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Abstract Proton therapy is the most advanced radiother-
apy approach in the world, and causes less damage to
normal human tissue than traditional radiotherapy. Because
the treatment process produces a high-energy proton beam,
the personnel safety interlock system mainly considers
measures to protect personnel from radiation hazards dur-
ing beam preparation and the beam release process. Unlike
other safety interlock systems, the personnel safety inter-
lock system designed in this study focuses on the safety
and stability of the system itself. The hardware and soft-
ware of important interlock control loops are designed and
developed according to the requirements of Safety Integrity
Level 3 specified by IEC61508. A set of redundant ring
networks was developed to ensure that damage to a certain
network line does not affect the normal operation of the
system. A set of friendly operation interfaces and data
storage systems were developed to ensure that the operator
can monitor the data in real time and trace the data. The
personnel safety interlock system mainly includes a beam
enabling function, clearance function, and emergency stop
function. The system was put into actual use and success-
fully ensured personnel safety.
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1 Introduction

Compared with other radiotherapy methods, proton
therapy has the advantages of a better dose distribution and
higher local dose. Clinical treatment data show that the
5-year survival rate is as high as 70% [1]. The proton
therapy system includes an accelerator system, an energy
selection system, a beamline system, and a treatment room.
A high-energy proton beam is generated by the accelerator,
adjusted to a pre-set energy level by the energy selection
system, and then transmitted to the treatment room by the
beam line system to treat the patient tumor.

A superconducting cyclotron was developed and built
by the Hefei proton therapy project with an energy level of
200 MeV and a beam current of 400 nA. During the system
operation, along with high radiation fields, measures need
to be taken to ensure the safety of on-site workers. Based
on radiation safety and the reliability requirements of the
interlock system, in this paper, the design and development
of a personnel safety interlock system (PSIS) depending on
the safety requirements of IEC 61508 is introduced. The
safety integrity level (SIL), a key concept in functional
safety standards, is a performance metric used to measure
the reliability of safety systems that conduct specific safety
functions [2]. The SIL is widely used in high-risk indus-
tries, such as the nuclear, petroleum, chemical, and steel
industries. In the system design stage, the SIL design must
be carried out at the hardware and software levels to ensure
that the entire control loop meets the safety requirements.
The system safety that satisfies the SIL is mainly embodied
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in two aspects. On the one hand, it has a lower probability
of failure, and on the other, it has a series of failure pro-
tection measures in the event of failure. SIL1, SIL2, and
SIL3 are commonly used SIL levels. The higher the level
is, the higher the safety factor [3]. In this project, because
proton therapy is a high-risk industry, its personnel safety
interlock system needs to meet the application require-
ments of SIL3. Some of the terms used to describe the
safety level of the control loop are listed below, and
Table 1 shows the criteria correspondence between
PFDSIF and SIL:

PFDS: average failure probability on sensor demand.

PFDL: average failure probability on logic controller

demand.

PFDA: average failure probability on actuator demand.

PFDSIF: average failure probability on safety interlock

function demand.

PFDSIF = PFDS + PFDL + PFDA.

In PSIS, the main functions are the beam enable func-
tion, clearance function, and emergency stop function [4].
The key control loop of the interlock function, such as the
beam enable function and emergency stop function, meet
the requirements of SIL3. In addition, a friendly graphical
user interface (GUI) was developed for operators to
remotely monitor the safety system.

There are two treatment rooms in the project, and the
workplace depending on the radiation intensity is divided
into a control area and a supervision area to meet the
requirements of the China National Standard GB18871-
2002 (basic international standards for protection against
ionizing radiation and for the safety of the radiation sour-
ces) [5]. The control area is shown in the dotted area in
Fig. 1, and focus needs to be on radiation safety
management.

2 System requirements
According to the requirements mentioned in the intro-
duction to ensure the radiation safety of personnel in the

control area, the safety interlock system of proton therapy
personnel mainly needs to consider the safety requirements

Table 1 Correspondence between PFDSIF and SIL

SIL PFDSIF
4 > 1.00 x 107 to < 1.00 x 107
3 > 1.00 x 10 to < 1.00 x 107
2 > 1.00 x 107 to < 1.00 x 1072
1 > 1.00 x 102 to < 1.00 x 107!
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Fig. 1 (Color online) Control and supervision areas

of the system from two aspects: readying the beam release
and the actual beam release itself. During the preparation
of the beam release, it is necessary to consider the possible
radiation risks of workers and take necessary measures to
avoid these risks, and in the process of beam release,
measures should be taken to shut off the beam in time to
prevent or reduce the harm caused by radiation.

Therefore, it is necessary to arrange a large number of
interlock devices to collect field data and use the controller
to process the data. To realize the safety function, it is
necessary to select the hardware according to the require-
ments of the safety interlock system first, and then arrange
the devices in various areas of the site. Next, it is necessary
to carry out safety programming in the controller and
collect real-time data of the devices through the controller.
In addition, a GUI was developed to remotely monitor the
key parameters of the interlock system [6].

2.1 Beam enable requirements

The interlock system requires a series of measures to
confirm the beam-enabled conditions before the beam is
released, and attempts to avoid the risk of radiation acci-
dents. Therefore, the requirements for enabling a beam
release are as follows:

1. A series of measures are needed to confirm that no
personnel are within the radiation area before the beam
is released to prevent injury in such personnel from the
radiation [7, 8].

2. It is necessary to confirm the states of all emergency

stop interlocks on site, and that all emergency stop
interlocks have been reset.

3. Radiation monitoring equipment must be ready to

confirm the radiation status of the site.
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4. To avoid an accidental operation of the beam, a key
switch should be set in the control room to confirm the
beam-enabled condition.

5. Tt is necessary to confirm the states of the interlock
system itself, and the interlock system should be
opened and operated normally.

2.2 Interlock requirements of emergency stop

During the process of beam release, it is necessary to
consider the risk of workers staying in the radiation area or
entering the radiation area by mistake, and a series of
measures should be taken by the safety interlock system to
stop the beam. The requirements of the emergency stop
interlock are as follows:

1. If an emergency occurs during the beam-out process,
the personnel in the control or supervision areas can
press the emergency stop button to stop the beam.

2. During the beam release process, a beam stop interlock
is required to detect whether the clearance door is
open.

3. During the beam release process, if the interlock
system fails, a beam-stop interlock is required.

2.3 Device requirements

Hardware is needed to realize the software function of
the beam enabling and emergency stop interlock. A con-
troller is needed to realize the interlock logic, and a field
sensor is required to collect the field signals.

1. A controller is needed to implement the safety
interlock program, and a series of input and output
modules are required to monitor and control the safety
equipment [9].

2. The safety system needs to know whether the area dose
has been exceeded, and it is therefore possible to
arrange the radiation monitoring equipment in the
control and supervision areas to monitor the radiation
dose.

3. To prevent people from staying in the site when the
accelerator is running, clearance buttons and clearance
doors must be arranged in the control area. The
interlock system needs to monitor the clearance button
and the position switch signal of the clearance door for
the personnel in the control area to clear the site before
leaving the field. Sound and light alarms are required
during the process to remind us that the site is currently
being cleared.

4. Emergency stop buttons need to be arranged in the
control and supervision areas for interlock protection
under emergency conditions, and the personnel safety

interlock system needs to monitor whether the emer-
gency stop button has been pressed.

5. To prevent the accelerator from being turned on

accidentally, a key switch for the accelerator beam
needs to be set in the supervision area, and the
personnel safety interlock system needs to collect the
signal of the key switch for the interlock logic.

2.4 System safety requirement

The system includes two parts: hardware and software.
To meet the safety requirements of the safety interlock
system and enable the system to operate safely and stably
[10], it is necessary to select safety devices and ensure safe
communication. It is also necessary to select appropriate
programming software for the safe programming of the key
program blocks.

1. In the hardware selection, it is necessary to fully
consider the system safety. For the key safety interlock
function, it is necessary to select the controller and
sensor meeting the SIL3 level according to the
requirements of the safety standard. For a general
logic function, a normal device is simply needed.

2. In software programming, it is necessary to apply a

program according to different security levels. The
security program needs to use the program block of the
security program library, and the general program uses
the program block of the general program library.

2.5 Interface requirement

Users need to obtain the safety interlock parameters
conveniently and quickly, and judge whether the current
beam output conditions have been met or whether there is
an interlock trigger. Therefore, a friendly interlock inter-
face is required. The system states can be monitored at the
interface, and the state history can be queried. The specific
requirements are as follows:

1. It is necessary to remotely monitor the main safety
signals, such as the radiation value of the area, area
clearance states, emergency stop states, and beam
enable states.

2. Itis necessary to trace the historical information. In the

case of an emergency stop, it is necessary to determine
the cause of the fault for maintenance.
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3 Design principles

Considering the safety and reliability, the overall design
of PSIS adopts a control loop that meets the SIL in the
design of an important interlock control loop [11], as
shown in Fig. 2.

The interlock control loop represents a complete control
link, including the sensor used to monitor the field status,
the signal acquisition module, the logic processing module,
the signal beam output module, and the actuator to execute
the interlock command. In the SIL3 control loop, the
device selected, hardware wiring, and communication
methods all need to meet SIL3.

Programs with low safety levels are called general
programs, and programs with high safety are called safety
programs. Their programming is relatively independent,
each of which having its own set of program libraries that
meet the safety requirements.

General procedures typically apply general sensors and
actuators, and safety equipment uses safety sensors and
actuators to meet the SIL requirements. The general pro-
gram and the safety program operate together in the safety
controller, although the controller distinguishes two pro-
grams and runs them in different processing layers [12].

The difference between safety hardware and general
hardware lies mainly in two aspects: failure probability and
failure protection. Manufacturers will test the failure
probability of the safety hardware in a specific environ-
ment. The lower the failure probability, the higher the
reliability and the higher the SIL level. When the safety
sensor fails, it can send a fail-safe signal to the controller,
and the controller can generate an interlock to protect the
safety of the personnel. When the safety controller fails, it
can send a fail-safe signal to the actuator, and the actuator
can generate interlocking actions to protect the personnel.
When the safety actuator fails, it interlocks to protect the
safety of the personnel. General hardware only needs to
perform routine inspections and does not need to test the
failure probability. It is generally only used for process
control and does not trigger an interlock action when it
fails.

Fig. 2 Control loop Monitor
SIL3 control SIL3 device
loop
|
Standard : Stanqard
control loop : device
|

@ Springer

The safety software was programmed in the safety logic
controller to match the safety sensors and safety actuators.
Hardware devices that meet SIL3 are generally redundant.
The safety program can determine whether the interlock
protection program will be triggered according to whether
the redundant circuit is abnormal. However, safety pro-
grams are fail-safe. When there is an abnormality in the
controller device or communication, or when a power
failure occurs, a fail-safe signal is sent to the actuator to
generate interlocking actions to protect the safety of the
personnel.

General software is only used for process control, with a
lower security level, such as field clearance control and
alarm light control, and when such software fails, there is
no effect on personnel safety, and thus no corresponding
failure protection measure is required.

Consider an emergency stop when the area is cleared as
an example. After the area is cleared, the door position
switch monitors whether the interlock door is opened. If the
interlock door is opened, it sends an interlock signal to the
controller, and the controller executes the beam-off com-
mand. If the cable of the door position switch is discon-
nected, the controller will detect the abnormality of the
door position switch and execute the beam-off command.
When the controller fails, the fail-safe is activated, and the
relay receives the fail-safe signal and executes the beam-
off command. When the relay fails, it will also activate the
fail-safe system to shut off the beam.

4 Architecture design

To realize a personnel safety interlock system, the sys-
tem architecture was first designed. This system is divided
into four layers according to their functional characteris-
tics: the display, data service, function, and device layers
[13], as shown in Fig. 3. In the architecture, the safety and
general parts are distinguished. The yellow background in
Fig. 3 is the safety part, which is designed based on SIL3.

The display layer is the GUI of the PSIS, which runs
independently in the control room, and is only used to

Evaluation Execution
3wl Safety *“*"™® | §|L3 device
logic

Safety ...~
" e (controller S_:; __________ K
wiing Standard o Standard |
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Fig. 3 System architecture

display the state. When the GUI fails, the program will still
be executed in the underlying controller without affecting
the safety program. The GUI includes the clearance
information, radiation monitor information, emergency
stop information, and beam ready/release information. The
operator can easily obtain the system operation information
from the GUI and proceed to the next step.

The main function of the data service layer is to store
historical data, including manager information, historical
data information, operation records, alarms, and interlock
information. The data service layer of the safety interlock
system archives and records all information generated
during operation, such as radiation monitoring system
operation records, emergency stop button information, site
clearing information, site clearing door switch states, and
enabled key switch states. When needing to retrieve data
for analysis, operators can extract storage information from
the database.

The logic of the personnel safety interlock system is
realized in the functional layer, and the PSIS consists of
four main functional modules: the communication module,
input signal processing module, main logic processing
module, and output processing module [14]. In each
function module, the PSIS distinguishes between the safety
functions and general functions. The safety program uses
the safety function block, which can self-check the input
signal, internal communication, and output signal of the
program. When the self-inspection is abnormal, the

interlock command is executed. The safety functions
include PROFIsafe communication, safety signal process-
ing, an emergency stop function, and a beam enable
function. A safety library that satisfies SIL3 with a series
self-check functions is included in the safety controller
programming platform. The safety program was developed
using programs of the safety software library. The general
function is the general action flow because the auxiliary
program of the safety system does not directly participate
in the interlocking process, and sound and light alarms or
necessary logic signals for the safety program are provided
on-site. General functions include general communication,
general signal processing, a clearance function, and an
alarm lamp function.

The device layer also distinguishes general and safety
devices according to the actual application requirements.
SIL3 devices were selected as the key interlock control
loop hardware. As the main difference between the SIL3
device and the general device, the failure probability is
lower; however, when the equipment fails, it can send
safety signals to trigger an interlock. The safety devices
include an interlock controller, emergency stop button, and
door position switch to conduct an interlock function with a
high level of safety. General equipment includes a clear-
ance button, alarm lamp, low security level logic, or alarm
function.

The average failure probability on the demand of the
safety control loops is shown in Table 2, and the

@ Springer
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Table 2 Safety interlock function PFD

No Safety loop Sensor PFDS Controller PFDL Actuator PFDA PFDSIF
E-stop button function Emergency stop button 1.00 x 10 F-CPU 1.00 x 107 Relay 143 x 107* 153 x 107
Clearance destroyed function Door position switch ~ 2.50 x 10 F-CPU 1.00 x 107 Relay 143 x 107* 153 x 107
Beam enable function Key switch 1.00 x 10°® F-CPU 1.00 x 107 Relay 143 x 107* 153 x 107

calculation indicates that the designed safety control loops
meet the requirements of SIL3.

5 Hardware design

As shown in Fig. 4, the field interlock devices are rel-
atively scattered, although the interlock functions are rel-
atively centralized. One main controller and three remote
modules are selected to realize the interlock function in the
personnel safety interlock system. The remote module was
used to monitor and control the personnel safety interlock
device on-site. The personnel safety interlock equipment
can be divided into SIL3 safety devices and general devices
according to the safety functions conducted. Safety devices
include emergency stop buttons, door position switches,
key switches, relays, radiation monitors, and accelerator
beam-off devices. Common equipment includes a clear-
ance button and an alarm lamp. The remote modules
connect with the device through a hard wire to ensure the
signal transmission rate and reliability. For safety devices,
the remote module adopts the SIL3 level redundant wiring

PSIS ;
: 4 ;i
workstation i @ Printer ﬁ PSIS Server

Ethernet
%Switch

Main controller

Remote Remote Remote
module module fhodule
Dry contact
]_Lredundant channel ISingIe channel

1SIL3 safety device

R

Fig. 4 (Color online) Personnel safety interlock system hardware
design
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mode, which can identify a series of line faults, such as a
short circuit and open circuit, and prevent a safety function
failure [15]. For the general module, the remote module
adopts single-channel wiring mode to meet the functional
requirements. The main controller collects the signals
uploaded by all remote modules as the judgment condition
of the interlock logic and executes the safety interlock
program. The main controller identifies the safety program
and the general program, and then runs them separately. If
the general program is abnormal, the operation of the
safety program will not be affected. The communication
protocol between the main controller and the remote
module uses a PROFIsafe protocol meeting the SIL3 level.
In addition, PSIS designs and develops a set of ring net-
works for data communication. The PROFIsafe protocol
and ring network meet the failure requirements. The con-
troller and remote module of the PSIS include two network
ports, which are connected in series individually, forming a
closed-loop network. When a line in the ring network is
damaged, it will not affect the network communication of
the system, thereby significantly improving the reliability
of the network communication. In addition, when the ring
network fails, it will be detected by the safety controller,
and the safety system will trigger the failsafe interlock to
shut off the beam.

The PSIS is connected to the ion source (IS), radio
frequency (RF), and vertical deflection (VD). These devi-
ces are accelerator subsystems for producing a beam. When
the beam-off logic is active, the HSIS interlocks the IS, RF,
and VD to shut off the beam [16, 17].

The interface of the PSIS runs on a workstation used to
monitor the states of the site. It has a low security level,
and when the GUI fails, the personnel safety interlock logic
continues running in the controller. The GUI uses the TCP/
IP protocol, which is the general protocol for communi-
cation [18].

The data of the personnel safety interlock is stored on
the server, and the operator can reference the historical data
stored on the server for research through the system soft-
ware. As a part of the auxiliary function of interlock sys-
tem, the data storage function has a low safety level
requirement, and uses a general network protocol for
communication.
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6 Logic design

The control logic of the PSIS was carried out in the main
controller. The personnel safety interlock receives the
signals of the clearance button, door position switch,
emergency stop button, radiation monitoring, key switch,
and other field devices arranged in the control area. The
layout of the local interlock system device is shown in
Fig. 5. The signals are logic inputs, and the controller
applies the logic through the program. The logic output
devices are IS, RF, and VD, which are used for beam-off
logic. The logic function can be divided into the clearance
function, enable function, emergency stop function, and a
series of signal processing functions.

The clearance function is realized by the clearance
button and clearance door. As shown in Fig. 5, the clear-
ance function of the proton therapy system is divided into
five routes, and each route is an independent area. The
main purpose of the clearance is to ensure that no people
are in the control area before the accelerator is released.
Therefore, it is necessary to establish a clearance route that
can cover the control area. According to the characteristics
of this project, a clearance route is set, which can guide the
worker in clearing the control area. As shown in Fig. 5, the
accelerator and transportation line areas consist of routes 1,
2, and 3. When routes 1, 2, and 3 are all cleared, the
interlock system judges that the accelerator and trans-
portation line areas are cleared. The clearing of the

I Clesrance Door

Fig. 5 (Color online) PSIS
local device layout @ ceoroncebureon
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treatment room 1 area is route 4, and when the clearance of
route 4 is completed, treatment room 1 is cleared. Route 5
is used for the clearance of treatment room 2. When the
route 5 area is cleared, the treatment room 2 area is cleared.

A series of area-clearance logic approaches were
designed. Each area is relatively independent, and the
destruction of the clearance area does not destroy the
clearance of the other areas. When clearing the radiation
areas, the staff only need to clear the uncleared area, which
significantly improves the efficiency of the site clearance.

Inside the control and supervision areas, a large number
of emergency stop buttons are arranged for beam-off
operations during emergency situations to protect the
safety of the personnel. The personnel safety system
monitors the states of the emergency stop buttons in real
time. When an emergency stop button is pressed, the
interlock action is activated.

Radiation monitoring equipment is used to monitor the
on-site radiation value to prevent radiation from exceeding
the standard. The PSIS needs to determine whether the
radiation monitoring equipment operates normally before
the beam is released. If it is abnormal, the beam is not
allowed. During the beam output, it is also necessary to
determine whether the radiation on site exceeds the
threshold value. If the threshold value is exceeded, it means
that the personnel may be at risk of radiation exposure, and
the beam flow needs to be interrupted.

oute 1 Route 3 Route 5
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6.1 Clearance function

The staff must clear the site according to the path
indicated by the arrow. First, the operator needs to go to the
starting point of the path to photograph the clearance but-
ton, and the clearance door needs to be closed within the
time specified by the system. The route-clearance logic for
the program is shown in Fig. 6. The interlock system
monitors in real time whether the clearance button and
clearance door are pressed or closed within the specified
time. When the logic is correct, the interlock system judges
that the route clearance has been completed. When all
routes are cleared, the PSIS determines that all areas are
cleared.

6.2 Beam enable function

To prevent human radiation hazards caused by the
accelerator beam under unexpected situations, the safety
interlock system needs to determine a series of prerequi-
sites before releasing the beam, including the following: all
control areas have been cleared, the emergency stop button
has not been pressed in any areas, and the radiation mon-
itoring system works normally without an alarm sounding.

However, on-site staff members require management
methods to confirm whether the external environment is
normal, such as some necessary signing procedures, con-
firming whether the personnel in the control room are
ready, and whether the server and GUI are working nor-
mally. When all external conditions are met, the staff needs
to turn on the key switch to allow the beam to be released.

The safety interlock system activates the interlocks of
IS, RF, and VD when the beam release conditions are not
met. At this time, the IS, RF, and VD will be interlocked,
and the proton therapy system cannot release the beam.

Whether press path A
clearance button?

A
Area A needs to be
cleared again

Whether close path A
learance door in specified seconds?

Area A cleared

End

Fig. 6 Clearance logic
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When the safety interlock system detects that all beam
conditions are met, it releases the IS, RF, and VD inter-
locks, and the proton therapy system can release the beam.

6.3 Emergency stop function

The emergency stop function means that, during the
beam release process, the personnel safety system executes
the beam-off emergency stop after detecting the beam-off
condition. During the beam release process, the PSIS
monitors the states of the emergency stop button, the states
of the radiation monitor equipment, and whether the
clearance door is open in real time. If the emergency stop
button is pressed, it means that the staff has found an
abnormality at the scene, and the emergency stop will be
manually interrupted. To ensure the safety of the on-site
staff, the proton therapy system arranges a large number of
emergency stop buttons in the control area and the super-
vision area, and the staff can press any emergency stop
button for beam stop logic. Radiation monitoring equip-
ment is used to monitor the radiation situation in a specific
location. If the radiation exceeds the limit, the equipment is
deemed abnormal, or the radiation shielding fails [19], an
emergency beam-off stop button is required. During the
beam release process, if the clearance door is opened, it
means that someone might have entered the control area by
mistake. To ensure the safety of the personnel, the per-
sonnel safety interlock system needs to shut off the beam
[20].

The execution devices of the beam-stop interlock are the
IS, RF, and VD. When the beam stop interlock is triggered,
the interlock system sends the beam stop signal to these
three devices simultaneously through a hard wire and
redundantly shuts the beam flow down.

7 Software development

The system block is used for software development. The
system block mainly includes the function block and data
block. The system blocks are divided into general function
blocks and safety function blocks, and safety programs and
general programs are stored. The enable function and
emergency stop function belong to the safety program and
are programmed in the safety function block. The clearance
function and the alarm light function belong to the general
function and are programmed in the general function block.
Data blocks are also divided into safety data blocks and
general data blocks, which store the safety variables and
variables, respectively, and the safety program calls the
data in the safety data block for a logical execution. In the
case of a system failure, the safety program automatically
activates the fail-safe interlock function to interrupt the
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beam. As shown in Fig. 7, the yellow background color
belongs to the safety system block, and the other colors
belong to the general function block.

8 GUI development

In proton therapy systems, the interface of the PSIS
plays an important role. The staff cannot directly obtain the
information they want from the controller, and thus a
human—computer interaction interface is necessary. The
GUI was developed according to the requirements of the
PSIS (see Fig. 8).

In the GUI, the operator can directly obtain detailed
information on the area clearance. The situation of each
clearance route on the GUI interface is clearly displayed.
The clearance button is green when pressed and orange
when it is not pressed. The clearance door is green when it
is closed and orange when it is not closed. The clearance
route indicates the clearance state of the current area:
clearance is complete when it is green, and incomplete
when it is orange. Before the beam is enabled, the operator
can determine the areas that need to be cleared on the
interface and move to the corresponding area to conduct
the clearing process.

The operator can obtain emergency stop information for
each area on the interface. Many emergency stop buttons
are arranged in each area. When an emergency stop button
is not pressed, it is displayed in green. When an emergency
stop button is pressed, the display of the emergency stop
button in this area is changed to red. An emergency stop
button area is mainly divided into the accelerator area,
beam line area, treatment room 1, treatment room 2,
treatment control room 1, and treatment control room 2.
The operator can determine the reason for the pressing of
the emergency stop button according to the area where the
emergency stop button is pressed, and reset the emergency
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stop button in this area after confirming whether the system
is functioning normally.

The system state represents the key signals of the safety
interlock system. These key signals are summarized signals
processed by the controller. When the beam enable indi-
cator is green, it means that the external conditions of beam
release have been met and a beam release is allowed, and
when it is red, it means that the external conditions of beam
release have not been met. When the emergency stop
indicator is red, it means that the system has an emergency
stop triggered; when it is green, it means there is no
emergency stop. If the radiation alarm indicator is red, it
means that the radiation is abnormal, and when it is green,
it means that the radiation is normal.

The operator can obtain the beam information on the
GUI, check which conditions have not been met, and view
the beam logic in the GUI. When all areas have been
cleared, no emergency stop button has been pressed in any
area, and the radiation monitoring equipment is not in an
abnormal state, the beam key switch is turned on, and all
red lines of the beam logic in the GUI will change to green
lines. When the beam enable signal is green, it means that
the beam-release conditions have been met and the beam
release is allowed.

The operator clicks the radiation monitor on the opera-
tion interface to view the specific data of the radiation
monitor in each area, and clicks the History Record button
to view the historical data of the interlock system, such as
the time when the emergency stop button was pressed, the
time of the clearance completion or failure, and the time
record of the beginning and end of the beam.
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Fig. 8 (Color online) Personnel safety interlock system GUI
9 Conclusion

To protect personnel from the radiation field during the
operation of the proton therapy system, a personnel safety
interlock system was designed and developed. The safety
interlock system of this project provides a wealth of safety
interlock functions to ensure the safety of the personnel
within the radiation area. However, the safety interlock
system of this project fully considers the safety require-
ments of the system, and the key interlock control loops are
designed based on SIL3, which meets the requirements of
the IEC61508 standard. To obtain the SIL3 control loop,
SIL3 bottom equipment and a controller are selected, the
SIL3 wiring mode is used, the communication protocol
applies the SIL3 PROFIsafe protocol, and a set of safety
ring network systems designed for the bottom equipment
communication are used. As an advantage of the SIL3
design it reduces the failure probability of the system and
provides fail-safe protection; in the case of equipment
failure, interlock actions can be applied to protect the
personnel.

At present, the designed safety interlock system has
passed a fail-safe test and has been used in the project. The
safety interlock system can trigger a fail-safe protection in
the case of a network failure or disconnection of the
equipment signal line, effectively ensuring the safety of the
personnel. Although the system was developed for specific
facilities and used to protect on-site personnel during
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proton therapy, the data collection, data processing, site
cleaning, emergency stop, and activation functions in the
system can still be widely used in most radiological
experimental sites. Because the PSIS is extremely impor-
tant for protecting field personnel in the radiation industry,
it is necessary to continue recording the problems that
occur during the operation of the existing equipment,
optimize the safety interlock system, and improve the
overall stability of the safety interlock system operation.
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