months in summer. Each
summer, the target is moved to the hot cell by the target trolley.
Four fixed high-definition cameras and one mobile camera in the
hot cell were used to observe the surface condition of the target
vessel. The surface condition photos of the CSNS Target-1 before
and after use are shown in Fig. 8. It can be seen from the compar-
ison of the pictures that the appearance of the target vessel



Fig. 7. Gamma spectrum analysis results of target cooling loop.
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changed during nearly three years of operation. The discoloration
area of the lower bottom surface is larger than that of the upper
surface, and some areas changed to yellow and purple. According to
the theoretical calculation results, the maximum temperature of
the vessel surface is close to 85 �C during operation, and the area
with higher temperature is where the color changes in Fig. 8. The
colour change of the vessel may be caused by the reaction between
the vessel material and the atmosphere in the helium vessel at a
certain temperature.

The service life of the target was related to many factors, such as
the irradiation damage of the target material [6], the state of the
target and the radioactivity in the cooling water [18]. In August
2020, the CSNS Target-1 was replaced by Target-2. Target-1 was
operational for 1055 days and was exposed to 8:65� 1021 protons.
Although the state of Target-1 was normal, we decided to replace it,
mainly because there were six thermocouples in Target-2, which
Fig. 8. Surface condition photos of CSNS

Table 1
The comparison of the parameters of Target-1 and Target-2.

Parameters Targ

Design power 100
Target material We

Number of target plates 11
Thickness of target plates 23.6
Thickness of Tantalum 0.3 m
Width of cool channel 1.2 m
Number of thermocouples 0
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can better monitor the state of the target. After a week of remote
handling of replacement operations, Target-2 was installed on the
target trolley. Table 1 shows the comparison of the parameters
between Target-1 and Target-2.

The second phase of operation in 2020 started on October 10th
when Target-2 received proton beams and produced neutrons for
the first time, Fig. 9 shows the temperature of six thermocouples in
the target. The maximum temperature in the Target-2 was 107 �C,
the temperature fluctuation was very small when the beam power
was stable, and the temperature decreased rapidly within 1 s when
the proton beam stopped. During the four-month operation of the
Target-2, the maximum temperature of the six thermocouples
increased slowly in the initial period, even though the proton beam
power was constant. This increase in temperature may be due to
the change in properties of thermocouple materials after irradia-
tion [21].
5. Conclusions

FEA results show that the maximum deformation of Target-1
was 0.54 mm without steel plate supports. The rigidity of the
target was enhanced and the maximum deformation of Target-2
was reduced to 0.21 mm by adding steel target plates connected
with the target vessel.

HIP, brazing, and plasma spraying were studied to obtain
tantalum cladding on tungsten, SEM results show that better in-
terfaces were obtained using HIP and brazing.

Gamma-ray spectrometry analysis on target cooling water loop
show the presence of radioactive isotope such as 182Ta, 175Hf,
171Lu,170Hf,169Yb,46Sc,7Be. However, no 187W was detected.

The surface color of Target-1 changed in some areas after the
operation. CSNS replaced its first target with Target-2 on August
2020. Six thermocouples were installed in the Target-2 for tem-
perature monitoring of the target plates. During 100 kW power
operation, the maximum temperature of the target thermocouple
was 107 �C.
Target-1 before and after operation.

et-1 Target-2

kW 200 kW
Ta WeTa

16
e80.6 mm 11.6e76.6 mm
m 0.3 mm
m 0.8e1.2 mm

6



Fig. 9. Temperatures of six thermocouples in the Target-2.
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