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Abstract 
 
The Taiwan Photon Source (TPS) is the one of the world’s brightest synchrotron X-ray sources geared 
toward world-class academic research. This accelerator consists of a low-emittance synchrotron storage ring 
of 518.4 meters in circumference and a booster ring that are designed in a concentric fashion and housed in a 
donut-shaped building. The initial commissioning was done and opened for user applcation with 300mA top-
up operation in the late of September 2016. The TPS storage ring comprises 24 double-bend achromat (DBA) 
cells, with six straight sections of 12 meters and eighteen straight sections of 7 meters in length. The phase-I 
project is to install 7 new beamline and 5 of them were already opened for users. In the design stage, the 
radiation shielding for the beam collimator, bremsstrahlung stopper, and the optical hutch shielding materials 
and thickness were discussed. The FLUKA[1] code was used to simulate the bremsstrahlung radiation dose 
and the STAC8[2] was applied to estimate the shielding wall agsinst the scattering of synchrotron. The 
coherent X-ray beam is one of the phase-I project and utilizes the synchrotron output from two IU22 
undulators, a 3 meter-long IU22 undulator and a 2 meter-long IU22 undulator, located in a 12-meter long 
straight section. After the construction, installation and before the beamline commissioning, the safety 
interlock and radiation survey must be done and approved to meet the requirement of the dose limit (1mSv/a). 
But radiation hot spots were found where the dose on the hutch surface will go beyond the criteria of 
0.5μSv/h. Analysis and ray tracing were made to pin-point the cause, then local shielding were enhanced to 
lower the dose to acceptable level. This work presents the design, survey results, analysis and those results 
after the extra-shielding was installed. 
 
 
Introduction 
 
The Taiwan Photon Source (TPS) is a new third generation synchrotron facility which has been 
commissioned since August 2014 and licensed to operate under 300 mA top-up mode for user application 
since September 2016. From the beginning of accelerator commissioning, not only the accelerator but also 
the beamline construction and elements installation and testing were processing heavily. The TPS storage 
ring comprises 24 double-bend achromat (DBA) cells, with six straight sections of 12 meters and eighteen 
straight sections of 7 meters in length. The phase-I beamline projects in TPS was to setup and deliver 7 
different new beamlines for users. All 7 beamlines in phase-I utilize insertion devices and undulators to 
generate specific synchrotron light. They’re arranged at 7 of the 18 long straight sections. One of the 7 
beamline proposed in phase-I is the beamline located at port 25 of TPS for coherent X-ray Scattering. the 
design of the end-station at this beamline is to provide users to perform X-ray Photon Correlation 
Spectroscopy (XPCS) and Coherent Diffraction Imaging (CDI) experiments. The synchrotron output for port 
25 is from a 12-meter long straight section where two IU22 undulators, a 3 meter-long IU22 undulator and a 
2 meter-long IU22 undulator, are installed as shown in figure 1. The two step focusing configuration in 
horizontal and two switchable optics, VCRL and VFM, in vertical achieve that the beam size can be changed 
in 1 μm2 and 100 μm2. In the optical hutch as shown in figure 1(b), photons pass through the pumping 
system and filters, collimator, Double Crystal Monochromator (DCM), the secondary shielding and stopper. 
Then the synchrotron light go through the first focusing system and leave the optical hutch to the end-station. 
At the end-station (figure 1(c)) hosted the second focusing system to further adjust the light and photon-
counting area detector with associated equipment. As a pioneer of the beamline in phase-I, the scientists 
group of the coherent X-ray scattering lead the way in commissioning of this beamline.  But before they can 
start to test and commission the equipment installed, the beamline must pass the related review and check. 
This is to ensure the output from the design and construction by the beamline group satisfies the goal, 
especially the radiation safety requirement. This paper presents the design, survey, analysis and those after 
the extra-shielding was installed in this coherent X-ray scattering beamline in TPS. 

 



 

 

Fig. 1 – The design of the coherent X-ray scattering beamline. (a) the overall scheme of the beamline, (b) the optical 
elements and radiation shielding in the optical hutch, and (c) the arrangement of experimental setup at the end-station. 
 
 
Beamline shielding design 
 
Beamline shielding is a continuous effort of Safety Division. In the early design stage, well-developed tools 
are utilized. The ray tracing and Monte Carlo code, FLUKA[1], are used for the arrangement and sizing the 
bremsstrahlung shielding, such as the collimators, stopper, and local shielding if needed. The analytical code 
STAC8[2] is used for synchrotron radiation shielding. Since each beamline in TPS has unique design, the 
estimation for the synchrotron radiation shielding was done per requirement, especially for the wall of the 
optical hutch. Generally, the wall of the optical hutch is composed of three layers with 3 to 4 mm iron plate 
at the outer and lead plate with a thickness up to 7 mm at the center. The collimator to shape the incoming 
light and the bremsstrahlung is in uniform design to be made by tungsten in a length of 22.5 and a cross 
section of 16 by 16 cm. The tungsten-made bremsstrahlung stopper in size of 15 cm by 15 cm by 30 cm is 
situated. Each collimator and stopper are asked to be wrapped with polyethylene in thickness of 10 cm. 
Moreover, a secondary bremsstrahlung shielding to eliminate the scattering from the monochramator is 
arranged to cover the region inside a 15 degree angle with respect to the scattering center. All the work is to 
ensure the dose limit of 0.5 Sv/h at all places where users are accessible. 
   
Measurement of dose rate at the optical hutch 
 
After the completion of the construction, installation and paper review, the radiation level at the field must be 
checked and surveyed to ensure the safety requirement is obeyed. The 451P ion chamber radiation survey 
meter by Fluke Biomedical® is used for gamma-ray dose rate detection. The neutron dose measurement was 
not included in the first survey since we didn’t expect that there’ll be neutron dose presented. It was found 
that the dose goes beyond the criteria by gamma-ray only. The aperture size of the slits at the front-end is 
opened at 4 mm by 4 mm. At the rear edge at the inboard location, gamma-ray dose rate is 0.67 Sv/h under 
only 150 mA top-up mode operation which goes beyond the limit. At the hutch end wall region, the dose rate 
is at the background level since it’s under the protection of the stopper. At the sliding door, 0.9 Sv/h is 
recorded at the gap between door and wall while accelerator is operated at 250 mA top-up mode. These 



findings suggested that something wrong inside the hutch. After a quick search and review, a mask that never 
showed up in the design stage is found at the very upstreaming location along the beamline in the hutch. This 
mask is made of oxygen-free copper in width of 7.4 cm and in length of 10 cm. A aperture with 1 mm by 1 
mm width at the center to pass the synchrotron.  This tiny piercing defines the beam size of the synchrotron. 
This unexpected mask exists and acts as the real collimator without sufficient shielding ability to attenuate 
bremsstrahlung and generated neutron. So, the local shielding must be arranged to enhance the radiation 
safety. Before the shielding installation, more tests were conducted to see the effect of opening gap size of 
the slits in front-end on the radiation outside the concrete tunnel and the hutch. 
 
Two gamma-ray and neutron integral area monitoring station were set outside the hutch, one at the rear edge 
at the inboard location and the other at the position lateral of the mask. Each station has one Thermo 
Scientific™ FHT 762 Wendi-2 wide-energy neutron detector and one FHT-192 ionization chamber to 
measure and record the ambient dose rate by neutron and gamma-ray. Also, a 451P ion chamber was placed 
at the back of the mask inside the hutch. The positions of these two monitoring stations and the 451P are 
illustrated in Figure 2. The aperture size of the slit in the front-end was opened from 0 mm by 0 mm, 0.5 mm 
by 0.5 mm, 1 mm by 1 mm, 2 mm by 2 mm, 3 mm by 3 mm to 4 mm by 4 mm. The TPS accelerator was 
operated at 200mA and 300mA top-up mode for these tests. Figure 2 shows the results from the 451P by 
personnel survey around the hutch. The worst position is at the corner where the cryogenic-tank locates at 
the outboard. Most areas are not allowed to be access under this radiation dose due to the safety requirement 
in NSRRC. Also, it’s very obvious that the wider the slit opens, the higher the dose rate outside the hutch 
achieves. Figure 3 shows the results from the monitoring station and the 451P inside the hutch. During the 
fresh injection to target current, the heavy metal shutter (HMS) in the front-end is down so that the dose rate 
outside the hutch is hard to distinguish from the background, but it has little impact inside the hutch to about 
0.4 Sv/h. The spurts in gamma-ray dose rates inside and outside occurs associated with the injection under 
the top-up mode operation of the accelerator. Once the beamline is ready, the HMS is lifted to pass the 
synchrotron and unavoidable bremsstrahlung, and the dose rates shot up simultaneously. For the same 
opening size in the slit, the gamma-ray dose rate at back of the mask inside the hutch under 300 mA is about 
2.8 times of that under 200mA beam current condition. For the dose rate at the lateral position, the 
contribution from gamma-ray and neutron from the interaction of high energy bremsstrahlung are even, and 
neutron can be more important while the beam current increases (figure 4). While at the downstream corner, 
gamma-ray dominates the dose rate and is about ten times of the neutron. Compared the total dose rates at 
the lateral position, the ratio of slope of total fitting curve in 300 mA to that in 200 mA beam current 
condition is 2.67. This agrees with the ratio of the gamma-ray dose inside the hutch under two beam current 
condition. But the ratio is about 2 at the downstream inboard corner. The difference results from the neutron 
contribution and the beamline structural components existing in the way from mask to the corner. 
 

 
Fig. 2 – The radiation survey results under different beam current and slit opening by personnel using 451P ion 

chamber.(The locations of the monitoring station and the 451P inside the hutch also illustrated.) 



 

 
Fig. 3 – The dose rates from 451P at the back of the mask inside the hutch, from monitoring stations at the rear edge 
outside at the inboard and outside hutch at the lateral of the mask under different conditions. (The lower one is the 

beam current, and the number in dark green under each plateaus of red line in the upper figure is the slit opening size 
in mm by mm correspondingly.) 

 
 

 
Fig. 4 – The averaged dose rates outside the hutch under different conditions. 

 
 
 
Shielding reinforced 
 
The mask at the very upstream is the main scattering source. The space to arrange a local shielding is 
constrained by the installed equipment on site. Considering the space available, we installed a lead in 10 cm 
thick at the back of the copper mask and a lead block in 5 cm thick at lateral. Besides, at the outboard 
direction, a polyethylene in 15cm thick to shield neutron is set to mitigate the neutron dose rate outside. 
Figure 5 shows the results of the extra shielding design.  



 

 
Fig. 5 – The local shielding around the mask at the very upstreaming location. The left is the slanting view from the up-

outboard to down-inboard, and the right is the view from inboard to outboard. 
 
 
Measurement after shielding installed 
 
After the local shielding is enhanced and installed, the measurement is performed again. This time, a 451P 
ionization chamber is located after the local shielding around the mask and a radiation monitoring station is 
placed at the lateral direction of wrapped mask outside the hutch. Under the 300mA top-up operation in the 
accelerator and the slit gap is opened at 2 by 2 mini-meter, figure 6 shows the dose rate recorded by the 451P 
inside the hutch and the dose rate from the monitoring station at the lateral location outside the hutch. The 
dose rate at the back of the mask is improved by a factor about four, which lower the gamma-ray dose rate 
from 300 Sv/h to 73Sv/h. For those at the lateral location outside the hutch, the total dose rate is in the 
background level, and the neutron dose rate is 0.045 Sv/h in average, which is about one quarter to fifth of 
that without the shielding. This demonstrates the effect of the local shielding to improve the radiation safety 
at the accessible region. 
 
The dose rates around the hutch are measured and much well below the criteria and close to the background 
level, except the corner siting the cryogenic tank. The dose rate at the corner is about a quarter of one micro-
Sv per hour. This should be contributed from the interaction of the left bremsstrahlung with the second mask 
and the scattering term leaking from the vacuum chamber and gap between the pipe and the rear local 
shielding. Considering that the corner is hard to access and it’s the only hot spot found, no further action 
about the shielding is taken. 
 



 
Fig. 6 – The dose rates from 451P at the back of the mask inside the hutch and from monitoring station outside hutch at 

the lateral of the mask under 300mA top-up operation mode in the accelerator after the shielding is reinforced. 
 
 

 
Simulation results 
 
Simulation is of great help in affording a fascinating insight to the radiation distribution. To have more 
understanding and be more confident, a simplified FLUKA model was built to obtain the whole picture of 
the radiation field resulted from the bremsstrahlung. All the important components along the photon path 
from the start of the straight section inside the tunnel to the bremsstrahlung stopper and the sandwich-type 
shieling wall bounded the optical hutch were included in the FLUKA model. The opening gap of the slits in 
the front-end is set to be 2 by 2 mm to compare with the measurement. The simulation results are normalized 
to 1nTorr pressure in the vacuum chamber and 300 mA beam current operation. Figure 7 showed the dose 
rate distribution from FLUKA simulation. Although the gap-value reading is about 1nTorr, but the averaged 
pressure inside the chamber is about twice the reading. The FLUKA simulation agrees with the measurement 
well at the lateral by considering this air pressure in the vacuum chamber. Also, the simulation confirms the 
source of the radiation dose rates at the corner. The gamma-ray scattered from the chamber penetrating the 
rear shielding block and those emerged from the interaction with the second mask contributes the dose rates 
at the corner where locate the cryogenic tank outside the hutch, and neutron dose rate there is negligible.  
 
 

 
Fig. 7 – The dose map by FLUKA simulation. The upper left: gamma-ray dose rate distribution over the horizontal 
plane at beam level; the upper right: the neutron dose rate distribution over the horizontal plane at beam level; the 
bottom left: gamma-ray dose rate distribution over the vertical plane along the beam path; the bottom right: neutron 
dose rate distribution over the vertical plane along the beam path. 



The simulation overestimates the dose rate at the downstream location where the measurement results there 
are at the background level. This is understood to be due to the inaccuracy of the model. There are more 
structure blocks, such as mechanical supports, chamber flanges between the pipe, tunnel wall connector and 
constraints, etc., are not included in FLUKA model. These materials help in reducing the gamma-ray dose 
rate at the end wall and they are not presented in FLUKA model. From the simulation results and the 
agreement with the measurement, the dose map revealed by the simulation confirms the radiation dose rates 
on site are acceptable and much below the limit. 
 
 
Conclusion 
 
The dose rate criteria for radiation safety in TPS is 1mSv/a, which is equal to 2Sv/4h considering 2,000 
working hours per year. To fit the requirement, not only the accelerator but also the beamline must be all 
taken into consideration. From the preliminary study, the collimator, the secondary bremsstrahlung shielding, 
stopper, and the hutch are designed and arranged. After the installation, measurements are conducted to sure 
the function of the shielding design meets the expectation. An unexpected mask presents in the beamline and 
with a narrow penetration make it as the true collimator. This modification in the optical elements and 
components challenge the effectiveness of the designed shielding and results in the violence against the 
safety guidelines. Extra shielding is installed to lower the dose rate outside the hutch, and FLUKA 
simulation confirmed the dose distribution around the hutch is within requirement. The dose around the 
authorized TPS beamlines obeys the criteria well after the work. The same strategy was adopted as a long-
term solution to other beamline to eliminate the radiation exposure originated from the unexpected mask. In 
the case reported here, the situation that the dose rate goes beyond the limit reveals the importance of the 
communication between different groups relating to the same subject. Any modification or changes the 
conditions without discussing might lead to unpredictable consequences. To prevent any accidents, all the 
related groups must talk to each other, especially for modification after the detailed design is done. 
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