
Sayed H. Rokni 
 
Joint Accelerator School: Beam Loss and Accelerator Protection  
 
 
Newport Beach, California, USA, November 5-14, 2014 
 

Personnel Protection Systems 
for Particle Accelerators  



Abstract 

•  There are various hazards in different phases of the life-cycle of particle 
accelerators from construction to installation to commissioning to operation and 
finally decommissioning 

•  Majority of these hazards are also present in specific industrial and medical 
facilities 

•  Some of these hazards are more closely associated with particle accelerators 
(ionizing radiation) 

•  There are multiple control systems in place that manage risks from these 
hazards for the protection of personnel, environment, machine and equipment 

•  The focus of this talk will be on protection of  workers during operation, primarily 
from prompt ionizing radiation hazard that are generated due to beam losses 
(both normal and abnormal conditions) 
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Hazard Analysis and Risk Assessment 

•  CONSTRUCTION 
•  NATURAL PHENOMENA 

•  ENVIRONMENTAL 

•  WASTE 
•  FIRE 

•  ELECTRICAL 

•  NOISE, VIBRATION, THERMAL, AND MECHANICAL  

•  CRYOGENIC 
•  CONFINED SPACE 

•  OZONE 

•  CHEMICALS AND HAZARDOUS MATERIALS  
•  ACCELERATOR/BEAMLINE 

•  IONIZING RADIATION EXPOSURE HAZARDS, INSIDE ACCELERATOR HOUSING AND EXPERIMENT 
HUTCHES  

•  IONIZING RADIATION EXPOSURE HAZARDS, OUTSIDE ACCELERATOR HOUSING  
•  NON-IONIZING RADIATION HAZARDS, RF  Radiation ,High Power  Lasers, Low-power Communications  

•  MATERIAL HANDLING HAZARDS 

•  EXPERIMENTAL OPERATION HAZARDS 
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Legal Framework: Accelerators 

•  In France, accelerators are subject to an authorization from the French 
Nuclear Safety Authority (ASN) 

•  There are two distinct regimes with respect to the authorization of nuclear 
facilities  

•  The “Installation Nucléaire de Base” (INB), which  includes all the nuclear 
power plants and associated facilities (e.g. radioactive waste treatment plants) 

•  There are clear criteria defining when an accelerator facility must be 
considered as INB: 

-  For electron accelerators, to be an INB the energy must be > 50 MeV and 
the maximum beam power must be > 1 kW 

-  For proton and ion accelerators, the energy must be > 300 MeV (for 
mass ≤ 4) or > 75 MeV (for mass > 4) and the maximum beam power 
must be > 0.5 kW 

-  Below these limits, an accelerator facility is considered a simple nuclear 
facility 
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Legal Framework: Accelerators 

•  US Department of Energy (DOE )10 CFR 835 “Occupational Radiation Protection” (2011) 

-  DOE G 441.1-1C, Radiation Protection Programs Guide for use with 10CFR835 (2011) 

•  DOE Order 420.2C “Safety of Accelerator Facilities” (2011) 

-  Accelerator Facility Safety Implementation Guide for DOE O 420.2C, SAFETY OF 
ACCELERATOR FACILITIES DOE G 420.2-1A (2014)  

-  DOE accelerators: SLAC, FNAL, JLAB, APS (ANL), ALS (LBNL), NSLS-II, SNS, 

RHIC,LANSCE,…. 

•  10 CFR 20 “Standards for Protection against Radiation” (2007) 

-  Conference of Radiation Control Program Directors, Inc. Suggested State Regulations 

(CRCPD SSR) for U.S. Nuclear Regulatory Commission and States “Radiation Safety 

Requirements for Particle Accelerators” (1991) 

-  Non-DOE accelerators: CESR, FRIB 
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General requirements exist, specific guidelines for implementation  focus on establishing 
processes; more emphasis on  requirements and guidelines for Access Control System. 



US DOE Accelerator Safety Order 

• Approved Safety Envelopes 
• Rigorous administrative 
procedures 
• Test, Routine Maintenance, 
Unscheduled Repairs of RSS 
• Interlock Bypasses 
• Alternative Protection 

• Formality of operations 
• Staffing 
• Trained operators  
• Documentation 
• Authorization 
• Verification 
• Audits system inspection 
• Emergency response plan 
 

Credited Safety System 
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IAEA 188: 
Radiological Safety Aspects of the 

Operation of Electron Linear Accelerators  
 

Swanson’s Rules of Thumb: 
(for thick, high-Z targets) 

 
At 0º, E0 > 20 MeV:  

At 90º, E0 > 100 MeV: 

Radiation Source Terms in Electron Accelerators 
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Personnel Protection System in Accelerators 

General Requirements: 

•  Control access to the accelerator housing, ensuring that personnel are 
excluded from the area where the potential for presence of beam exists  

•  Shield personnel outside the accelerator housing from radiation 
generated during the operation 

•  Many accelerator facilities are not shielded for loss of full beam along 
the entire facility 
-  Need to ensure that beam is delivered to the main dump/target 

within the prescribed beam loss levels, and beam parameters do not 
exceed the preset values (operations envelope) 

•  Monitor access conditions, beam parameters and beam losses, target 
condition, radiation levels, and take action to limit and/or terminate 
abnormal conditions 
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Radiation Safety Systems (RSS) 
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Access Control 
System (ACS) 

Radiation Control 
System (RCS) 

Radiation Safety System (RSS) 

Beam Interlocks 
 

Radiation Interlocks 
 

Shielding 

ANSI Standard N43.1 "Radiation Safety for the Design and Operation of Particle Accelerators“, 2011 



Radiation Safety System (RSS) 

•  RSS: Engineered safety systems to monitor, control and 
mitigate prompt radiation hazards 

•  ACS: keeps people away from radiation hazard 
–  Access Control Modules 
–  Beam Inhibiting Devices: stoppers 

•  RCS: keeps radiation hazard away from people 
–  Shielding 
–  Beam Interlocks 
–  Radiation Interlocks 
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Radiation Safety System (RSS) 
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Accelerator 
Area Experimental Area 
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Access Control System (ACS) 

 keeps people away from radiation hazards 
 

ANSI N43.1: A control system that prevents or controls 
access by personnel to hazardous areas deemed unsafe 
due to prompt radiation production  
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Access Control System (ACS) 

•  Entry and Access Control Modules 
–  Enclosures 

–  Personnel entry gates 

–  Access and beam status display 

–  Radiation warnings and signs 

–  Communication and monitoring features 

–  Emergency response features 
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Access Control System (ACS) 

Sub-systems include:  
•  key-banks  
•  TV camera  
•  access and beam status display 
•  search reset controls  
•  emergency off buttons  
•  beam stoppers 

Interlocked with operation 
• Guns, Klystrons, Stoppers  
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Access Control System (ACS) 

•  Beam Inhibiting Devices (BID) 
–  Beam safety shutter, power supply for gun, RF, electromagnet, etc. 

–  Normal access control function  

–  Fault-response beam removal function 
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Beam Shutter Comparison 
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•  Needs interlocks to terminate beam when excessive beam power 
(that may damage shutters) is detected  



Radiation Control System (RCS) 

 Keeps radiation hazards away from people 
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A combination of passive system and active electronic systems that 
protects personnel outside the shielded enclosure from radiation 
hazard  

•  Shielding 

•  Beam interlocks 

•  Radiation monitors 

 
Passive systems preferred over active systems 



Maximum Allowable Radiation Levels and Doses 

Table	  2.9-‐2	  
Maximum	  allowable	  radiation	  levels	  and	  doses.	  
(a)  Radiation	  Protection	  Instructions,	  DESY,	  June	  2004.	  
(b)  Radiation	  Safety	  Instructions,	  KEK,	  in	  Japanese,	  June	  2004.	  
(c)  Radiation	  Safety	  System,	  SLAC,	  April	  2006.	  
(d)  Fermilab	  Radiological	  Control	  Manual,	  FNAL,	  July,	  2004.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
  
 
 
 
*10 mSv/y shield design limit for new facilities  
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 	   DESY (a)	   TESLA	   KEK (b)	   SLAC (c)	   FNAL (d)	  

Standard	   20 mSv/yr	   1.5 mSv/yr	   20 mSv/yr	   50 mSv/yr* 

 	  
50 mSv/yr*	  

Operating 
Conditions	  

 	    	    	    	    	  

Normal	    	    	   20 µSv/hr 
(1mSv/week)	  

5 µSv/ hr 
(10 mSv/year)	  

 	  

Mis-steering	    	    	   20 mSv/event 
(20 mSv/year)	  

4 mSv/hr	    	  

System failure	    	    	   20 mSv/event 
(20 mSv/year)	  

250 mSv/hr for 
max. credible 

beam  
(30 mSv/event)	  

 	  

From Toshiya Sanami (KEK) 



SLAC Shielding Design Criteria 

Bulk shielding     5 µSv/hr 
Experimental hutch    0.5 µSv/hr  
Ground water activity *  740 Bq/L for H-3  
Site boundary      50 µSv/yr  
Air activation**      10 µSv/yr 

          
**non-detectable is the goal 

* (1 µSv/yr from each release point )   
 



Passive RCS (Shielding) 

•  Shield personnel outside the accelerator enclosure and public from prompt 
radiation generated during the operation 
-  Inside the accelerator housing from highly activated components 
-  Also used for protection of environment 

•  Shielding design needs to consider: 
-  Many sources of radiation from different operation modes 
-  Complex radiation fields (hadrons, electromagnetic shower, muons, multi-

step processes) 
-  Potential future upgrades 
-  Cost effective 
-  Conservative shielding design for both normal (allowed beam power) and 

abnormal (maximum credible beam power) operations 
-  Designed and reviewed by qualified professional 
-  Verification survey for normal and abnormal beam losses 
-  Configuration Control program is crucial 
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Radiation Sources- Forward Angle 

BYD: 20 W Dump: 5 kW 

FEE NEH Undulator hall 

Collimators: 20 W 
Tune-up dump: 420W BFW: 5 kW 

35 m 76 m 209 m Aspect ratio 1:3 

BYD: 20 W 

FEE 

NEH 

A 
B 

A: Direct : 
Mainly muon 
 
B: Indirect: 
Bremsstrahlung → 

muon 
C: Neuton, gamma C 
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Dose rate for each component 

Total Neutron 

Muon Photon 

mrem/h 

mSv/h Point loss, STs open 

Radiation Components 
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Shielding 

•  Importance of accurate beam loss estimates cannot be 
overstated 

•  Accelerator facilities are shielded sufficiently at high loss 
points (beam dumps, target areas, collimation sections, 
septa) 

•  But many facilities are not shielded for loss of full beam 
along the entire facility 

•  Some accelerator facilities can have high average beam 
power but with very low beam loss fraction 
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Dilemma of Shielding High-Power Accelerators 
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Beam interrupt 

Low-loss region High-loss region 

Target 

Passive Protection 

Lutz Moritz, Erice, 2001 

Should one install sufficient shielding to reduce radiation fields to low levels under 
conditions of maximum possible beam loss even if the chronic losses are very low, 
OR 
should one shield the low beam loss areas only for expected operational losses 
and rely on active protection systems to terminate beam operation at higher beam 
losses? 



 
 
 
 

International Linear 
Collider 

 
 
 
 
The total length and CMS energy of the 
ILC will be 31 km and 500 GeV;  
beam power 18 MW 
 
Normal Beam Losses: 
Beam gas coulomb ,  
Beam gas Brems 
Touschek, SR, dark current estimated to 
be ~0.1 w/m 
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Calculated Dose Rate for a System Failure Case 
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Beam loss under normal condition: 
 
~ 0.1 w/m, requires 1 m of concrete 
to reach 20 µSv/h 
 
Loss of 1 pulse train requires 3.5 m 
of concrete to reach about the same 
dose in one hour 
 
 
 
How much shielding is needed? 
 
 
 From Toshiya Sanami (KEK) 
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Radiation Control System (RCS) 

 Keeps radiation hazards away from people 

A combination of passive system and active electronic systems that 
protects personnel outside the shielded enclosure from radiation 
hazard  

•  Shielding 

•  Beam interlocks 

•  Radiation monitors 

 



Active Radiation Control System (RCS) 

•  RCS active components should be designed to detect 
unwanted beam operating conditions, and/or higher 
radiation levels than expected and terminate or limits the 
initiating conditions  

•  Protect personnel outside from radiation exposure resulting 
from both normal and abnormal operations  
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Passive RCS versus Active RCS 
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Beam interrupt 

Low-loss region High-loss region 

Target 

Beam-loss 
Monitoring 

System 

Passive Protection Active Protection 

Lutz Moritz, Erice, 2001 



Active Radiation Control Systems 

•  Monitors/limits for beam energy, beam current, and beam 
losses 

•  Credited safety system  
•  Examples of such system include: 

–  A beamline transducer, e.g., current toroid, secondary 
emission monitor, beam position monitor, repetition rate 
monitor or meter relay, radiation monitor 

–  An electronic processing module that integrates or 
counts beam current pulses 

–  A beam shut-off circuit connected to beam shutters, RF 
sources or high-voltage supplies  
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Electron Beam Burn-Through 

34 

•  Copper beam stopper (personnel safety  device: 4" in diameter 30" long -53.6 r.l.) that was 
destroyed by the SLAC electron beam 500 kW, 18 GeV, (11 s for radial blow out, 49 s for 
burn through) 

•  Protection of Safety Systems devices:  
•   Personnel Protection System or Machine Protection System? 

D. Walz et al., SLAC-PUB-1224, 1973  



Active RCS Systems 

•  Protection for mechanical beamline safety devices that 
have power ratings below the Allowed Beam Power  

–  Coolant flow switches 

–  Temperature sensors 

–  Vacuum pressure sensors 

–  Ionization chambers  

–  Burn-Through Monitor (BTM), a pressurized chamber that 
ruptures on over-heating  
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Shielding versus Active RCS 

•  Normal beam losses need to be addressed by shielding 
•  Abnormal beam losses or operations need to be 

controlled by shielding, supplemented by active RCS 
•  Dose per unlikely failure event need to be 

determined: (ANSI N43.1 proposes 10 mSv ) 
 
•  Balance between passive and active systems  

•  Passive systems are preferred 
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Access Control System  versus Active RCS  

•  ACS failure ⇒ radiation hazard 
–  Door or BID interlocks fail ⇒ high radiation 

•  Active RCS failure + abnormal machine 
performance ⇒ radiation hazard 
–  Detector fails + abnormal beam loss ⇒ high radiation 

•  Implications: self-diagnosis, redundancy and 
fail-safe 

•  Beam shutters are ACS and RCS 
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Can MPS be used as a radiation safety system for protection of personnel? 



Examples of safety failures in particle accelerator 
facilities 

•  Radioactive Material release from Hadron Experimental facility at J-PARC, Japan, 
May 23, 2013 

•  Beam Mis-steering event during Commissioning of the Brookhaven National 
laboratory’s NSLS-II Linac, May , 2012 

•  Contamination at Neutron Science Center at Los Alamos National Laboratory, August 
2012 

•  Reverse polarity of dipole magnet in the Linac to Booster in the Canadian Light 
Source, October 2009 

•  Reverse polarity of dipole magnet in Experimental Area (End Station B) at SLAC, 
prior to 1973 

 
There were no injuries, or known adverse health effects from any of these incidents 
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Safety System Failures  

•  Safety System failures (engineering and administrative) have several 
common threads: 

-  Are avoidable 
-  Involve several failures 
-  Inadequate conduct of operations, inadequate safety management 

in organization 
•  Consequences: 

-  Facility mission negatively impacted 
-  Negative press coverage, reaction and/or over-reaction of 

regulating agencies 
-  High cost to recover 
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LANSCE Contamination Event 

On August 24th, 2012 contamination was detected on an individual using a Personal 
Contamination Monitor at the Lujan Center at LANSCE. This Resulted in the activation of 
the Emergency Operations Center and Declaring a General Emergency. 
 
•  Technetium 99 Sample likely source 
•  Spread off Laboratory: 

-   Arizona 
-  Numerous homes and businesses 
-  Extensive effort to decontaminate off-site 
-  Very difficult to manage 
-  ~175 laboratory personnel involved 

•  Weeks to clean up ER-1 
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From H. Nakashima 



gold target	

6 mmX66 mm	

Outline of the J-PARC Accident, May 23, 2013 	
•  Abnormal beam was delivered to the target 
•  The target was heated up to a very high 

temperature 
•  Radioactive material was released from 

the gold target (about 20 GBq) 
•  Radioactive material leaked into the 

experimental hall 
　　→　Workers exposed to radiation  
•  Radioactive material was released into the 

environment (outside of the radiation 
controlled area)  

45 
From H. Nakashima 
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“…circuit board of the relevant the power supply was suffering aging degradation due to insufficient 
preventive measures against overheat in a three-terminal positive output regulator and it let to 
malfunction this time.” 



57% part of the target (2.3 gm) disappeared  

Max. 2057℃	

Tinitial=50℃	

Boiling point ：2856℃ 
Melting point ：1064℃	

Cooling Water Temp. :50℃	

Beam 	
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Measurement of nuclei leaked from Au target	
Boil. (℃）	 Reason 	

Hg 356.58 Vaporization	
As 603 Vaporization	
Cs 658 Vaporization	
Se 684.9 Vaporization	
Ru 688 Vaporization	
K 765 Vaporization	
Be 2472 Activation of air  
Na 883 Vaporization	

Ru 4155,  
RuO4 (101℃) 

Vaporization  
of Oxide	

Tc 4265 ,  
Tc2O7 (311℃) 

Vaporization  
of Oxide	

Os 5012,  
OsO4 (130 ℃) 

Vaporization  
of Oxide	

Re 5596,  
Re2O7 (360℃） 

Vaporization  
of Oxide	

Au 2857 Vaporization	Detection limit：2.5x10-1Bq/500cc 

A 500ml air sample was corrected at 17:20,  
and the amount of nuclei in the sample was  
measured by a pure Ge detector. 	

others	



ＨＤホール内で検出された元素

金標的内に生成しているがＨＤホール内で検出されていない元素

 Expected Nuclei in Measurement at HD hall 

Detected nuclei at the HD hall	

Not detected nuclei at the HD hall in measurement, although they are calculated 
by PHITS.	

From H. Nakashima 



Radiation Exposure	

•  Internal and external radiation exposure measurements were 
performed for anyone who entered the radiation controlled area 
of the Hadron Experimental Facility after the accident occurred 
(102 person) 
- Number of persons showing detectable dose：34  

• All are radiation registered workers 
•  Individual doses were in the range of 0.1-1.7 mSv 

- Number of persons showing no detectable dose：66 
- Whole body counter measurements were carried out on two 

users from overseas in their home countries 
- Maximum integrated radiation dose estimated to be 0.17 µSv 

(17 µrem) at the site boundary 
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-Policy required initial radiation survey which discovered the problem 
-Survey meter went off-scale at 5 Gy/h 
-Turning beam off was via radio communication 
-Poor command of English language delayed beam off  

-SLAC Director asked for development and implementation of Beam Containment System 
(active RCS) 
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Ring energy (GeV) 3  
Ring current (mA) 500  
Ring circumference (m) 
792  
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Injection Building 

Local Control 
Room 

Linac  
Tunnel 

Klystron Gallery 

Equipment Racks for 
Linac and LTB  line 

Booster (only arc 1 
installed) 

59 



•  During Linac injector commissioning, operator tuning machine with 100 MeV beam energy at 
15 nC/s, while steering the beam to beam dump 2, the dipole ramped up to its maximum 
current 

•  This combination caused the beam to bend 4 times more than designed 
•  Beam misses downstream shield wall and created radiation levels in tunnel which caused 

local alarms 
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1,700 mrem/h (1.7 mSv/h) 



Investigation Report 

•  Planning assumed that tuning would be conducted at 200 MeV 
•  Operators chose to begin the tuning at 100 MeV 
•  Operator accidently entered an out-of range current into the control system 

increasing the current to dipole LB-B1 
•  Radiation monitors in the region provided visual and audible warnings of the 

increased radiation fields 
•  The states of the non-interlocked monitors were not echoed on a dedicated 

display in the control room 
-  Operators would have had to have called up alarm pages on the control 

room screens   
-  It was subsequently determined that the data from the radiation 

monitors was not being correctly interpreted by the control system 
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Investigation Report 

•  Operators tried to diagnose the alarm by cycling the magnet to full 
power several times, thereby creating additional alarms within the 
Controlled Area 

•  Review of logs showed that on May 11, May 16, May 24, May 25, 
2012: elevated radiation levels had occurred 

•  Shielding analysis did not consider use of 100 MeV beam 
•  The failure analysis considered that nominal beam energy would be 

200 MeV and failure of 1 klystron would drop the beam energy to no 
less than 170 MeV   

-  The peak radiation level in the booster enclosure was reduced 
from to 0.6 mrem/h (6 microSv/h) by the modified shadow 
shield 
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Direct cause:  
• Operators exceeded 42 amps 
in magnet current to bending 
magnet 1 for 100 MeV beam 
  
Root Causes:  
1. PSD did not effectively 
implement change 
management processes  (e.g., 
not tracking changes to 
shielding assumptions) 
2.  PSD did not effectively 
implement the Conduct of 
Operations  
3.  PSD did not effectively 
implement the ARR process  
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Contributing Causes 

•  PSD did not have a documented strategy to review shielding and track long-term 
actions 

•  Safety analysis not comprehensive to include 100 MeV beam; this would have been 
captured by turnover between the SAOS and the local shielding review team  

•  PSD’s ARR process was inadequate in that it did not verify implementation of 
procedures, safety review process, Control Room equipment, or chain of command.  

•  Duties of the Control Room Supervisor were not assumed by a specific individual 
•  PSD’s implementation of the Conduct of Operations Manual was found to be 

inadequate 
•  The requirement for a detailed radiation survey, which was not performed by RCTs for 

100 MeV beam, was poorly defined by procedure LT-C-ESH-LC-RAD-001  
•  QA Program insufficient  
•  Operator training ineffective  
•  Operations procedures not followed or implemented properly 

65 



Safety System Failures  

•  Safety System failures (engineering and administrative) have several 
common threads: 

-  Are avoidable 
-  Involve several failures 
-  Inadequate conduct of operations, inadequate safety management 

in organization 
•  Consequences: 

-  Facility mission negatively impacted 
-  Negative press coverage, reaction and/or over-reaction of 

regulating agencies 
-  High cost to recover 
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Summary 

•  Particle accelerator facilities need Radiation Safety Systems to 
protect personnel from prompt radiation  

•  ACS, shielding and active RCS are all needed: 
•  consistency and balance among the systems 

•  Program, policies are needed to: 
•  Analyze hazards and identify controls  
•  Commission, maintain and operate RSS in a rigorous manner  
•  Define clear role and responsibilities  

•  RSS life-cycle management including independent and thorough 
review of the RSS systems and program, are essential 
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J-PARC Center Report- November 11, 2013  
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From M. Benmerrouche 



21.6 mSv/h 

5 to 15 minutes 

250 MeV 
2.1 W 
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From M. Benmerrouche 



The dosimeters of personnel involved as well as an area monitor 
dosimeter were collected and submitted for processing. The whole body 
gamma and neutron dose results for the dosimeters were found to be 
below the detection limits of the dosimeters. 

75 


