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RESUMO

Este artigo apresenta algumas considerações da análise de 

radiação, análise térmica e o desenvolvimento da estrutura 

mecânica que deve atuar o bloqueador para abrir e fechar, 

liberando ou bloqueando a passagem do feixe de luz síncrotron 

vinda do acelerador de partículas. O principal objetivo é absorver 

e dissipar a energia do feixe sem usar fluido de refrigeração.
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ABSTRACT

 This article presents some considerations on the radiation and 

thermal analyses, as well as the design of the mechanical structure 

which must actuate the shutter to open and close; releasing or 

blocking the passage of synchrotron light coming from the particle 

accelerator. The main goal is to absorb and dissipate the beam 

energy without using a cooling fluid.
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inTRODUCTION
The LNLS (National Synchrotron Light Laboratory) proposed a 

challenge for the development of a Photon & Gamma Shutter block 
for the Sirius program, called SPS - Sirius Photon Shutter(1).

The photon blocker is a safety device because it blocks the beam 
of radiation emitted by the particle accelerator in a synchrotron 
light line. The function of the blocker is to dissipate all power 
by transforming the energy of the beam into thermal energy(2), 
preventing propagation of the radiation in the line after the closing of 
the passage of the blocking chamber(1).

The main objective is to develop a compact and efficient system to 
dissipate all beam energy in the blocker, with a block of density and 
geometry suitable to withstand the thermal loads. Also, to be able to 
stop all energy of the incident beam in the assembly, dissipating it 
without necessity of cooling fluid.

The use of fluid cooling system inside vacuum chamber must to 
be done with care. Any leak of liquid is undesirable because it degrade the 
vacuum by degassing of water(3) used to cooling the blocker inside 
the chamber. 

This study of doing a shutter without cooling fluid was made in 
order to verify the possibility of simplify this part of the project, finding  
innovative way to dissipate heat by radiation(4) from the blocker with 
the efficiency necessary to meet the  project requirements.

MATERIALS AND METHODS
The blocking occurs in the set of metal blocks in front of the beam. 

The first block is made of copper (Cu) to dissipate a large thermal 
load.  The second block uses materials such as lead (Pb), pure tungsten 
(W), or 90% tungsten alloy, to absorb the radiation produced when 
electrons undergo deceleration, denominated bremsstrahlung(5).

Based on the requirements received in the Sirius Program 
documentation and materials properties, the following computational 
tools (CAD/CAE) were used for the development of the project:

1.	 GEANT4 to analyze the radiation and to dimension the 
minimum block size capable of stopping the whole beam 
power, according to S. Agostinelli at al.(6).

2.	 SATER 100, a thermal analysis software tool developed by 
Equatorial Sistemas S/A, to do the thermal analyses(7)and to 
dimension the minimum block size to dissipate the beam 
energy.

3.	 INVENTOR  2010, from Autodesk, to size the mechanical 
envelope to support parts and vacuum requirements.

RESULTS AND DISCUSSION

Study of Radiation
The radiation analysis for Sirius Photon Shutter design 

includes: a detailed study of the interaction of X-radiation and 
bremsstrahlung for potential materials and dimensions for the 
shutter, considering the interaction of radiation with matter and 

the deflection of the particle in relation to incident direction, 
where the particle energy loss occurs(8); the material stopping 
power, among other aspects that will not be approached in this 
article.

Pure tungsten has a slightly higher stopping power(9) than the 
others, requiring a length of approximately 18  cm of material 
to stop all energy. In order to meet the Laboratory’s safety 
requirements, a block (ingot) with dimensions 10 cm x 10 cm and 
a length of 36 cm was adopted in this study.

Figure 1 presents a comparison of energy loss profiles of 
different materials, obtained in the simulation for bremsstrahlung 
with 3 GeV in γ-ray.

Figure 1: Comparison of energy loss profiles among materials.
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Figure 2 presents the copper stopping power simulation to 
determine the block length as a function of penetration depth of 
the x-ray beam with 100 keV.

Figure 2: Profile of energy loss of the synchrotron beam in pure 
copper.

The results indicate that a block 10 cm wide, 10 cm high, and 
5  cm long of pure copper is sufficient for the blocking of the 
synchrotron radiation from the main particle accelerator ring.

In order to stop all energy from the incident beam, it is 
necessary to combine the two blocks of different materials: the 
copper blocks the x-rays and the tungsten, the γ-ray.
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Thermal Study
Several constructive configurations of the photon blocker 

were investigated in order to avoid the use of water circulation 
refrigeration. To do so, solutions were sought that maximized 
the exchange of heat by radiation between the blocker and 
the walls of the vacuum chamber, starting from the simplest 
configuration (ingot only) to configurations using extended 
surfaces (radiators)(7). 
•	 Configuration - 46 cm Ingot: Initially the temperature 

reached by the 46  cm ingot (10  cm Cu and 36  cm W) 
under the specified operating conditions was calculated. 
The materials’ characteristics described in Table 1 were 
used in the simulations, where Cp is the specific heat of the 
material, d, its density, ε, the emissivity, and k, the thermal 
conductivity of the material.

Parameter Copper Tungsten

Cp (J/kg.K) 385 130

d (kg/m3) 8941 19300

ε  0.5 0.5

k (W/m.K) 391 173

Table 1. Materials’ characteristics.

Figure 3 shows the simulation result, with the temperature dis-
tribution along the copper block, where the beam is incident, and 
along the tungsten block. A 200 W beam applied in the area of 
100 cm2 was considered. The external temperature of the vacuum 
chamber was 48°C and its external area was 8756 cm2.

The maximum temperature obtained in the region of incidence 
of the beam was 263°C. Although relatively high, it was considered 
acceptable for this design concept.

Figure 3: Blocker temperatures in the configuration – Ingot 46 cm.

•	 Configuration - Ingot 23 cm: More detailed studies 
showed that the length of the tungsten ingot could be 
reduced from 36 cm to 18 cm. The configuration, as shown 
in Fig. 4, maintained all the materials’ characteristics and 
parameters of the previous configuration, changing only 
the length of the copper (Cu) and tungsten (W) blocks.

The new maximum temperature obtained in the region of beam 
incidence reached 293°C, which was considered worrying, since a 

very high temperature requires a more robust thermal insulation 
between the block and the actuation system, thus increasing the 
complexity of the project. As a result, it was decided to investigate 
the possibility of reducing this temperature using a radiator to 
dissipate heat.

Figure 4: Blocker temperatures in the configuration - Ingot 23 cm.

•	 Radiator with 40 Fins: The first configuration investigated 
was a radiator of 40 radial rectangular fins with 0.2  cm 
thickness, 18  cm x 5  cm around the block in the shape 
of a cup with 10 cm of diameter and thickness of 0.4 cm, 
according to Fig. 5. On all surfaces, the emissivity ε is 
equal to 0.9, except on the inner face (B), in contact with 
the tungsten block.

Figure 5: Temperatures of 40-fin radiator.

Although the temperature was reduced to 203°C in the region 
immediately in contact with the center of the blocker, it was con-
sidered a very complex configuration to manufacture.

It has also been observed that the small distance between the 
fins generates a radiation coupling with the very small chamber, 
due to mutual locking between fins.
•	 Radiator with 20 Fins: In order to mitigate the problem 

detected with the previous configuration, the number of 
radials was reduced from 40 to 20, without changing its 
dimensions. With this new configuration, as shown in 
Fig. 6, the maximum temperature obtained in the region 
immediately in contact with the center of the blocker 
was reduced to 184°C, around 19°C below the 40-fin 
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configuration. It was then decided to investigate the 
possibility of replacing the finned radiator with a 
cylindrical surface with the same effective area.

•	 Circular Radiator: The finned radiator was replaced by 
a cylinder with a 20 cm outside diameter (without fins), 
keeping the diameter of the blocker at 10 cm. By varying 
the diameter of the radiator, several simulations were 
made, obtaining a lower maximum temperature of 170oC 
for the diameter of 20 cm, as shown in Figure 7.

•	 Oblong Radiator: Due to the changes introduced by the 
mechanical design in the radiator configuration and the 
dimensions of the vacuum chamber, the final model was 
developed with the shape of an oblong cup, as shown in 
Fig. 8. It was 20  cm wide, 12  cm high, 26  cm long and 
0.5 cm thick.

Figure 6: Temperatures of 20-fin radiator.
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Figure 8: Temperatures of the blocker with an oblong radiator.

Figure 7: Blocker temperatures with cylindrical radiator (without fins).

Figure 9: Vacuum Chamber of Ø35.56 cm x 70 cm.

Although a much more concentrated beam (0.3 cm x 0.3 cm) 
was considered, the maximum temperature obtained was 168°C, 
slightly lower than the temperature obtained in the previous 
configuration.

With oblong geometry, the estimated mean temperature in the 
walls of the vacuum chamber was 58°C.

The temperature of 168°C was obtained assuming that the 
emissivity of the internal wall of the vacuum chamber is greater 
than 0.9. If this value is not attainable, the radiator temperature 
will increase. For an emissivity of 0.1, for both the radiator and 
the inner wall of the vacuum chamber, the blocker temperature 
reaches values above 450°C.

Structure Development
The mechanical design was developed simultaneously with 

the radiation and thermal studies. The mechanical concept was 
started considering the LNLS requirements, and reiterated with 
feedback from the results of the radiation and thermal analyses.

The first configuration of the vacuum chamber with 35.56 cm 
(14 inches) of nominal diameter and 70 cm length, as shown 
in Fig. 9, used a cylindrical copper block (Cu) of 13.7  kg with 
dimensions Ø14 cm x 10 cm and a tungsten block (W) of 107 kg 
with dimensions Ø14 cm x 36 cm. The area of the 10 cm x 10 cm 
square is circumscribed in the 14 cm diameter circumference.

The mass of the set with the Cu-W blocks is 121 kg. At least 
two support points are necessary for lifting and positioning the 
blocker.

With the advancement of radiation and thermal studies, a 
leaner design was developed, reducing the size of the vacuum 
chamber because the mass of the blocker was reduced.

To reduce the assembly’s temperature, it was necessary to 
develop an integral radiator to the copper block (Cu) with an 
approximate total area of 1885 cm2 of external surfaces, as shown 
in Fig.10.

The thermal analysis of the Circular Radiator presents a 
reduction in the maximum temperature in relation to the 
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previous ones. To accommodate the radiator without increasing 
the volume of the vacuum chamber, the radiator was changed to 
the oblong profile, as shown in Fig. 11, with a total surface area of 
approximately 1924 cm2. This was slightly larger than the circular 
profile.

Radiation and thermal analyses allowed the reduction of 
the length and diameter of the blocker. With this, the vacuum 
chamber can be reduced from 70 cm to 50 cm in length and the 
nominal diameter reduced from 35.56 cm (14 inches) to 30.48 cm 
(12 inches). The weight reduction was significant due to the high 
density of tungsten, making it possible to use only a fulcrum for 
the pneumatic actuator, as shown in Fig. 12.
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Figure 10: Radiator with circular profile.

Figure 11: Radiator with oblong profile.

Figure 12: Vacuum chamber Ø30,.48 cm x 40 cm with only one 
pneumatic actuator.

CONCLUSION
The development of this design was based on the study of 

thermal dissipation only by radiation, without considering 
convection and conduction of heat, since the blocker works in 
an ultra-high vacuum environment. The initial intention was to 
dissipate all energy by thermal radiation while maintaining the 
blocker at an acceptable temperature during operation, without 
the need to add a refrigerant circuit inside the vacuum chamber.

The results showed that, with the use of high emissivity coatings 
(ε> 0.9) inside the vacuum chamber, the blocker temperature will 
be kept below 170°C, which was considered acceptable during 
operation. However, coatings with high emissivity are usually 
incompatible with ultra-high vacuum. Polished surfaces, 
normally used in these chambers, have emissivity well below 0.1, 
raising the temperature above 450°C.

The challenge presented here is to identify processes that provide 
surface finishes of high emissivity in the infrared spectrum, 
which are economically and compatible with ultra-high vacuum 
environments.
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