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Abstract A synchrotron-based proton therapy (PT) facility

that conforms with the requirement of future development

trend in compact PT can be operated without an energy

selection system. This article demonstrates a novel radia-

tion shielding design for this purpose. Various FLUKA-

based Monte Carlo simulations have been performed to

validate its feasibility. In this design, two different

shielding scenarios (3-m-thick concrete and 2-m-thick

iron–concrete) are proved able to reduce the public annual

dose to the limit of 0.1 mSv/year. The calculation result

shows that the non-primary radiation from a PT system

without an inner shielding wall complies with the IEC

60601-2-64 international standard, making a single room a

reality. Moreover, the H/D value of this design decreases

from 2.14 to 0.32 mSv/Gy when the distance ranges from

50 to 150 cm from the isocenter, which is consistent with

the previous result from another study. By establishing a

typical time schedule and procedures in a treatment day for

a single room in the simulation, a non-urgent machine

maintenance time of 10 min after treatment is recom-

mended, and the residual radiation level in most areas can

be reduced to 2.5 lSv/h. The annual dose for radiation

therapists coming from the residual radiation is 1 mSv,

which is 20% of the target design. In general, this shielding

design ensures a low cost and compact facility compared

with the cyclotron-based PT system.

Keywords Proton therapy � Radiation shielding � Monte

Carlo � FLUKA

1 Introduction

Typically, an inner shielding wall between a patient and

accelerator/beam transport system (BTS) is built using the

traditional shielding design of a proton therapy (PT)

facility [1]. Some new compact single-room solutions still

have shielding walls between the patient and machine, for

example, IBA Proteus ONE [2] and Varian ProBeam [3].

For a cyclotron, an energy selection system (ESS) for

clinical applications is usually necessary. ESS generates

high energy neutrons, thus requiring thick shielding walls

around it. However, MEVION S250 has a compact design

without inner shielding, and this system complies with the

IEC 60601-2-64 standard [4].

Synchrotron can extract protons with different energies,

as directly required by the treatment plan system, indicat-

ing that a synchrotron-based PT system can work without

ESS. It enables the design of an even more compact proton
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facility without an inner shielding wall [5] to be possible.

The Radiance 330 synchrotron, which is produced by

ProTom, can be installed within an interior accelerator

vault space of 54 m2 and requires up to 40% less radiation

shielding than many other systems currently in the market.

The compact synchrotron designs by Hitachi PROBEAT

and Mitsubishi in Japan show a trend toward more compact

and simple designs [3].

According to the reports of International Commission on

Radiological Protection [6] and National Council on

Radiation Protection and Measurement [7], the occupa-

tional and annual public dose limits are 20 and 1 mSv,

respectively. The same values are also provided in Chinese

Standard GB18871-2002 [8]. The standard (GBZ/T

201-2007) requires that the dose rate at 30 cm outside the

shielding wall should be less than 2.5 lSv/h [9]. For a

conservative design, the shielding design used in the pre-

sent study is listed in Table 1. The occupational exposure is

5 mSv (one-fourth of the standard), and exposure to the

public is 0.1 mSv (one-tenth of the standard). The dose

limit rate at 30 cm outside the treatment room is 1.5 lSv/h.

Note that the dose here is the ambient dose equivalent

expressed in sievert unit.

Section 201.10.2.101.4.3 of the IEC 60601-2-64 stan-

dard prescribes the dose limit for a patient in the treatment

area [10]. The maximum absorbed dose in the range of

15–50 cm laterally away to the beam axis is not allowed to

exceed 0.5% of the dose amount delivered at the isocenter.

In the patient plane with a lateral distance in the range of

50–200 cm, the maximum absorbed dose from all radiation

types must be below 0.1% of the dose delivered at the

isocenter. Note that the dose here represents the absorbed

dose expressed in gray unit.

To evaluate the dose level and effects of a compact

synchrotron-based single-room PT system on the environ-

ment and patient, it is necessary to profoundly understand

the radiation sources during the shielding design process.

These radiation sources represent the locations where the

proton beam interacts with matters, i.e., the bending

dipoles, injection/extraction units, nozzle, and treatment

volume.

The aims of the present study are to calculate the dose or

dose rate distribution of an entire facility and to verify

whether the design can provide a radiation shield within the

threshold value. The effects of non-primary radiation on

the patient and the residual radiation on the occupational

staff are calculated and evaluated.

2 Materials and methods

FLUKA, as a general Monte Carlo (MC) toolkit, is

adopted to calculate the dose distribution, and it has been

verified by many other experiments [11–13]. SimpleGEO

and Flair, which are advanced interfaces for FLUKA, are

designed to create complex MC model and to analyze data

[14, 15]. The typical time consumption for a primary par-

ticle number of 106 is 1–2 h on a standalone computer with

a single core (Intel Core (TM) i7-8550U CPU @ 1.8 GHz

and 16 GB memory). The multi-thread parallel computing

at the National Supercomputing Center in Wuxi is there-

fore required to reduce the statistical error to less than 10%.

With 1000 cores (SW26010) used in the calculation, the

time consumption can be reduced to less than 10 h if the

primary number is set to 1010 [16].

To obtain an accurate dose distribution and to verify

whether the shielding design satisfies the requirement of

the target limit listed in Table 1, a simplified geometry

model with an accelerator, beam transport line, and nozzle

is constructed and simulated in FLUKA. The layout is

shown in Fig. 1. The target is a water sphere with a radius

of 20 cm at the isocenter. The beam path of the scanning

nozzle is a helium chamber. The BTS contains three

bending magnets. The extraction and injection system

consist of several septa. The synchrotron has four bending

dipoles. The scanning nozzle is composed of two dipoles.

The beam path chamber and two ion chambers are filled

with argon gas.

Table 2 lists the beam losses of the major sources shown

in Fig. 1. The quadrupole magnets, steering magnets,

acceleration cavity, and beam profile monitors are not

considered because the beam loss at these positions is very

significantly lower than that of the dipole magnet. The

beam loss in the vacuum tubes is normalized to the nearby

dipoles. The energy of the injection proton is 3.5 MeV. The

source from the injection can be ignored in all dose cal-

culations as it contributes little to the total dose. The

transmission contribution represents a conservative esti-

mation compared with that in some other similar studies

[17, 18], and it can be defined as a relative value with

respect to the current at a certain point. For the extraction

and synchrotron cases, the conservative transmission val-

ues (70% and 50%, respectively) are provided because a lot

of protons are lost during the commissioning.

To simulate the proton-transport process, synchrotron

and BTS dipole magnets are set with a magnet field. The

four synchrotron dipole magnets (D1–D4) equally share

Table 1 Dose limit

Dose limit type Standard Objective

Occupational dose limit 20 mSv/year 5 mSv/year

Public dose limit 1 mSv/year 0.1 mSv/year

Dose rate limit 2.5 lSv/h 1.5 lSv/h
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50% of the beam losses, and the three BTS dipole magnets

(D1–D3) share only 10% of the beam losses. Four gantry

angles (G0: 0�, G1: 90�, G2: 180�, and G3: 270�) share

100% of the losses in the target. Table 3 lists the beam loss

weight of the different sources for every injected proton.

We can summarize that the synchrotron and extraction

beam losses have a relatively high weight. These sources

will be considered in a detailed model, and the evaluation

of their influence on the patients, occupational staff, and

environment is presented in the following sections.

For the annual dose calculation, an average current of 1

nA and the weight of the proton energy are considered. The

energy weight used in the calculations is listed in Table 4

[19].

The annual workload for a single treatment room is

calculated by using Eq. (1). The conditions under which

the calculation is performed are listed in Table 5. Thus, the

estimation of the maximum annual workload is 500 nA h.

Workload ¼ Patients � Fields � Time per field

60 min=h
� Current

� Working days

ð1Þ

Fig. 1 (Color online) MC geometry model of the synchrotron-based PT system

Table 2 Beam loss table
Source Material Transmission (%) Energy (MeV) Input current (nA) Loss current (nA)

Target Water 0 130–230 2.00 2.00

Nozzle Helium 95 130–230 2.11 0.11

BTS Iron 90 130–230 2.34 0.23

Extraction Iron 70 130–230 3.34 1.00

Synchrotron Iron/copper 50 130–230 6.68 3.34

Table 3 Beam loss weight

Synchrotron Extraction BTS Nozzle Target

D1 D2 D3 D4 D1 D2 D3 G0 G1 G2 G3

0.125 0.125 0.125 0.125 0.15 0.0117 0.0117 0.0117 0.0158 0.0748 0.0748 0.0748 0.0748

Table 4 Energy weight
Energy (MeV) Weight

230 0.176

210 0.140

180 0.123

160 0.313

130 0.248
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For the dose rate distribution calculation, a maximum

current of 2 nA at the target and high energy case are

considered. For a patient in the treatment area, the deepest

modulated spread-out Bragg peak (SOBP: 25–33 cm)

obtained from several individual Bragg peaks at staggered

depths is used to calculate the absorbed dose [19].

3 Results of general shielding

3.1 Annual dose limit

Concrete (q ¼ 2:3 g=cm3) and iron (q ¼ 7:87 g=cm3)

are well-known basic materials for PT facility shielding

[20, 21]. For a standard design, only concrete is used, and

the shielding layout is shown in Fig. 2.

The dose equivalent distribution is shown in Fig. 3. The

three lines with different colors represent different thresh-

olds for our objective [(0.1 mSv/year: pink), requirement

in the US standard (1 mSv/year: purple), and the occupa-

tional limit (5 mSv/year: blue)]. We can conclude that the

thickness of the concrete wall should not be less than 2 m

to reduce the dose below 0.1 mSv/year except in the region

close to the isocenter, which requires a thicker wall (3 m)

to shield the prompt radiation. The left panel in Fig. 3

shows that the value at the maze door is slightly above the

threshold prescribed in the standard, indicating that the

public should stay away from the maze exit during treat-

ment. The 1.5-m-thick wall is able to reduce the dose to the

US standard; that will save a lot space if such system can

be installed. For the occupational staff, this shielding

design is also sufficient.

The design that combines mixed concrete and iron can

be an excellent solution to the problem caused by space

limits. The geometry implemented in the simulation is

shown in Fig. 4. Iron with a maximum thickness of 1 m is

used to shield high energy neutrons, while hydrogenous

materials are to shield low energy neutrons. The dose

equivalent map based on this design is shown in Fig. 5. It is

worth noting that it is different from Fig. 3 because iron

plates with different thicknesses (in black) are placed at

different positions in the treatment room. In this case, the

high density of the iron plates allows the maximum

thickness of the wall to be reduced to 2 m. The three color

lines that represent the different thresholds can also be well

constrained in the shielding wall, which proves that the

combined design provides a similar shielding ability to the

design shown in Fig. 3.

3.2 Dose rate limit

For a conservative design, a maximum current of 2 nA

at the target and an 8-cm-deep SOBP created by the

method mentioned in Ref [22] are applied to calculate the

dose rate distribution. Figure 6 shows that the pink envel-

ope line, indicating the objective limit value of 1.5 lSv/h is

within the shielding limit in both cases. The shielding

complies with the requirement of the GBZ/T 201-2007

standard.

4 Results of the Inner Shielding Wall

4.1 Modulated SOBP

To measure the absorbed dose required by the IEC

standard, a deepest 8-cm SOBP is generated by the weight

adaption method by using Eq. (2) [20]. The black curve in

Fig. 7 shows the simulated dose distribution according to

the range weight, which is marked with the blue curve.

Here, the lateral field size is 5 9 5 cm2, and the absorbed

dose at the SOBP flat top is 2 Gy.

W Rð Þ ¼ qD0

P sin p=Pð Þa1=P

p dmax �Rð Þ1=P

1

aþ bR

� �k

; dmin �R\dmax

0; R\dmin; R�dmax

8><
>:

ð2Þ

Fig. 2 (Color online) Layout of the concrete shielding design

Table 5 Annual workload

Parameters Value

Patients per day 30

Working day per year 250

Fields per patient 2

Time per field (min) 2.00

Average beam current (nA) 1.00

Daily workload (nA h) 2.00

Annual workload (nA h) 500.00
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The fitted parameter values are a ¼ 420:4812,

P ¼ 1:73825, a ¼ 4:49, b ¼ �0:08945, and k ¼ 2:2.

4.2 Non-primary radiation and inner shielding wall

The proton loss during the beam transport process

generates secondary particles such as neutrons and

gammas. They are not intended to treat a patient and may

cause risk in the clinic. Thus, a proper mitigation method

must be considered to deal with the non-primary radiation.

The non-primary radiation outside the projection of the

radiation field is measured at six locations, namely A1, A2,

B1, B2, C1, and C2. The different locations of these

measurements are shown in Fig. 8. A1 and A2 are mirror

of each other located at a lateral distance of 15 cm outside

the radiation field. The other two pairs (B1, B2 and C1, C2)

have a similar layout but at farther lateral distances, which

are 50 and 200 cm, respectively.

A1 and A2 are inside the target water sphere. To obtain

the contribution weight of the non-primary radiation, each

source in Table 2 is separately simulated, which is a dis-

tinct process. The values of the non-primary radiation at

A1 and A2 are listed in Table 6, which indicate that the

target and nozzle contribute more than 99% of the absorbed

dose, whereas the contributions from the other sources are

three orders of magnitude lower. The total non-primary

radiation dose is 5.37 9 10-3 Gy, accounting for 0.27% of

the field dose of 2 Gy. This ratio is significantly lower than

that of the IEC standard requirement (0.5%).

Fig. 3 (Color online) Annual dose equivalent distribution of the concrete shielding. Left: horizontal XZ plane at Y = 0 cm. Right: vertical YZ

plane at X = - 60 cm. The pallet shows the dose distribution from 9 9 10-4 to 1.4 9 106 mSv/year

Fig. 4 (Color online) Design that combines (blue) mixed concrete

and (gray) iron

Fig. 5 (Color online) Annual dose equivalent distribution of (gray) mixed concrete and (black) iron shielding. Left: horizontal XZ plane at

Y = 0 cm. Right: vertical YZ plane at X = - 60 cm. The pallet shows the dose distribution from 9 9 10-4 to 1.4 9 106 mSv/year
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The non-primary radiation data at distances of 50 and

200 cm outside the radiation field are listed in Table 7. For

B1 and B2, the target and nozzle contribute approximately

99% of the non-primary radiation. According to the result

at closer distances to the machine, the contribution of the

extraction and synchrotron points at C1 significantly

increases in which total non-primary radiation doses are

0.07% and 0.003%, respectively. This ratio is also smaller

than the IEC standard requirement, which is 0.1%.

According to the calculation results, a conclusion can be

drawn that the synchrotron-based compact proton facility

can feasibly work without an inner shielding wall. To

verify this conclusion, we investigate three other

Fig. 6 (Color online) Upper row: a1 and a2 represent the dose rate

distribution of the concrete shielding in horizontal and vertical views,

respectively. Bottom row: Dose rate distribution of mixed concrete

and iron shielding. b1 represents the horizontal view, and b2

represents the vertical view

Fig. 7 (Color online) An 8-cm-deep SOBP generated by the weight

adaption method

Fig. 8 (Color online) Locations of the measurement points of the

non-primary radiation outside the radiation field
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configurations with different inner shielding walls: 10-cm

concrete, 2-cm iron and 5-cm concrete, and 2-cm iron and

5-cm concrete local shielding walls. Figure 9 shows that

the inner wall can shield radiation that comes from the

synchrotron and extraction processes. To be specific, the

2-cm iron and 5-cm concrete shielding wall can shield the

radiation from the extraction process in a more efficient

manner.

However, the inner shielding wall obviously does not

change the dose distribution around the target, as listed in

Table 8. The reason is that the target and nozzle contribute

most of the non-primary radiation at locations A1, B1, and

C1. Although a patient does not benefit from the inner wall,

which means it is unnecessary to build such a wall for a

synchrotron-based compact proton facility, a local shield-

ing wall is still recommended because this little addition

can reduce the radiation from the extraction process.

4.3 H/D value

H/D value is defined as the dose equivalent per thera-

peutic dose, which is calculated by using Eq. (3). It is an

important quantitative index to evaluate the non-primary

radiation level around the patient.

H

D

mSv

Gy

� �
¼ FLUKA Scoring dose equivalent mSvð Þ

Field dose 2 Gy

ð3Þ

The H/D distribution of the configuration without an

inner wall is shown in Fig. 10. The H/D value decreases

from 2.14 to 0.32 mSv/Gy when the distance from the

isocenter ranges from 50 to 150 cm. From the comparison

with the literature, the different settings and results of the

H/D value are listed in Table 9, which shows that the H/D

value relatively matches the result by Polf et al.

5 Results of residual radiation

In this section, we present the evaluation of the residual

radiation and its influence on the radiation therapist (RT).

The typical time schedule and procedures in a treatment

day in a single room are listed in Table 10. Each patient

treatment consists of three steps, namely 2 min of field

Table 6 Non-primary radiation

at 15 cm outside the radiation

field

Region 15 cm

Source A1 A2

Absorbed dose (Gy) Weight (%) Absorbed dose (Gy) Weight (%)

Target and nozzle 5.35 9 10-3 99.60 5.54 9 10-3 99.63

BTS 7.98 9 10-6 0.15 1.04 9 10-5 0.19

Extraction 7.62 9 10-6 0.14 5.15 9 10-6 0.09

Synchrotron 5.85 9 10-6 0.11 4.99 9 10-6 0.09

Sum of all sources 5.37 9 10-3 100.00 5.56 9 10-3 100.00

Ratio to the field dose 0.27% 0.28%

Table 7 Non-primary radiation at 50 and 200 cm outside the radiation field

Region 50 cm 200 cm

Source B1 B2 C1 C2

Absorbed dose

(Gy)

Weight

(%)

Absorbed dose

(Gy)

Weight

(%)

Absorbed dose

(Gy)

Weight

(%)

Absorbed dose

(Gy)

Weight

(%)

Target and

nozzle

1.48 9 10-3 98.98 1.26 9 10-3 99.17 4.12 9 10-5 68.33 4.40 9 10-5 81.57

BTS 5.80 9 10-7 0.04 7.58 9 10-7 0.06 5.66 9 10-7 0.94 4.51 9 10-7 0.84

Extraction 8.88 9 10-6 0.60 4.50 9 10-6 0.35 1.24 9 10-5 20.63 4.53 9 10-6 8.40

Synchrotron 5.75 9 10-6 0.39 5.28 9 10-6 0.42 6.08 9 10-6 10.10 4.96 9 10-6 9.20

Sum of all

sources

1.49 9 10-3 100.0 1.27 9 10-3 100.0 6.03 9 10-5 100.0 5.40 9 10-5 100.0

Ratio to field

dose

0.07459% 0.06349% 0.00301% 0.00270%
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Fig. 9 (Color online) Dose

distribution of four different

inner shielding wall

configurations

Fig. 10 (Color online) H/D

value distribution

Table 8 Non-primary radiation

of the different configurations
Configuration A1 (Gy) B1 (Gy) C1 (Gy)

No inner wall 5.37 9 10-3 1.49 9 10-3 6.03 9 10-5

10-cm concrete 5.00 9 10-3 1.34 9 10-3 5.41 9 10-5

2-cm iron and 5-cm concrete 4.80 9 10-3 1.22 9 10-3 5.77 9 10-5

Local shielding 5.78 9 10-3 6.03 9 10-4 5.29 9 10-5
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irradiation, 2 min of beam-off repositioning, and another

2 min of field irradiation. The average current is 1 nA, and

each field dose is 2 Gy. The RT has to get into the treat-

ment room to reposition and discharge every patient.

During these 4 min, the therapist must approach the patient

and is thus exposed to the residual radiation coming from

the patient and the device.

Figure 11 shows that when the treatment of the 30th

patient is finished, the residual radiation is counted from

10 s to 8 h. Figure 11 shows that the target, extraction, and

synchrotron ring are the most intense residual radiation

sources. For several minutes at the start, the dose rate level

around these sources is 1–100 lSv/h but rapidly decays

afterward. After cooling down to approximately 10 min,

the machine sources show a higher level than the target

because the half-life of the target-produced radionuclides is

shorter than the machine-produced radionuclides [19]. The

radiation level in most areas in the single room is reduced

to 2.5 lSv/h after 10 min of cooling, which is a relatively

safe level for non-urgent machine maintenance activities.

Urgent maintenance is allowed immediately after treat-

ment. However, the results demonstrate that the operators

should stay more than 50 cm away from the extraction

components few minutes from the start or use tools to

handle the hot components in the machine.

The Z profile of the residual dose rate around the target

is shown in Fig. 12. Here, the Z profile is defined as the

dose rate as a function of the Z axis centered at the

isocenter. The left panel represents the profile between 10 s

and 2 min of cooling. The dose rate at the isocenter

immediately after the treatment can reach up to approxi-

mately 700 lSv/h. At the distance of 25 cm from the

isocenter, the value decays to * 30 lSv/h and reaches

approximately 1 lSv/h at 200 cm. The middle panel shows

the same profile at cooling times from 2 min to 1 h. Even

though the isocenter dose rate decays from * 100 to *
10 lSv/h, this value still indicates a high level for the

patient companions; hence, they should stay at least 1 m

from the patient. The right panel shows the Z profile from 1

to 8 h of cooling. The patient dose rate falls down to

10 lSv/h or even lower, indicating that the companions can

safely approach the patient.

The RT is exposed to residual radiation when reposi-

tioning and unloading the patients, and the patient com-

panions are exposed to residual radiation from the patient.

To calculate the integrated dose, the dose rate at each

cooling time is measured * 25 cm away from the

isocenter, as shown in Fig. 13. The result indicated by the

orange area, which represents the integrated dose for the

RT from 0 to 120 s, is 1.30 lSv. The integrated dose

Table 9 H/D values from different studies

Present study Rebecca et al. [23] Polf et al. [24] Chen et al. [25]

H/D value 2.14–0.32 mSv/Gy 2.27–3.95 mSv/Gy 2.3–0.51 mSv/Gy 4.59–0.30 mSv/Gy

Position 50–150 cm from isocenter 50 cm from isocenter 50–150 cm from isocenter 50–150 cm from isocenter

Data FLUKA simulated Measured MCNPX simulated MCNPX simulated

Beam 8-cm SOBP Passive scattering clinical beam Passive scattering 8.5-cm SOBP Passive scattering 10-cm SOBP

Accelerator Synchrotron Synchrocyclotron (Mevion) – Synchrocyclotron (Mevion)

Table 10 Typical treatment

day in a single room
Time Action Beam on/off Role Duration (min)

6:00 Morning QA On Medical physicist 60

7:00 Bringing first patient to treatment room Off Radiation therapist 1

7:01 Patient loading and positioning Off RT 11

7:12 First field treatment On RT 2

7:14 Patient repositioning Off RT 2

7:16 Second field treatment On RT 2

7:18 Patient unloading Off RT 2

7:20 Second patient treatment RT 20

7:40 Third to thirtieth patient treatment RT 560

22:00 End of treatment day
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indicated by the green area is 3.99 lSv for the patient

companions from 2 min to 1 h.

Typically, two RTs are present in a single room per

day. Every RT handles 15 patients per day. Thus, the

annual dose that the RTs received from residual radiation

can be calculated using Eq. (4), which is 1.04 mSv. This

value is one-fifth of the designed target value (5 mSv)

and is significantly lower than the standard limit value of

20 mSv.

RT annual residual dose ¼ 1:39 lSv � fields � patients

� working days

ð4Þ

If the patient treatment is divided into 30 fractions, the

total dose of the patient companion can be calculated using

Eq. (5), which is 0.1197 mSv. If the patient has several

companions, the dose can be equally distributed to a rela-

tively lower level per person.

Fig. 11 (Color online) Residual radiation distribution

Fig. 12 (Color online) Residual dose rate profile of the target under different cooling time intervals

Fig. 13 (Color online) Integrated residual dose for the RTs and

patient companions. The integrated dose is fitted using an exponential

function
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Companion total residual dose ¼ 3:99 lSv � fractions

ð5Þ

6 Conclusion

In this study, detailed calculations have been performed

to validate the feasibility of a new compact PT facility. The

results prove that a PT system with a compact synchrotron-

based single room satisfies the requirements of radiation

protection standards with its compact shielding. Specifi-

cally, two different shielding designs (a 3-m concrete or

2-m iron–concrete shielding wall) can attenuate the annual

target dose limit value of 0.1 mSv/year, and a 1.5-m con-

crete or 1-m iron–concrete shielding wall can attenuate the

annual dose to the standard limit value of 1 mSv. This

design reveals the advantages of reduced footprint and cost

compared with the cyclotron-based PT system.

Without ESS, the non-primary radiation from the

machine is maintained at a low level and satisfies the IEC

60601-2-64 international standard, which means that a

synchrotron-based proton facility can be operated without

an inner shielding wall, making a compact single room a

reality. However, a local shielding wall is still recom-

mended because the radiation distribution can be optimized

with little additional effort.

The calculated H/D value decreases from 2.14 to

0.32 mSv/Gy when the distance from the isocenter is from

50 to 150 cm. This low-level H/D distribution is consistent

with the previous results in the literature.

A 10-min non-urgent machine maintenance time for

everyday treatment is recommended so that the residual

radiation level in most areas in the single room can be

reduced to * 2.5 lSv/h. Urgent maintenance is allowed

immediately after treatment. However, the workers should

stay at least 50 cm away from the extraction components a

few minutes from the start or use tools to handle the hot

components in the machine.

The received annual dose for RTs from residual radia-

tion is 1.04 mSv, which is approximately one-fifth of the

design target of 5 mSv and much lower than the standard

limit value of 20 mSv. The results also show that the

received annual dose for the patient companion from

residual radiation is 0.1197 mSv. If the patient has several

companions, this dose is shared, resulting in a lower level.
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