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Abstract

Equipment maintenance is one of the most important areas in the life-cycle management 
of High Energy Physics (HEP) facilities. In HEP facilities (such as CERN, ISOLDE, GSI/FAIR, 
GANIL, FRIB and ESS), beam intensities are increasing. Ionizing radiation is Á significant 
hazard. The ionizing radiation directly affects the health of radiation workers and 
therefore it is desirable to reduce human intervention through robotic operations. The 
Facility of Antiproton and Ion Research (FAIR), Á HEP facility under construction in 
Darmstadt, Germany, will house the world’s most powerful Super Fragment Separator 
(Super-FRS) facility, which will require remote maintenance. One section of the Super-FRS 
is termed the main tunnel. This is 160m long and has four focal planes. The Super-FRS 
beamline inserts will require remote maintenance and remote inspection. To carry out 
these Remote Handling (RH) tasks, Á RH system for the Super-FRS main tunnel is essential. 
RH equipment for HEP facilities are complex systems. They must operate within an 
intricate environment with multiple interfaces. However, there is very limited literature 
on how to approach the development and evaluation of RH concepts at HEP facilities even 
though various facilities have developed RH systems tailored to their individual 
environments.  
This thesis proposes new systematic approach for developing and evaluation of RH 
concept designs targeted to help maintenance procedures at HEP facilities. The systematic 
approach is composed of Systems Engineering (SE) State of the Art practices molded to fit 
HEP facilities needs and requirements. The SE approach for HEP facilities focuses on 
finding optimum RH solution by exploiting HEP facilities limited resources available 
compared to nuclear power production industry. The systematic approach is tested to 
develop the RH maintenance solution for Super-FRS main tunnel scenario for FAIR facility. 
The practice carried out during this research work resulted in the best possible RH 
solution for Super-FRS and is currently under development for the Super-FRS facility.  
The research work to develop systematic approach for development of RH system was 
based on Á very critical State of the Art study that has not been carried for HEP facilities till 
now. The State of the Art studies explores the HEP facilities in detail and results in: 
classification of HEP facilities RH environments, classification of RH equipment currently 
used at HEP facilities and present status of SE knowledge integration within HEP facilities.  
The systematic approach to develop RH system and knowledge attained during State of 
the Art studies are utilized to develop three RH system concept designs that fulfill the 
Super-FRS RH requirements. This research work focuses on collaborating between RH 
experts to conduct reliable and creditable trade-off analysis for RH system concepts 
evaluation. The aim of collaboration with RH experts is to develop diversify the systematic 
approach for RH system concept development. The collaboration and the State of the Art 
studies enable the model to formalize the procedures that will ensure the integration of 
RH needs into facility’s development by classifying (Commercial Off-the–Shelf (COTS)) RH 
equipment and by identifying key steps in the development of RH concepts.  
The developed RH concepts for Super-FRS are evaluated for requirements traceability, 
functional analysis, radiation dose analysis, possible system failure scenarios, including 
cost estimates, and task sequence optimization analysis. The result of trade-off analysis is 
delivered in the form of optimal RH system design that fulfills the RH requirements and 
will be developed to carry out RH tasks at Super-FRS facility.  
This thesis provides details concerning each concept design’s merits and demerits, along 
with suggestions for design changes needed to improve RH system’s flexibility and 
performance. The systematic approach used to develop the RH concepts was used to 
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identify and address the critical issues with Super-FRS tunnel layout, beamline insert 
designs, storage Ⱦ transport of activated parts, and remote maintenance integration at 
very early stage of HEP facility design. 
The research work in this thesis paves the way for the future systematic RH systems 
concepts design, and development practices; by moving beyond the classical approaches 
to develop concept designs at the HEP facilities. The conclusion will also present Á 
summary design comparison, relevant technologies, advantages, limitations and future 
research work opportunities. 
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1 Introduction

1.1 Research context

1.1.1 The importance and challenges of fundamental experimental physics re-
search

High-energy and nuclear physics research communities are pushing the boundaries of knowledge con-
cerning known nuclides in order to understand nature at its most basic level. Modern fragment sepa-
rator facilities have made it possible to study of the fundamental questions of the universe in the fields 
of nuclear structure and astrophysics. Fragment separator facilities are designed to deliver beams of 
rare nuclei via fragmentation and fission reactions caused by high-energy beams hitting targets. Ad-
vances in technology have enabled scientists to build powerful facilities for producing high-energy 
beams of short-lived radioactive nuclei. Rare isotopes are radioactively unstable, and they decay into 
stable nuclei by emitting radiation. Figure 1 shows Á nuclide chart as Á function of proton and neutron 
numbers. The nuclei shown in black are the more stable nuclei; these have very long half-lives and can 
be found naturally in the universe. The more unstable and discovered nuclei are shown in orange. The 
green region of the chart shows nuclei that have been theoretically predicted, but that are thus far un-
known to mankind[1]. 

In the current scientific environment, radioactive beams represent the primary way to explore the 
uncharted regions of the nuclei chart (Figure 1) and to find answers concerning the evolution of the 
universe [2][3][4]. The main aim of Rare Isotope Beam (RIB) facilities is to study nuclear physics in 
order to understand the properties of nuclear matter and atomic nuclei in order to answer such fun-
damental questions such as: 

· What is the significance of unstable nuclei in the nuclear processes that shape the visible uni-
verse [5]?  

· To discover new forms of matter and to study the structure and behavior of matter at extreme 
conditions, (namely) when Á transition from nuclear to quark gluon matter occurs [1]? 
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Figure 1. Chart of nuclide: stable, discovered and predicted nuclei. Presented as function of 
their Proton (Z) and Neutron (N) numbers[1]Ȣ 

The Organization for Economic Co-operation and Development (OECD) Global Science Forum’s report 
[6] shows that RIB facilities are producing the latest and most important research in the field of nucle-
ar physics. The research performed in these facilities has Á direct impact on medical imaging, cancer 
treatment, environmental research, food processing, material sciences, accelerator technology, space 
technology, space sciences, microchip fabrication, biology and clean energy technologies [6]. Within 
the last decade, the Nuclear Physics European Collaboration Committee (NuPECC)[7] have reported 
major progress and discoveries in the field of nuclear physics that have direct applications to society. 

1.1.2 Importance of particle accelerators

In 2000, an estimated 15,000 particle accelerators  [8] were operational across the globe. This number 
is increasing as research in various relevant fields is expanding. Existing accelerators are diversifying 
with the construction of new facilities.  According to Amaldi [8], primary and secondary particle beams 
have undergone an evolution (Figure 2). Currently, they are u-sed for the following three types of ac-
tivities:

· Beam particles are used in the analysis of physical, chemical and biological samples.

· Beam particles are used for the modification of the physical chemical and biological properties 
of matter.

· Energetic beam particles are used for the research in study of basic subatomic particles. 
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Figure 2: The Time Tree gives a pictorial view of the development of the applications of acceler-
ators in both modification processes and sample analyses [8].

Current research shows accelerator applications in the arts, other sciences, medicine and high-tech 
industries. Scientific applications include: national security (e.g. cargo inspection), stockpile steward-
ship and materials characterization. Medical applications include: accelerator-based diagnoses and 
radiation therapy in hospitals and clinics around the world. High-tech industrial applications include: 
the modification of material properties, such as the alteration of plastics, for surface treatments and 
pathogen destruction in medical sterilization and food irradiation; the extensive use of ion-beam ac-
celerators in the semiconductor industry, where they are used for chip manufacturing and for harden-
ing the surfaces of materials, such as those used in artificial joints. Particle accelerators are also crucial 
for understanding the origin of our universe and for forming heavy nuclei  [7][8][9]. 

1.1.3 PURESAFE

This project work is connected with Preventing hUman inteRvention for increased SAfety in inFra-
structurEs  (PURESAFE) research project [10]. PURESAFE is an acronym for “Preventing hUman inter-
vention for increased SAfety in inFrastructures Emitting ionizing radiation”. The project’s main scien-
tific objective is to develop models, methods and tools to improve the radiation protection in scientific 
facilities emitting ionizing radiation, as well as to practically implement these techniques using case 
studies within PURESAFE project work packages (WPs). PURESAFE focuses particularly on high ener-
gy physics accelerator facilities that can generate radioactive nuclei parts and thus require innovative 
maintenance techniques. 

PURESAFE is Á multi-disciplinary project that is divided into five WPs, of which three are further di-
vided into research packages (RPs). WP1 addresses processes and modeling. WP2 is concerned with 
the hardware platforms and applications of WP1 and WP3 in actual RH projects. WP3 addresses soft-
ware platforms for RH. It is worth noting that input from various research projects from WP1, WP2 
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and WP3 are applied in this research work and contribute to the research work’s results. These con-
cern radiation protection, intervention planning, teleoperation, mobile robotic communication and the 
integration of RAMS (Reliability, Availability, Maintainability and Safety) into systems design. 

1.1.4 General context

The main application of the PURESAFE project concerns High Energy Particle accelerator (HEP) facili-
ties. Such HEP facilities are focused on high energy physics in order to study the smallest known com-
ponents of matter [11]. These facilities use high-tech equipment (including particle accelerators, vacu-
um chambers, targets, detectors and magnets) to accelerate, steer, focus and stop particle beams in 
order to perform experiments [11][12][13]. In order to push the boundaries of physics research ȟ ex-
perimental physics is progressing towards the use of higher-energy particle beams to perform exper-
iments [2][6][7]. This has, in turn, caused physicists and engineers to develop more complex machines 
[13][14][17]. Particle accelerator facilities that consist of multiple complex machines can be termed 
“super-systems.” The complex machines themselves can be termed as “subsystems”, which are com-
posed of “equipment”. During beam circulations in experiments, these subsystems and pieces of 
equipment interact directly with high-energy beams, causing beam collisions within accelerators and 
detectors. These interactions cause the undesirable radiological activation of accelerator facilities and 
equipments [18]. 

Due to the ionizing radiation at HEP facilities, the radioactive equipment at such facilities cannot be 
directly handled or maintained by personnel. Thus, at this stage, there is Á significant need to reduce 
the level of radiation dosage experienced by personnel during the inspection, maintenance, installation, 
replacement, removal and storage of radioactive elements. Strategies to reduce the radiation dosages 
experienced by personnel include: improving the design and development of HEP facilities, using tel-
erobotics or RH to conduct maintenance activities, and implementing State Of the Art tools for inter-
vention prediction and planning.

The studies conducted in this research are connected with the Facility of Anti-proton and Ion Research 
(FAIR), which is currently under construction and development in Darmstadt, Germany. The develop-
ment of this thesis is focused solely on the FAIR project and it addresses the design needs of the FAIR 
facility. However, the same approaches, tools and techniques can be implemented in other high-energy 
particle accelerator facilities. Examples of such facilites are: Conseil Européen pour la Recherche Nu-
cléaire (CERN) [19][20] ȟ Grand Accélérateur National d'Ions Lourds (GANIL) SPIRAL2[21], and Facili-
ty for Rare Isotope Beams (FRIB)[22]). Since particle accelerator inception, there are two basic types 
of modern accelerators for HEP facilities: linear and circular with various components that can be-
come activated due to operation [23][24].The developments can also be useful to other facilities in-
volving ionizing radiation which are not accelerator facilities, for example: Joint European Torus (JET) 
[96][97], International Thermonuclear Experimental Reactor (ITER) [98],  and DEMOnstration Power 
Plant (DEMO) [98].  

1.1.5 Facility for Antiproton and Ion Research (FAIR)

The FAIR facility, in Darmstadt, Germany, was proposed in 2001 by the GSI in collaboration with the 
wider international science community. The government gave conditional approval for the construc-
tion of FAIR in February 2003. The approval was based upon the following conditions [2]: “(i) Á scien-
tific-technical plan for Á staged construction, and (ii) participation of international partners contrib-
uting at least 25% to the construction cost”. Thus far, 14 countries (China, Finland, France, Germany, 
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Greece, India, Italy, Poland, Romania, Russia, Slovenia, Spain, Sweden, and the United Kingdom) have 
signed the Memorandum of Understanding for FAIR, indicating their wish to participate in the FAIR 
facility [2][5].  

The current FAIR facility layout consists of Á superconducting double-Synchrotron, the SIS100/300, 
with Á circumference of 1,100 meters. This lies at the heart of the FAIR accelerator facility, as shown in 
Figure 3. Following an upgrade for high intensities, the existing GSI accelerators Universal Linear Ac-
celerator (UNILAC) and Schwerionen-Synchrotron 18 (SIS18) will serve as an injector. Following Á 
high-intensity upgrade, the existing GSI accelerators, the UNILAC and the SIS18, will serve as injectors. 
In the resulting double-ringed facility, continuous beams with high average intensities of up to 3x1011 
ions per second will be provided at energies of ρ GeV/u for heavy ions, using primary beam parame-
ters from the SIS100/300 facility for the different research fields, as shown in Figure τ [5]. 

 

Figure 3: Layout of the existing GSI facility (UNILAC, SIS18, and Experimental Storage Ring 
(ESR)) are shown in blue on the left and the planned FAIR facility is shown on the right in red. 
This includes: the superconducting synchrotrons SIS100 and SIS300, the collector ring (CR), the 
accumulator ring (Recycled-Experimental-Storage-Ring (RESR)), the new experimental storage 
ring (Neue-Experimentier-Speicherring  (NESR)), the rare isotope production target, the super-
conducting fragment separator (Super-FRS), the proton LINAC, the antiproton production tar-
get, and the high energy antiproton storage ring (der Hochenergie-Speicherring (HESR)). Also 
shown are the experimental stations for plasma physics, relativistic nuclear collisions (Com-
pressed Baryonic Matter (CBM)), radioactive ion beams (Super-FRS), atomic physics, and low-
energy antiproton and ion physics  [2]Ȣ 
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Figure 4: Primary beam parameters (table) from the SIS100/300 facility for the different re-
search fields[2]Ȣ 

The accelerator complex at FAIR will host Á large number of experiments, of which the four largest will 
reside on the Super Fragment Separator (Super-FRS). The Super-FRS is the main application area for 
FAIR facility. Radiation doses will be present at the Super-FRS facility due to the activation of beamline 
inserts, which will require remote maintenance. It is in this context of remote maintenance that this 
thesis focuses on developing Á conceptual solution with Á systematic framework to fulfill the RH needs 
of the Super-FRS and FAIR facility in an effective and optimized manner. 

1.2 Remote Handling (RH)

Teleoperation and mobile robotics are now frequently used to carry out maintenance tasks in hostile 
and hazardous environments, where humans cannot perform certain tasks due to safety issues (e.g., 
high radiation levels or environmental challenges) [25][26][27][28]. Performing tasks with teleopera-
tion equipment, mobile robotics and automated robotic systems enables humans to conduct remote 
manipulations safely and reliably, without engaging in personal contact with dangerous items [29].  
The term “RH” is used in this thesis to refer to remote maintenance tasks performed by robots, wheth-
er these tasks are teleoperated, completed under supervisory control or carried out by automatic sys-
tems. The use of RH systems is very common in nuclear [30][31][32][33], space [34][26][28], and sub-
sea [29][30][40] industries; however, the term “RH” is most commonly used in relation to the nuclear 
power industry, where the term refers to the maintenance of power-generating equipment, the pro-
cessing of fuel assemblies, the inspection of surroundings and the manipulation of activated parts (e.g. 
through repairs to damaged equipment, exchanges of parts, disposals of activated material and stor-
age). In the nuclear power industry, all tasks are conducted inside hot cell. RH tasks in radiation envi-
ronments are typically carried out using dedicated, modified equipment that is controlled and operat-
ed from Á central control room, as shown in Figure 5. RH is also used in hospitals and educational la-
boratories to conduct surgeries and research activities using high-precision telerobotic equipment. 

From the 1960s until the present day, the RH philosophy has followed the “human in the loop” concept, 
in which Á human operator controls machine output by entering commands via Á Human-Machine 
Interface (HMI)[29]. However, progress in the use of industrial robots over the past three decades has 
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enabled RH engineers to use low-cost, high-performance industrial robots for more automated RH 
applications[41].  

Figure 5. RH at JET facility representing control room (right) and RH equipment (left) 

1.3 The need for RH in HEP facilities

1.3.1 Radiation environment

HEP facilities are highly radioactive due to activated material in the beamline equipment. In order to 
produce Á high rate of secondary particles, such as antiprotons, neutrons, neutrinos and rare isotopes, 
beams are required to be very high-intensity [2][9][47]. When these beams interact with targets, it 
radioactively activates the material which ultimately degrades the material properties and limits the 
lifetime of beamline equipment. Degraded targets, collimators and beam dumps also become activated 
as Á result of this beam interaction and, hence, must be shielded to protect humans. This beamline 
equipment requires constant remote maintenance. Prior to any remote maintenance or upgrade pro-
ject, HEP facility accelerators are shut down gradually in order to seize the production of neutrons and 
to prevent the possibility of damaging radioactive effects during the interventions.   

The activated products exhibit one or more of Á range of radionuclides (atoms with nuclei character-
ized by excess energy) which is eventually dissipated through the ejection of Á particle or electron. The 
energy state of the activated material undergoes nuclear decay, emitting harmful ionizing radiation in 
the process [18][42]. ! radioactive “source" is said to have an activity of ρ Becquerel1 when such trans-

1 In this document, we will use  Sievert (Sv) as the basic unit for a radiation dosage. Sv is a derived unit for ionizing
radiation dosage in the International System of Units (SI).
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formations are occurring at the rate of one per second. The precise relationship of activity radiation 
intensity depends on the decay scheme of the radionuclide involved. Radiation protection is concerned 
with the intensity of the radiation emitted by Á source, and its main aim is to reduce human exposure 
to ionizing radiation. Thus, the following measures are typically taken to ensure worker safety:  

· Waitȡ Radioactivity decays with time, and this decay is normally exponential. Thus, activation 
is typically reduced by many orders of magnitude in the first days of shut-down. 

· Shieldingȡ Gamma radiation can exist for long periods of time; hence, shielding is needed to 
protect workers from harmful effects. Shields should be developed from appropriate materials, 
such as concrete or lead. 

· Increased distances between workers and sourcesȡ Workers should be placed as far from sources 
as possible in order to carry out maintenance. This increased distance is the prime motivator 
for using RH for activated beamline inserts. 

New research facilities [10][12][14][36][40] which are capable of delivering powerful beams will also 
generate more activated parts. The handling and maintenance of these activated parts must be done 
remotely, and the design of new facilities should incorporate provisions for RH. Figure 6 shows Á typi-
cal radioactive environment at Á particle accelerator target facility—in this case, the ISOLDE facility at 
CERN.  

Figure 6. Radiation visualization of radiation levels at ISOLDE facility CERN[45]

1.3.2 Radiation effects on RH equipment

RH equipment typically enables workers to perform maintenance remotely, thus reducing the radia-
tion dosages experienced by workers. However, this approach directly exposes the RH equipment to 
ionizing radiation. Modern robotic systems include various electronic sub-systems which require pro-
tection during RH tasks. Modern robotic systems are composed of various components which are af-
fected by radiation (see Figure 7), including:  
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· Electronic components, such as microprocessors, RAM/ROM memory, ADC/DAC converters, 
operational amplifiers, controllers, sensors, diodes, capacitors, motors, etc. 

· Mechanical components, such as metal, insulators, glass, camera lenses, fiber optic cables, lead 
cells, plastics, etc.  

The exposure of robotic systems to ionizing radiation causes embrittlement, Á loss of ductility, creep, 
and aging. Hence, equipment selected for use in radioactive facilities must be radiation-hardened, and 
sensitive systems should be placed far away from radiation. Critical robotic systems also require ex-
tensive testing before commissioning in order to estimate their life expectancy and performance pa-
rameters. Modifications are also commonly made to commercial off-the-shelf (COTS) equipment in 
order to reduce external development costs and enhance in-house development capabilities. Such 
modifications include the removal of on-board electronics and addition of shielding. The target area 
robots used in the ISOLDE facility are an example of this. 

Figure 7. Cumulated permissible dose level for electronic components [42]

1.3.3 Radiation protection

Radiation protection, sometimes termed radiological protection, refers to the science of radiation ef-
fects and the practices used to protect people and the surrounding environment from the harmful ef-
fects of ionizing radiation[11][18][49][50]. Radiation protection involves measuring radiation doses 
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and ensuring that people are not exposed to levels which are capable of causing damaging biological 
effects.  

1.3.3.1 International legal efforts in radiation protection

Occupational radiation protection is critically important among the international community due to 
the harmful effects of radiation on workers’ health. Legal limits are defined by national and interna-
tional authorities. Some notable organizations involved in providing recommendations on radiation 
dose limits are listed below.  

· International Atomic Energy Agency (IAEA)
· International Labour Organization (ILO)
· European Commission (EC)
· World Health Organization (WHO)
· Organization for Economic Co-operation and Development’s Nuclear Energy Agency 

(OECD/NEA)
· United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
· International Commission on Radiological Protection (ICRP)
· International Commission on Radiation Units and Measurements (ICRU)

In 2002, the IAEA and ILO organized an International Conference on Occupational Radiation Protec-
tion. The event was co-sponsored by the other listed organizations and was held in Geneva, Switzer-
land. The conference specified recommendations for occupational radiation protection based on the 
global progress made over the past few decades in radiation protection. 

ICRP [51] recommendations regarding radiation limits serve as the basis for all standards put forward 
by all of the other organizations listed. The radiation dose limits recommended by the ICRP [50][52] 
are based on radiation biology, which consider the damaging interactions of ionizing particles with 
living tissues. The European Union (EU) has adopted the European Atomic Energy Community (EUR-
ATOM) directive (Directive 96/29 [53]), which is the basis for radiation protection regulations for EU 
member states. EURATOM includes the Recommendations of the International Commission on Radio-
logical Protection (ICRP60)[54][55]2Ȣ  

The work in this thesis follows the occupational radiation doses recommended by the German Federal 
Office for Radiation Protection, which are in line with those of the EURATOM directive [53] and those 
of the ICRP103 [55]. Thus, the dose limits used are in line with the basic safety standards outlined by 
the EU [56] at the time of writing. Dose limits are frequently altered by national and international reg-
ulators, as shown in Figure 8[57] This is due to the continued evolution of the field of radiation protec-
tion and the persistent lack of Á full understanding of the effects of radiation [58]. In Germany, accord-
ing to European guidelines, the permissible effective dose of occupational radiation exposure is 20 
millisievert (mSv) per calendar year [56]. The German Commission on Radiological Protection (SSK) 
(in German:  Strahlenschutzkommission) advises the Federal Ministry for the Environment, Nature 
Conservation, Building and Nuclear Safety (BMUB) on issues concerning protection from the risks of 
ionizing and non-ionizing radiation.   

2 The ICRP updated the recommendation in 2007 that are known as “ICRP103”[55]
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Ȣ   

Figure 8: This logarithmic plot of the recommended limits on annual exposures to radiation
shows a continual decrease from the beginning of the century to the present [57].

The GSI Helmholtz Center for Heavy Ion Research is Á German research organization and, thus, is 
obliged to abide by German dose limit standards. However, the GSI also imposes stricter regulations 
on itself to reduce workers’ radiation doses to no more than 2mSv/year, [24].  

1.3.3.2 Radiation protection principles and philosophy

HEP facilities are complex machines, comprised of various types of scientific equipment, such as parti-
cle accelerators and beamline inserts (e.g., detectors/slits, etc.). All of these require maintenance over 
time. It is during this maintenance that human intervention is needed. To protect human beings in 
radiation environments, the most common technique is called ALARP or ALARA (As Low As Reasona-
bly Practicable or Achievable) [50][59][66]. This approach is used to limit the radiation doses received 
by humans. The ALARA approach is based on the philosophic principle of “justifying, optimizing and 
limiting” the doses received by all who need to work on or near activated parts of the facility.  

ICRP60 and ICRP103 recommend that all radiation protection be based on this same philoso-
phy[54][55]. The justification principle requires that an “intervention procedure will benefit the indi-
vidual and society to balance the radiation dose effects; while there is no alternative solution exists 
which would not involve radiation exposure”. The optimization principle states that any “(1) interven-
tion scenario/s has been assessed in regards to radiation protection, (2) decision making process is 
traceable to selected intervention scenario/s, (3) possible accidents and disposal of radiation sources 
are taken into consideration for intervention scenario/s”. The limitation principle requires that expo-
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sure “comply with the annual dose limit/dose constraint based on recommendations of the ICRP” 
[61][62]. 

Based on this philosophy of  “justification, optimization and limitation”, the ALARA principle has be-
come the most predominant methodology for estimating received doses [59]. In the case of occupa-
tional exposure, which is the relevant case for the context of this thesis, the dose received by individu-
ally monitored personnel during any consecutive 12-month period must not exceed 20 mSv. The 
ALARA approach is implemented to prevent any exposures beyond  the limit value since “in case of 
continuing exposure, this exposure is associated with Á radiological risk for the individual which can-
not be accepted any more under ‘normal’ circumstances” [59][61][62]). 

The ALARA principle has been globally adopted by all radiation protection agencies based on the 
IAEA’s Occupational Radiation Protection recommendations: Protecting Workers against Exposure to 
Ionizing Radiation[61]. 

1.3.3.3 Radiation doses

HEP facilities and nuclear power plants are some of the major sources of non-naturally occurring ion-
izing radiation. The ionization process occurs when an atom becomes excited due to the high energy 
carried by the radiation and therefore gains (or loses) an electron. In HEP facilities, ionizing radiation 
includes alpha particles (protons and neutrons), beta particles (electrons and positrons) and photons 
(gamma rays and X-rays). Ionizing radiation can affect humans both deterministically (through high 
levels of radiation exposure) and stochastically (through low levels of exposure). The ICRU has laid the 
scientific-mathematical basis for radiation protection [62][66]. 

The fundamental protection quantities adopted by the ICRP are based on measures of the energy de-
posited in the organs and tissues of the human body. The total amount of ionizing radiation absorbed 
by material or tissues is termed an “absorbed dose”. This absorbed dose (aka “energy dose”) is the 
fundamental physical quantity that serves as the basis for all subsequent quantities used in radiation 
protection [50]. The ICRP states the following: “The absorbed dose abbreviated as D, is the amount of 
energy locally deposited at Á given location in matter. It is defined as the deposited energy ɉɝE) per 
unit of mass of material ɉɝm)”[62][66]: 

Ὀ =
ɝὉ
ɝά

                        [Gy = J. kg ]        Eq 1

The unit of an absorbed dose is the gray (Gy)3Ȣ The absorbed dose depends on both the incident radia-
tion and the absorbing material. 

Equivalent dose 

Since different types of ionizing radiation cause different amounts of damage to living tissue, the 
“equivalent dose” (H) was developed as the product of the absorbed dose for ICRU-tissue and the 
weighting factor WR (where 2 stands for the radiation type). This dose is used to determine the dam-

3 Old units, which are still used in parts of the world are the rad and the rep.
1 rad = 0.01 Gy (2.3)
1 rep = 8.3 or 9.3mGy



13

age to human tissue for different types of radiation. These weighting factors (shown in Figure 9) are 
defined by ICRP103 [55]. The “equivalent dose” is defined as: 

Ὄ = ὡ Ὀ Eq 2

Figure 9. Radiation weighting factors WR  table as defined in ICRP103 [55]

 The “equivalent dose” to Á specific organ or tissue 4 is defined as: 

Ὄ = ὡ Ὀ ȟ
Eq 3

The unit of equivalent dose is * kgϺ1ȟ which is also known as the Sievert (Sv). 

Effective Dose 

All human organs are sensitive to ionizing radiation; however, the equivalent dose can harm some 
organs more than others. To quantify the effects of the equivalent dose on different organs, the “effec-
tive dose” (E) was developed. To calculate the effective dose, the equivalent dose is weighted by the 
tissue weighting factor WTȟ which depends on the tissue or organ that the radiation is affecting.  WT 
values are also defined by ICRP103 (see Figure 10). The effective dose is defined as: 

Ὁ = ὡ Ὄ

= ὡ ὡ Ὀ ȟ      [Ὓὺ]

Eq 4
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In Eq τ  WT is the tissue weighting factor for tissue 4 and В ὡ = 1.The unit of equivalent dose is also 
the Sievert. The effective dose is the main quantity that is used in radiation protection, and it is also the 
main quantity that we will use in this research work. 

Figure 10. Tissue weighting factor WT table as defined by ICRP103 [55].

1.3.3.4 Radiation protection in particle accelerator facilities

HEP facilities have Á legal obligation to protect the public and any persons working on their sites from 
exposure to ionizing radiation. The results of these measurements facilitate the preventive assessment 
of radiological risks and the reduction/elimination of individual and collective doses. Figure 11 pro-
vides an example of Á GSI beam operation lifecycle and shows the position of an ALARA approach in 
radiation protection. The following criteria may apply, depending on whether the particle accelerator 
machines (and, thus, the particle beams) are running: 

Beam ON: No access for personnel is possible when particle beams are circulating in the accelerator. 
This is because of the high levels of radiation will affect both humans and electronics. For the same 
reason, electronic devices (e.g., RH equipment) cannot be permanently fixed or placed inside the beam 
facilities.  

Beam OFFȡ Once the beam is turned off and the cool-down period has passed, human intervention is 
usually possible. The cool-down period is over when the residual activity is below Á certain legal and 
admissible threshold. However, some areas are not accessible to humans even after the beam has been 
turned off, due to residual radioactivity from activated components. Such areas can only be inspected 
and maintained with remote maintenance equipment. Radiation tolerances in robot components are 
generally greater than four orders of magnitude higher than those in humans [20] [51][54][69]. For 
this reason, RH can be used inside beam facilities during and after the cool-down period when human 
access is restricted. 
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Figure 11. HEP facilities operational cycle with ALARA application.

1.3.3.5 The need for robotic systems for RH

There is Á clear need for robotic RH systems in HEP facilities, due to the radioactive environment and 
effects of radiation as explained above. Electronics can handle Á total dosage of 100 Sv, which is far 
more than 2mSv dose limit for personnel at GSI. In the FAIR facility, the beamline insert will be highly 
radioactive. Remote maintenance will be obligatory as human workers will be unable to directly han-
dle the beamline inserts. The major benefits of using RH equipment in the FAIR facility are: 

· Reducing the exposure of workers to ionizing radiation within FAIR through planning. RH 
could help in the planning of human maintenance interventions by providing detailed radiation 
measurements and visual checks of faulty equipment. Moreover, mobile robots may facilitate 
more accurate measurements and visual inspections, since they eliminate the need for the time 
limits imposed on humans in places with high-radiation. 

· Handling radioactive parts (i.e., removing and installing the beamline insert, transporting radi-
oactive parts to hot cells for storage and maintenance, etc.). 

· Optimizing HEP facility maintenance overall (i.e., increasing beam availability by reducing 
downtime). The cool-down period can be quite long (several days/weeks) before an access is 
granted for Á human to visually check of the equipment, especially in cases of machine failures 
during beam operation.  The use of RH would remove this restriction and so allow mainte-
nance to be carried out more quickly. 

1.3.4 Existing RH in HEP facilities

RH is not Á new concept within HEP facilities. However, although it has been used frequently in some 
facilities, the use is limited and very specific. Majority of the RH systems with in HEP facilities were not 
originally planned for the HEP facilities overtime and one examples of particle accelerator facilities 
that have gradually added RH capabilities over time are: The Paul Scherrer Institute (PSI) in Switzer-
land [33][34], the Oak Ridge National Laboratory (ORNL) in USA [35][36],  CERN in Switzerland 
[19][66], and the GSI Helmholtz Centre for Heavy Ion Research (GSI) in Germany [3][24] For all these 
facilities, RH was not originally planned for. It was only integrated later, as the radioactivity hampered 
the sequence of maintenance tasks.   
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There are four main cases in which HEP facilities require maintenance: 

· System failure prevents the facility’s normal operations (e.g., damage to Á beamline insert, in-
cluding target or instrumentation, leads to Á need for replacement). 

· Normal degradation of system components (aging) leads to Á need for periodic preventive 
maintenance of the system (e.g., beamline inserts, vacuum pumps, cryogenics, etc.). 

· The experimental system requires changes. The Super-FRS setup will require modifications or 
changes as Á routine part of the experiments. For example, the Nuclear Structure, Astrophysics 
and Reactions (NuSTAR) collaboration at FRS may want to test new ideas to verify theories, 
which will require the installation of new instruments into the setup. 

· Regular inspections during regular annual checks. These are carried out to maintain the opera-
tional license for HEP facilities (e.g., cryogenic systems require annual checks of their values). 

 As Á general rule, FAIR components with failure probabilities of greater than ρ in 20 years of facility 
operation require scheduled preventive maintenance or replacement. For example, the Super-FRS 
target will interact directly with Á beam and, thus, be subjected to Á high level of wear and tear. As Á 
result, it will need scheduled replacement after two years. FAIR’s lifecycle is 40 years; hence, the 
equipment that is bound to fail during the FAIR facility’s operation duration will require maintenance 
if its parts are ionized due to beam interactions. 

Components with low failure probabilities do not require scheduled maintenance; however, in the 
case of unexpected failures, they may require unscheduled maintenance. For example, magnets are 
designed to last throughout Á facility’s lifecycle. However, Á magnet failure would require unscheduled 
shutdown and maintenance. 

 In September 2008, Á “large helium leak into sector 3-4 of the LHC tunnel [was confirmed to have 
been caused by] Á faulty electrical connection between two of the accelerator’s magnets”. This was an 
unexpected event that was unforeseen, and CERN had to conduct necessary repairs to make the facility 
operational again[67] Ȣ  If certain failures occur at HEP facilities due to unforeseen incidents, unsched-
uled repairs must be considered. Any unplanned event will require remote inspection prior to Á sys-
tematic analysis of the event. 

Maintenance operations in HEP facilities are performed by qualified workers in full accordance with 
the principle of ALARA (see section 1.3.3.4). For example, at GSI, the environmental dose limit for radi-
ation workers is 10µSv/h for hands-on maintenance. As discussed in section 1.3.3.3, the annual total 
dose limit is 2mSv.  Some of the equipment at GSI (as well as in CERN, PSI and other facilities) have 
higher activation levels than these limits allow and, hence, emit very dangerous levels of radiation. In 
such cases, RH is the only solution. The need for RH is explained in section 1.3 in more detail.  

RH utilizes State of the Art technologies and engineering management techniques to enable operators 
to handle radioactive components from Á safe distance without endangering maintenance workers. 
Experiences of RH at facilities, like JET, show that remote maintenance operations take more time and 
effort than normal maintenance[41]. Effective remote maintenance is only possible when [41]: 

· RH equipment is carefully designed from an early stage according to system needs. 

· RH tasks are planned in advance and in detail. 
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· The components requiring remote maintenance are compatible with RH. 

· Extensive testing is required on mockups before RH tasks are actually performed in Á real-
world environment. 

The role of RH in the maintenance of HEP facilities has increased recently and it is now considered Á 
basic requirement. Provisions for the RH of activated materials is now Á major part of proposals for 
new HEP facilities, such as GANIL SPIRAL2 [21], the Japan Proton Accelerator Research Complex (J-
PARC) [43], the FAIR [2] and the FRIB[22].  

The details regarding existing RH equipment and capabilities at selected HEP facilities will be ex-
plained in more detail in Chapter 2. 

1.3.5 Project engineering and Systems Engineering (SE) for HEP facilities RH

The complexity of HEP facilities is increasing and, as Á result there is an increasing need for Systems 
Engineering (SE). Previous studies [68][69] have shown that  Á standard SE approach to project man-
agement can increase chances to success to develop HEP complex systems. However, SE [70][71][72] 
literature suggest that the “complex technical project success is dependent on the management pro-
cess and procedure supporting the technical requirements and concept designs that are carefully de-
signed that vividly explains the interfaces within the system”. Hence, project management or the tech-
nical development of RH at later project stages is Á suitable option for HEP project success. RH systems 
need to be integrated from the start of any HEP project. The technical aspects of the project need to be 
defined very early on in order to ensure project success and compatibility[73].   

Every HEP facility is Á complex project composed of complex systems and machines. Normally, HEP 
facilities are developed by physicists, whose knowledge regarding project management and SE are 
limited. Early HEP facilities were not as large as they are now, and the resources needed to execute 
them were locally available. In contrast, modern HEP facilities, like the LHC, the FRIB, SPIRAL ς and 
FAIR, are enormous projects. They require funding and resources from both local and international 
bodies. Effective project management and SE approaches must be introduced if the projects are to be 
successful.  The PURESAFE ITN is one such approach, launched by the EU to introduce SE practices 
into the development of HEP facilities. PURESAFE brings together engineering students from different 
fields to train them in the maintenance needs of HEP facilities. 

1.4 Research motivation and objectives

1.4.1 Motivation

As outlined above, RH has become an integral part of the design of HEP facilities. It is imperative that 
designers adopt Á systematic approach to develop and evaluate integrated RH concepts during the 
early stages of the project. However, there is very little literature on how to approach such develop-
ment in Á systematic way.  

Up until now, every HEP facility in the world has adopted its own practices to develop their RH sys-
tems. Thus, each facility has unique RH equipment and, hence, the information regarding their RH sys-
tems is scattered and not available in Á unified format. Individual HEP facilities also have RH experts, 
who are major contributors and pioneers of the equipment and practices used within the facility. 
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These experts don’t often publish their experiences, which limits our understanding of the existing RH 
practices in such facilities. All these factors combined mean that RH systems are developed without 
any systematic approach.  

Due to the reasons stated above, RH systems are always based on expert opinions and personal expe-
riences. It is undeniable that expert opinions and experiences are critical to RH development; however 
expert opinion is not enough on its own. It is also critical to understand the RH systems and approach-
es that are used in various HEP facilities and to utilize knowledge from SE to design RH concepts at 
earlier stages to avoid issues with equipment reliability, cost, maintenance and logistics at later stages 
of the product life cycle. Since HEP facilities are research-oriented and have limited budgets for RH. 
The budget allocated to the development of HEP RH is fraction of total facility costs, it is important to 
develop systems that are cost effective and reliable. To develop such systems, it is important to use 
COTS equipment to reduce the costs of concept development. It is also important to evaluate the con-
cepts developed for RH, including costs, without compromising system functionality.  

The Super Fragment Separator (Super-FRS) facility is Á new facility at FAIR, with higher beam intensi-
ties compared to beam intensities at FRS in GSI. It is of the utmost importance that the RH concepts are 
developed in such Á way that they can be tested and further developed before the RH is implemented 
in the new facility.  

Thus, the motivation for carrying out this research is to develop Á concept design for the Super-FRS 
facility by: 

· Reviewing the RH systems of HEP facilities across the globe. 
· Classifying RH equipment to develop Á guideline for future RH equipment selection in HEP fa-

cilities. 
· Reviewing the various SE approaches which already exist for developing complex equipment. 
· Defining Á systematic approach for developing and evaluating RH concept designs based on the 

findings of this SE review. 
· Developing an optimal RH concept for the main Super-FRS tunnel using Á SE approach. 

1.4.2 Objectives  

Complex machines  like the Super-FRS are not only expensive to build, but are also costly to maintain 
due to the fact that they produce activated beamline inserts (e.g., targets, instruments, slits, degrader 
wedges, etc.). Consequently, due to high levels of radiation, the Super-FRS requires comprehensive RH 
logistics to address logistical issues in the handling of activated beamline inserts. These RH logistics 
need to be developed at Á conceptual level to make them more reliable. This approach will identify the 
possible failures of RH systems and negate any causes for possible failures. It will also make it safer, 
and more cost-effective, to conduct detailed radiation and intervention analysis and maintenance. 
However, for routine inspections and maintenance tasks, the number and duration of interventions 
should be minimized and shifted to the use of RH equipment.  

The main focus of this thesis is to develop RH system concept using SE knowledge to carry out remote 
maintenance at HEP facilities. The key objective of this thesis is to propose new systematic approach 
for developing and evaluation of RH concept designs for HEP facilities. This thesis also focuses on de-
veloping Á RH logistics concept and select RH equipment for the activated beamline inserts produced 
in the Super-FRS facility Á systematic approach. The work presented in this thesis can then be used as 
Á guideline for the development of RH system and logistic concept studies at other HEP facilities across 
the globe. The key features of this RH logistics concept and systematic approach will be based on the 
following: 
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· Selecting Á concept that is safe to operate with minimum failures (due to known causes and 
consequences) and that will reduce human interventions and accumulated doses for humans 
and equipment. 

· Optimizing and improving the RH logistics in order to optimize individual intervention scenar-
io. 

· Optimizing the HEP facilities limited resources to find suitable RH system according to HEP fa-
cility’s requirements. 

1.5 Research questions

Based on the thesis section motivation (Section 1.3.3.5 and Section 1.3.4) and objectives, this research 
will address the following research questions: 

· How the latest RH technologies can be used to reduce the exposure of worker to ionization ra-
diation at HEP facilities? 

· How to optimize the HEP facility RH maintenance by increasing beam availability and reducing 
downtime? 

· What are the State of the Art techniques and equipment used in existing HEP facilities to con-
duct RH and maintenance of radioactive parts? 

· How can we develop, classify and categorize the RH equipment used in HEP facilities, to im-
prove HEP facilities and equipment categorization in order optimize technology integration? 

· How can we study and understand the approaches and processes related to the development 
of RH concepts in HEP facilities and in the nuclear industry? 

· What do we know about the expert approach to concept development in the earlier design 
stages of HEP facilities? 

· What do experts consider to be the key factors in the development of RH concepts for HEP fa-
cilities? 

· How can we use current practices to develop Á SE approach which improves the development, 
integration and evaluation of RH concepts in the stages of Á project? 

· What tools and approaches can be adopted that will contribute to the concept development for 
RH logistics? 

· How can we develop Á concept for RH logistics in Á cost-effective manner? 

1.6 Research approach

This research project is focused on finding Á solution to Super-FRS RH problems in Á systematic man-
ner. It aims to find an approach to professional design development that can be reused in the future. 
The research uses Á multimethodological approach [74] for systems building within design engineer-
ing. The research only focuses on concept development and does not involve prototype development, 
which is outside the scope of the thesis.  

RH system concepts are typically developed at Á very early stage of Á facility’s lifecycle. ! system’s be-
havior may subsequently change once it has been deployed, due to changing environmental factors 
during facility development. This makes the objective evaluation of specific RH concept very difficult, 
since every situation and case is different. By using Á multimethodological approach, the focus is on 
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the construction and extraction of valuable artifacts (e.g., models, knowledge, methods and tools) from 
existing solutions to other problems in the field. In this way, the research aims to obtain solutions for 
future problems in an innovative way and to deliver the required results. Multimethodological ap-
proaches for systems development uses Á constructive approach [132] that fills in conceptual and 
knowledge gaps by using existing practices and knowledge, which are tailored to support each indi-
vidual case or situation.  

The specific multimethodological approach used in this research is based on that presented by 
Nunamker et al. [74], which is shown in Figure 12. 

 

Figure 12. Research approach for development of RH logistic concept [74]. 

In order to utilize this multimethodological approach, it is important to understand the background of 
the problem domain in order to establish the environment of the RH system. It is also important to 
understand the roles of system engineering and system development lifecycles in order to develop Á 
lean, systematic approach for the development of RH system concepts. Based on this analysis, concept 
designs can then be developed. The various concepts are then evaluated in order to select the best one, 
which is then refined for architectural and detailed design processes. 

1.7 Contribution of the research

The main contributions of this research are as follows: 

· Development of systematic approach for designing RH systems concepts for HEP facilities.  
· Detailed classification and categorization of HEP facilities hazardous environments, RH prac-

tices, RH planning methodologies, RH equipment, and RH technologies to develop RH solutions 
for development of HEP facilities and research facilities from across the globe. 

·  Development of RH system and logistics concept for Super/FRS facility utilizing SE approach. 
· Planning an effective RH remote maintenance schedule to maximize system flexibility and per-

formance by optimization the RH task sequences. 
· Development and selection of RH designs based on SE approach, which can then be generalized 

for developing RH logistic concepts for scientific facilities. 
· Development of criteria for integrating COTS equipment into RH logistics concepts based on 

the opinions and evaluations of RH experts. 
· Detailed information concerning RH systems in scientific facilities (e.g., PSI, CERN, GSI etc.) 

that have not yet been reported, including logistics practices, methods, equipment and prob-
lems faced Ȣ 

· Use of and contribution to the development of tools to improve and optimize RH logistics, task 
sequences and intervention scenarios. 
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· Integrating RH system requirements and needs to HEP facility development process at an early 
stage of product lifecycle, to influence the facilities equipment and infrastructure design pro-
cess.  

1.8 Thesis structure

This thesis is divided into four chapters. The contents of each chapter are summarized below: 

This thesis is divided into four chapters. The contents of each chapter are summarized below: 

Chapter 1: Chapter ρ provides Á brief overview of the research objectives, contributions and goals. It 
elaborates on the research context, the importance of particle accelerators, the need for RH in radia-
tion, radiation protection requirements, and the research methodology used to achieve the target goals. 

Chapter 2: Chapter ς examines the current state of the systems and practices in the field of RH engi-
neering, including RH systems and SE practices for them. The chapter is split into two sections. The 
first section includes Á detailed survey of the RH systems currently used in different HEP facilities. 
Based on the results of this survey, the State of the Art equipment used to conduct remote mainte-
nance are categorized and classified. The second section of this chapter focuses on SE standards and 
practices in the development of complex equipment.  Current SE standards and practices are reviewed 
by conducting interviews with RH experts from different HEP facilities.  

Chapter 3:  This chapter presents Á SE approach for developing RH logistics concepts at HEP facilities, 
using the Super-FRS as Á test bed. It is split into five sections. 

The first section presents the SE approach for developing RH logistics concepts at HEP facilities, which 
is then refined through discussions and interviews with SE and RH experts at various HEP facilities.  

The second section presents how an SE approach can assist in the development of RH logistic concepts 
using Super-FRS as Á test bed. 

The third section compares the concepts developed for the RH of the Super-FRS tunnel before the ap-
plication of SE practices with those following the application of SE. This section presents the Super-
FRS RH logistic concepts for the facility developed during the period from 2012 to 2015.    

The fourth section presents the tools and techniques which were needed to realize the RH logistic con-
cept for the Super-FRS. The concepts are then evaluated against the developed criteria, following an 
extensive discussion on the best way to select commercial, off-the-shelf equipment. 

In the final section of this chapter, Á tradeoff analysis is conducted to select the best conceptual solu-
tion for the Super-FRS facility. 

Chapter 4: This chapter presents conclusions and future research work. 
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2 Review of the State of the Art: RH technologies, logistics
and concept design practices in HEP facilities

This provides Á detailed overview of the State of the Art within HEP facilities with regards to RH re-
quirements and practices, RH equipment and technologies, and system engineering involvement in the 
development of RH concepts. Section 2.1 discusses State of the Art in RH setups and techniques, which 
are used to handle the activated parts for remote maintenance in existing HEP facilities. Through this, 
the key strategic RH scenarios and techniques are identified. Section 2.2 elaborates on the key State of 
the Art equipment that is currently utilized for remote maintenance and disposal activities both within 
HEP facilities and the nuclear industry. Section 2.3 attempts to classify RH for the purpose of assisting 
engineers in their quest to develop concepts for RH requirements. Section 2.4 provides Á compact and 
composite overview of system engineering practices within HEP facilities alongside the State of the Art 
within the field of SE.  

2.1 State of the Art in RH in HEP facilities

This section will discuss existing HEP facilities with activated targets and the State of the Art RH tech-
niques which are used to handle the activated parts.

2.1.1 HEP facilities with proton beams

Table 1 shows Á list of large accelerators with high-powered radioactive targets. These HEP facilities 
accelerate proton beams that are used for the production of secondary particles, such as antiprotons, 
neutrinos, and muons. Many of these HEP facilities use close shielding around beamlines to avoid the 
spread of radiation close to the source, thus reducing the overall volume required. To exchange con-
sumable targets into the beam, the vertical plug concept is often used. Following Á standard method of 
radiation shielding against fast neutrons, the inner part consists of iron, which is Á high-density mate-
rial. In contrast, the outer part, which has Á large volume, is made of cheaper concrete for neutron 
moderation and absorption. Significant shielding can be saved by placing the target in Á tunnel below 
ground level, so that the soil can contribute to the shielding. In such an underground tunnel, space is 
usually limited for extended maintenance setups and additional close shielding with plugs. In these 
facilities, activated parts must at least be transported from the beamline to Á maintenance region built 
as either Á hotcell or Á workcell detached from the beamline. In Á scenario with enough space and 
cranes for heavy equipment, the maintenance area can be completely separated from the in-beam po-
sition through either Á shielded transport tunnel or Á mobile shielding flask. 
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Table 1: List of selected HEP facilities with radioactive targets. 

S.No. Facility Name Target Type 

1. Antiproton target CERN, Switzerland Antiproton 

2. Fermilab, USA 

3. p-bar at FAIR (planned), Germany  

4. Fermilab NuMI ȟ USA Neutrino Production  

5. CERN CNGS, Switzerland 

6. J-PARC T2K ȟ Japan 

7. Target % at PSI ȟ Switzerland Muon Production 

8. J-PARC MUSE ȟ Japan 

9. SNS Oak Ridge, USA Spallation Neutron Sources 
(SNS) 

10. JSNS at J-PARC, Japan 

12. ISIS, STFC Rutherford Appleton Laboratory, UK  

13. SINQ at PSI, Switzerland  

14 ESS (planned), Sweden  

15. LHC, Switzerland  Hadron Collider 

Figure 13 shows the basic parts of Á close shielding with plug inserts. The main purpose of the plug is 
to limit activation on the side opposite the beam to Á level at which hands-on maintenance becomes 
possible. At the same time, radiation-sensitive materials, such as vacuum seals, are protected. In prin-
ciple, this solution offers well-protected access, since there is always shielding between the main 
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source of radiation and the operator. Moreover, this approach limits the motions necessary for 
maintenance to simple, vertical movements. However, at the same time, it drastically increases the 
weight of the components, since they become directly connected to the heavy shielding blocks. Despite 
this limitation, it is the method of choice at numerous particle accelerator facilities as explained in the 
following sub-sections. 

Figure 13. Sample drawing of Á closed tunnel with vertical plugs. 

2.1.1.1 Remote maintenance systems at PSI

The PSI in Switzerland (Figure 14Ɋ operates Á proton accelerator and Á spallation neutron source 
which supply particles for experimental scientific and industrial programs. It also has Á large facility 
for canner treatment using protons. The PSI cyclotron delivers Á proton beam of 2mA at 590MeV 
[64][75][76]. Targets and beam dumps are in direct contact with the beam and, hence, doses can range 
τ mSv/h or more at Á distance of one meter from the target. Thus, hands-on maintenance is not an 
option. The PSI beamline (Figure 15Ɋ is shielded through the use of concrete blocks which provide 
adequate radiation shielding for hands-on operations on the working platform when the beam is 
turned off. 
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Figure 14: PSI in Switzerland, birds-eye view  [77]. 

Figure 15. beamline section, showing Á multiple beamline inserts (i.e., targets and collimators) 
that require remote maintenance under concrete shielding [77]Ȣ 
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Target M, target % and the SINQ target shown in Figure 15 are three of the most activated beamline 
inserts in the PSI beamline. The SINQ and % targets are exchanged using the following sequence [77]: 

1. Concrete blocks are removed to clear access to working platform (Figure 16). 
2. Media cables and other connections (e.g., water, electricity, control signals, vacuum) are dis-

connected. This is performed by an operator and the dose rates are monitored on top of the 
beamline. 

3. ! parking bridge structure is installed and positioned. The bridge is used to position the shield-
ing flask.  

4. The shielding flask is moved across the hall using an overhead crane. An operator is involved in 
monitoring the installation of the bridge. 

5. The transfer cask is moved and docked onto the bridge. The operator checks to confirm that 
the docking of the flask is complete and secure. The operators then depart from the area before 
the target extraction is carried out using the shielding flask (Figure 16). 

6. The shielding flask engages the target and extracts it using an internal lifting mechanism. The 
doses at the target are extremely high. The shielding flask is designed in such Á manner that it 
protects the environment from radiation doses. 

7. The shielding flask is closed down and the beamline insert is transported (Figure 17Ɋ to the 
hotcell for dismantling operations (Figure 18). 

Figure 16. SINQ target concrete shielding (left) and shielding flask installed on top of the stor-
age pit (right) [77]Ȣ 
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Figure 17. PSI SINQ target is transported (left) and docked with the hotcell (right) [77]Ȣ 

Figure 18. PSI SINQ target is extracted within the hotcell and dismantled using Á Master Slave 
Manipulator and power manipulators [77]. 

The PSI facility uses different shielding flasks for maintenance of its targets. The RH was built gradual-
ly into the facility; hence, the shielding flasks were also built gradually according to changing needs 
and requirements. 

2.1.1.2 Remote maintenance systems at J-PARC

J-PARC is Á high-intensity proton accelerator facility. J-PARC includes three main sections (Figure 19): 
Á 400 MeV linear proton accelerator, Á σ GeV Rapid Cycling Synchrotron, and Á 50 GeV Main Ring syn-
chrotron. The Materials and Life Science Experimental Facility at J-PARC (Figure 20Ɋ uses the beam 
from the Rapid Cycling Synchrotron on muon and neutron targets [43]Ȣ These targets are both highly 
radioactive and therefore require remote maintenance. Heavy concrete shielding is used on top of the 
beamline during facility operation. The targets  are located inside the target hall, which has an inte-
grated hotcell and storage facility, but are individually transported into the hotcell facility for remote 
disassembly using separate shielding flasks.  The facility currently operates at 0.4 MW, but by 2018, it 
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will be operating at ρ MW—thus generating targets with an even greater level of activation that will 
also require remote maintenance  [43]Ȣ 

The shielding flask for muon targets is composed of Á shielding case and Á sliding door. Two chains, 
driven by Á motor, are used to move the door. There is also Á gripper, which is driven by an individual 
motor. The transport task sequence for the J-PARC target is identical to that of the PSI target, as shown 
in Figure 21Ȣ The shielding flask is moved by an overhead crane installed on top of the bridge ar-
rangement, which keeps the shielding flask aligned with the beamline insert [78]Ȣ  

Figure 19. J-PARC facility in Tokai, Japan. 

Figure 20. J-PARC Materials and Life Science Experimental Facility with muon and neutron Ô 
argets requiring remote maintenance. 
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Figure 21. Schematic illustration of the J-PARC muon target and shielding flask, showing critical 
positions for remote maintenance [78]Ȣ 

The shielding flask uses its internal crane to lower the target plug onto the plug stand, which is situat-
ed inside the hotcell (Figure 22). The plug stand has the capability to rotate by 360 degrees and is also 
compatible with other beamline plugs. The exchange device is used to remove the target rod from its 
shielding after it is unscrewed from the shielding by Á power manipulator using Á specially designed 
tool. The target rod is then transported, via an exchange device, to Á cutting device, where it is cut into 
small pieces and later packed into Á disposal barrel. ! new target rod is then attached to the target 
plug shielding using: an exchange device, Á power manipulator and Á Master Slave Manipulator 
(Figure 22). During the design stage of this equipment, Á misalignment was detected between the tar-
get rod and the target plug shielding. This misalignment was caused by the tolerances of the devices 
between several parts: the plug stand and plug stand attachment; the plug stand attachment and Tar-
get assembly; the Target rod and rod attachment; and the rod attachment and exchange device[78]. To 
tackle this misalignment, during assembly Á careful sequence is followed, and the Center of Mass for 
each element is carefully considered.4

Figure 22 shows the current RH setup for the muon target in the J-PARC Materials and Life Science 
Experimental FacilityȢ The facility includes Á target hall, Á shielding flask, Á bridge for the shielding 
flask, and Á hotcell (which itself includes Á power manipulator, an exchange device, Á Master Slave Ma-
nipulator, an overhead crane and Á plug stand). The muon target has been replaced several times, with 
six replacements occurring since 2014. The timeline of these replacements is given below: 

· 2008: Commissioning for replacements of the cold fixed target, the profile monitor and the 
current transformer. 

· 2009: Commissioning for replacements of the hot fixed target. The fixed target was used again 
(50 mSv/h at surface). 

· 2011: Tests of hot fixed target (500 mSv/h at surface). 

4 “In particular, the rod attachment must have two hanging positions, because it has two weight centers, 
one with Á Target rod and another without. The balance of the rod attachment is adjusted by the po-
sition of the hanging points and some counter weights” [78].
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· 2012: Commissioning for replacements of the cold rotating target. 
· 2013: Commissioning for replacements of the cold rotating target and volume reduction of the 

cold target rod. 
· 2014: Commissioning for volume reduction of the cold fixed and rotating mock target rods. 

Figure 22. J-PARC remote maintenance setup: Materials and Life Science Experimental Facility 
target hall with muon target shielding flask; hotcell setup; power manipulator on the roof of the 
hotcell; muon target handled in the hotcell; hotcell from the inside. 

The neutron spallation target at the J-PARC Materials and Life Science Experimental Facility also re-
quires remote maintenance. More details concerning the handling of the Japan Spallation Neutron 
Source (JSNS) are provided in Section 2.1.1.5 in the context of the Oak Ridge, USA, setup for remote 
handing of spallation source targets. 

2.1.1.3 Targets with vertical plug maintenance

The “Neutrinos at the Main Injector” (NuMI) is Á 120 GeV proton beam facility at the Fermilab facility, 
USA. The neutrino target is mounted on Á vertical plug in Á closed tunnel that is heavily shielded with 
iron and concrete[79]. Analysis of the target indicates high levels of radiation; however, the space is 
confined due to the shielding making it challenging for maintenance by RH. With regard to the layout, 
the facility design report states: “Most of the components of the primary beam system reside in the Main 
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Injector enclosure or the NuMI stub. Both regions are covered by an extensive earth shield and built as 
part of the civil construction.” [79] In the facility there are two beamline devices, termed “horns,” to 
focus the beam. They are mounted on top of the vertical plug for retrieval. An overhead crane is used to 
remotely transfer the target from the beamline to the workcell area, where basic maintenance is carried 
out [79].  

Figure 23. Fermi lab NuMI target area cross-section. The second horn is shown hanging from its 
alignment module, which rests on alignment rails at the top of the channel [79]Ȣ 

Like the NuMI target, the Tokai-to-Kamioka (T2K) target and horns at J-PARC are also mounted on 
vertical plugs and are retrieved vertically using an RH crane that can lift up to 40 tons. The T2K target 
station is covered with Á 2.2 Í thick iron shielding and concrete blocks. The target station is comprised 
of: the target, horn 1, horn ς and horn 3, which are constructed underground to protect the environ-
ment from radiation [80][81].  

The target is attached to horn ρ on the T2K beamline. Horn ρ is then lifted up using Á specially designed, 
remotely handled crane from the beamline and installed on the remote maintenance area (the hotcell). 
The spend target is removed from Horn 1, and Á new one is installed onto it before it is installed onto 
the beamline for further operations. The used target is stored after remote maintenance. The target has 
Á specially designed target exchanger, with which the target can be replaced using an master slave 
manipulators [80]. The target exchanger is equipped with twin jack systems which can be adjusted to 
the required angle. The exchanger is also equipped with Á load cell, gimbals and Á spring system to 
preventing overloading. 
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Figure 24. T2K target station setup at J-PARC. 

Figure 25. T2K target remote maintenance in the hotcell using Á Master Slave Manipulator pro-
vided by Canada's national laboratory for particle and nuclear physics (TRIUMF) [80][81]Ȣ 
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2.1.1.4 Remote maintenance systems at CERN (excluding ISOLDE)

For High Intensity Beam (HIB) machines with very high beam energies (of hundreds of GeV or TeV) 
close shielding becomes impractical and can even lead to increased dose rates during maintenance 
operations. The reason for this is the much higher attenuation distance required for secondary radia-
tion, as well as the potential build-up of radiation, due to the effect whereby from one particle, many 
more particles are created, leading to an avalanche of radiation. In this case, adding more material 
close to the beam may make activation even worse. The very long attenuation distance required can 
only be achieved by placing machinery over Á large area and locating it far underground. The most 
extreme example of this is the Large Hadron Collider (LHC) at CERN. The LHC collides two opposing 
proton beams at energies of up to 7TeV. Over the whole circumference of 27km, dedicated beam 
dumps and collimators are installed, which all require maintenance [82]. The CERN accelerator beam 
lies approximately 50 to 175 meters (164 to 574 ft) underground (Figure 26).The earth above it and 
the radiation shielding on the sides of the tunnel provide the shielding necessary to protect the outside 
environment. However, over time, the equipment in the tunnel becomes radioactive to varying degrees.  

Figure 26. CERN accelerator network [83]Ȣ 

To conduct maintenance within the CERN facility, the maintenance team uses various pieces of remote 
maintenance and inspection equipment. These are discussed in the following sub-sections.

Collimator exchange using a remotely operated crane

More than 100 collimators of various types are currently installed in the LHC, mainly at Points σ and χ 
(Figure 27). The collimators exist at certain points around the LHC ring in order to stop particles from 
straying from their desired beam orbits. The collimators become radioactive as Á result of collisions 
with stray particles; thus, repair scenarios need to be developed to minimize personnel access. These 
regions are among the most radioactive in the LHC, with dose rates in the order of several mSv/h. In 
the case of Á collimator failure, it is necessary to remotely exchange the collimator whilst minimizing 
direct intervention by people. The various CERN services affected in such Á case are: transport, vacu-
um, water cooling, radiation protection, surveying and the design office [83]. The initial installations of 
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collimators are designed to facilitate remote replacement, as follows: “Vacuum connections are made 
using special beam pipe vacuum clamps and the collimator sits on supports fitted with guiding pins to 
ease their installation. Electrical and cooling water connections are established by automatic plug-in 
devices when the collimator is lowered onto its supports” [83]. Initial installation of the LHC collima-
tors was done using Á custom-designed mobile crane (Figure 27), which required hands-on guidance 
from operators to move the collimators into position (Figure 27).  

Figure 27. LHC underground tunnels and caverns, with points σ and χ marked (left); the initial 
installation of an outer collimator passing over an adjacent beam pipe, showing Á limited avail-
ability of space in the LHC tunnel (right).  

! third-generation remotely operated crane (Figure 28Ɋ is currently being tested to perform full re-
mote removal and installation of the LHC collimators, based on the same concept as the original mo-
bile crane. The new, remotely operated crane will have Á one-ton lifting capacity, Á visual system to 
monitor the extraction and installation of the collimator, Á mobile platform capable of accessing the 
LHC tunnel, Á shielding container for the activated collimator, and Á control system for remote opera-
tion. The remotely operated crane will obtain power from existing installations within the LHC tunnel 
and from Á backup battery, which will drive the system in the event of power failure.   
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Figure 28. Remotely operated crane for collimator exchange. 

Remotely Operated Vehicle (ROV)

According to Á review of the RH needs of the CERN accelerator, Á RH team identified the need for Á 
general-purpose, Remotely Operated Vehicle (ROV) to carry out: 

· Remote visual inspections 
· Remote radiation dose measurements 
· Remote manipulations of small loads. 

Currently, CERN is using Á Telemax ROV (Figure 29Ɋ equipped with tracks that enable it to climb 
stairs. The ROV is also fitted with Á six-axis manipulator arm (5kg payload). The control station is 
portable and communication between the control station and the ROV occurs through either an optical 
fiber or Á radio link. The Telemax ROV has programmable movement sequences. It was recently used 
for the following tasks [84]: 

· Disposal of the Antiproton Decelerator target.  
· Disconnection of the Super Proton Synchrotron Long Straight Section ρ (LSS1) collimators, in-

cluding water vacuum, cabling, etc. 
· Visual inspection of the Antiproton Decelerator. 
· Providing vision assistance for the Proton Synchrotron Booster dump removal. 
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Figure 29. Telemax ROV for RH at CERN. 

Remote overhead crane at CERN

The CERN Neutrinos to Gran Sasso (CNGS) target also receives high-energy protons (400GeV) from the 
CERN Super Proton Synchrotron. These interact with an assembly of five graphite rods mounted on Á 
revolving assembly which is encompassed by iron shielding [85]. Operational problems have made it 
evident that adequate shielding measures are required to protect the electronics and personnel during 
operation. The facility tunnel is underground and uses no shielding. The target station can be remotely 
inspected, but there is only space for Á remotely controlled overhead crane and its cameras [85]. The 
CNGS target is not coupled directly to Á maintenance hotcell. Currently, the CERN engineering team 
has installed Á specially-built crane in the CNGS region. This overhead crane can handle up to 7.5 tons, 
has width of 3.4m and motion range of 123m (Figure 30). The crane also has no onboard electronics; 
instead, remote control panels and remote cameras are used to assist in the handling of radioactive 
parts. The remote maintenance at CNGS target has faced various issues and unplanned disruptions. 
The maintenance of these disruptions revealed some important lessons[85]: 

· In the design of the target, brazing must be avoided in compression regions. Ceramics can be 
used in compression-only regions. Identical bolts/screws must be used with proper position-
ing. RH procedures must be well documented with Á video and photo diary. 

· Intervention optimization must be carried out by planning the intervention in detail to mini-
mize the dose received. 

· For “consumables items,” optimization of the radioactive waste should be included in the de-
sign and designs must be RH compatible. The designs must be home grown to increase the 
availability of the system, as this will allow optimized replacement and maintenance of the 
consumable. 

· Radiation effect to COTS electronics is important factor for electronics. The CNGS electronics 
were installed at location with higher radiation doses, which that caused the electronic ventila-
tion system to fail. This was resolved with more shielding.   

· It is important to use radiation simulations to understand and evaluate the radiation environ-
ment in Á facility beforehand.  

· Anticipate tooling and procedures to observe the components that fail, before exchanging them 
with spares. 
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Figure 30. CNGS region with Á specially built, remotely controlled crane. 

During the 2013-2015 shutdown at CERN, the Target Absorber Neutral (TAN) detector and shielding 
elements needed to be exchanged in the LHC tunnel on either side of the ATLAS experiment. Remote 
TAN mini cranes were commissioned to carry out the exchange. The cranes were equipped with on-
board cameras and controlled from Á remote control station. Separate, free-standing, pan-tilt zoom 
cameras were also deployed to provide an overview of the operations. The TAN mini-crane setup can 
be seen in Figure 31Ȣ The crane has Á very restricted operational space, and it is permanently located 
inside the tunnel. Due the nature of the tunnel, and the delayed realization of the RH needs, the remote 
TAN mini crane was custom-designed  [86]. 

Figure 31. Remote TAN mini-crane setup at CERN a) Minicrane handling copper bar, b) Min-
crance from below, c) Off-boad PTZ camera, and d) Control console [86]Ȣ 

RH train for LHC radiation protection surveys and visual inspection

In the event of limited or no personal access to the LHC tunnel, Á Train Inspection Monorail (TIM) is 
used to conduct the inspection and measurements remotely. The TIM is an overhead train mounted on 
Á monorail in the ceiling of the LHC tunnel. The TIM includes cameras to conduct visual inspections, as 
well as instruments to measure the radiation and oxygen levels within the LHC tunnel. The TIM struc-
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ture is 10.2m long and it is divided into Á motor wagon, Á reconnaissance wagon, Á radiation protec-
tion wagon, Á battery wagon and Á control wagon.   

Figure 32. TIM structure (left); TIM remote control setup from the LHC control room (right) 

Currently, the TIM infrastructure covers the space between Point υ and Point ψ in the LHC tunnel. Fu-
ture plans for the TIM project include developing three more TIM trains that can cover the entire LHC 
tunnel. The TIM has Á maximum speed of 8Km/h. As well as being autonomous, it can also be con-
trolled remotely from the LHC main control room via the General Packet Radio Service (GPRS) net-
work that is available within the LHC tunnel.  

2.1.1.5 Remote maintenance system for neutron spallation targets and facilities

Larger and heavier target installations, such as large liquid/solid target assemblies, cannot be trans-
ported in overhead shielding containers or mounted on larger shielding plugs that can be extracted 
vertically, due to the high loads and liquid containment; instead, they have to be maintained on-site. 
The hotcell in these facilities are built on top of the target regions in order to conduct on-site remote 
maintenance. The large targets are mounted on horizontal assemblies that use rail mechanism to 
transport the target in between target station and hotcell Figure 33 shows the general components of 
Á spallation neutron source (SNS) target for RH.   

SNS at Oak Ridge National Laboratory

The SNS at Oak Ridge National Laboratory (ORNL) facility is powered by Á 2MW, 1GeV proton linear 
accelerator that is 335m long. Beam pulses are bunched in Á ring and then directed towards Á flowing 
liquid mercury target that converts the protons to Á pulse of approximately 5x1015 neutrons [65]. The 
horizontal RH setup (Figure 34Ɋ was established to allow maintenance of the target, since the target is 
mounted on Á moveable platform that retrieves it into the hotcell.   
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Figure 33. SNS target setup: general overview and components [65]. 

The SNS ORNL hotcell (Figure 35Ɋ is equipped with Telerob EMSM-2B dual servo manipulator arms. 
Each manipulator has six positioning Degrees Of Freedom (DOF), Á gripper axis, Á 1.8m reach, Á 25Kg 
continuous capacity and Á 45.5Kg peak capacity (Figure 35). The servo manipulator package includes 
Á 227kg auxiliary hoist for assisting in component handling and tool support. The servo manipulator 
bridge is supplemented by Á robotic, 7.5 ton bridge crane, which is mounted on an independent set of 
rails in the hotcell. With regard to positioning the arms and hoist hook, it has been reported that: “Pre-
cise robotic position control of the bridges allows the arms or hoist hook to be positioned automatically to 
within less than 3.1mm ” [65].  The hotcell RH equipment is controlled from Á safe area using Internet 
communication. The cell viewing systems can have total absorbed doses of up to 106 Gy [65].  

 

Figure 34. RH system setup at SNS at ORNL [65]. 
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Figure 35. SNS ORNL hotcell setup (left); Telerob EMSM-2B dual servo manipulator arms (right) 
[65]. 

The high bay area on top of the target chamber uses Á pedestal-mounted hydraulic boom system 
(Figure 36), which can be equipped either with Á 450kg hoist or dual servo manipulator arms to con-
duct RH on the radioactive waste parts. The  boom has Á payload capacity of 2948Kg and can reach 
9.2m horizontally, 9.7m above the level, and 3.7m below level, giving it access to the pipe fittings and 
other components located at the top of the shielding plugs. Operations in the high bay area focus on 
the removal of spent, failed, or obsolete components, such as proton beam windows, rather than on 
remote maintenance. Thus, the remote equipment in the high bay is “designed to be disconnected for 
removal into shielded transfer casks. Removed components may go into long-term storage, be shipped off 
site, or moved into the hotcell through Á top-loading hatch for inspection, breakdown, or packagingȱ [65]. 

In order to carry out RH tasks in the SNS facility, Á mobile manipulator vehicle (Figure 36Ɋ is used. It is 
equipped with Á Telemate servo manipulator arm which has  Á 101.6 cm reach, Á continuous load ca-
pacity of 11.3 kg, and Á peak capacity of 15 kg. The mobile platform is based on Á commercial mini-
excavator that was converted from Á diesel engine to electric. The system is mounted on tracks that 
provide versatile positioning capabilities, such as zero-radius turning and an ability to drive through 
99cm doorways. The mobile device is controlled from Á remote station that includes Á vehicle control 
panel, Á servo manipulator master control arm, and Á man-machine interface [65]. 



42

Figure 36. SNS ORNL RH system: pedestal-mounted hydraulic boom system (left); mobile ma-
nipulator vehicle  system (right) [65]. 

SNS at J-PARC

The SNS source at J-PARC is also Á liquid mercury target, making it similar to that at SNS ORNL. How-
ever, it has an intense, high-energy proton beam (3GeV, 1MW), compared to the 1GeV at ORNL The 
lifetime of the JSNS mercury target was estimated based on Á fatigue endurance curve, taking into ac-
count the degradation due to pitting and irradiation damage [87][88].  The target is mounted on Á hor-
izontal trolley that is retracted into the hotcell for remote maintenance. Figure 37 shows the target 
assembly setup. The hotcell at J-PARC is shared by muon and neutron targets. It is equipped with RH 
equipment to carry out maintenance and disposal task sequences on the facility’s radioactive compo-
nents. ! separate shielding flask is used to transport the neutron target components to Á long-term 
storage facility below the hotcell area (see Figure 38Ɋ [89].  Detailed description of this RH task is giv-
en in[89]. 
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Figure 37. Target assembly setup of the SNS source at J-PARC [89]Ȣ 

Figure 38. RH task sequence for Á target assembly setup of the SNS source at J-PARC [89]Ȣ 

Science and Technology Facilities Council SNS target at Rutherford Appleton La-
boratory
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The Science and Technology Facilities Council (ISIS) facility at the Rutherford Appleton Laboratory 
uses proton beams on Á solid, tantalum-clad tungsten target (Figure 39). This target is maintained by 
two Master Slave Manipulators, which are positioned opposite one another, each with Á dedicated 
window for viewing. The cell also has Á crane and cameras to provide assistance in remote manipula-
tion. The spent target is stored close by and removed via an underground mechanism using Á 
transport flask. RH at the ISIS facility includes the horizontal removal of target, reflector and modera-
tor systems (as well as all cooling plants). The target replacement normally takes 10 days from beam 
off to beam on. Certain RH operation can take up to 14 days, with no beam operation possible during 
this time[133].  

Figure 39. Science and Technology Facilities Council (ISIS) SNS target and hotcell setup for RH. 

2.1.2 HEP facilities with Rare Isotope Beams (RIB) targets

Rare Isotope Beams (RIB) are produced using two techniques (Figure 40): in-flight separation and 
isotope separations online (ISOL) [90][91].  

In-flight separations involve the nuclei in heavy ion beams being converted to other nuclides when 
impinged on the target. Many different fragments are produced, which are then separated in Á frag-
ment separator with the application electromagnetic fields. The nuclides can even be separated inde-
pendently by mass and charge, by using degraders. This method of operation means that there are 
high levels of radiation due to the beam’s interaction with the target and other parts. Parts hit by the 
intense beam, such as the dedicated beam catchers, become strongly activated. Most of the beam is 
dumped during the separation process, and the radiation level drops towards the end of the separator.  

In ISOL facilities, the nuclei in the target are converted through bombardment with Á high-intensity 
beam consisting mostly of protons. The nuclei produced are then extracted from the target and col-
lected in Á low-energy beam. Afterwards, Á low-energy but high-resolution mass separator is used to 
select the nuclides of interest. Due to the lower energy of this process (except in the case of the target) 
little activation is caused; however, due to the extraction from the target, contamination poses Á severe 
problem.  

Figure 40 illustrates the different production schemes. Table 2 shows some of the major RIB in-flight 
and ISOL facilities. 
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Figure 40: RIB-producing processes. 

Table 2. Selected RIB in-flight and ISOL facilities. 

S.No. Facility Name Target Type 

ρ RIKEN RIBF Target at BigRIPS, Japan In-Flight 

ς FRIB at MSU (new), USA 

σ FRS at GSI, Germany 

τ Super-FRS at FAIR (new), Germany 

υ SISSI at GANIL, France 

φ SPIRAL ς at GANIL, France ISOL 

χ ISOLDE at CERN, Switzerland 

ψ ISAC at TRIUMF, Canada 

ω SPIRAL ρ at GANIL, France 

In-flight fragmentation

High energy
heavy-ion Driver

Intense stable
ion beam

Fragmentation
target and ion
separator

Gas Stopping

Exotic ions

Exotic-ion beam
High
energy
heavy-ion
Driver

High energy
heavy-ion
Driver

Isotope separation on-line (ISOL)

High energy
heavy-ion Driver

Intense proton
beam

ISOL target /
Ion extraction Exotic ions Re-

accelerator
Exotic-ion
beam

Re-
accelerated
beam
experiments
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As shown in Table 2ȟ the FRIB, Super-FRS and SPIRAL2 are new facilities with higher beam energies 
and intensities. This means that, in these facilities, more parts will be activated and, ultimately, require 
maintenance. It is imperative to study the practices of other RIB facilities to effectively design the RH 
for such new facilities. The FRS facility in GSI and ISOLDE in CERN currently deploy State of the Art RH 
equipment to maintain the targets and beamlines. In later sections, we will discuss the RH in these 
facilities in more detail.  

2.1.2.1 FRS target remote maintenance systems at GSI

The GSI Helmholtz Centre for Heavy Ion Research (German: GSI Helmholtzzentrum für Schwerionen-
forschung GmbH) is Á federally and state co-funded heavy ion research center. It was founded in 1969 
as the Society for Heavy Ion Research (German: Gesellschaft für Schwerionenforschung), abbreviated 
GSI, to conduct research on and with heavy-ion accelerators. The facility can be divided into the fol-
lowing research sub-facilities [92]:  

· ! heavy ion LINAC for energies up to 14 MeV/u 

· ! heavy ion synchrotron for energies up to ρ GeV/u in the case of Uranium beams. 

· ! fragment separator (FRS), which was built in 1990 and which produces and separates differ-
ent beams of (usually) radioactive ions. The process involves Á stable beam that is accelerated 
through “Schwer Ionen Synchrotron” (SIS) and that impinges on Á production target. From this 
event, many fragments are produced. The secondary beam is then purified in the FRS. The ex-
periment storage ring (ESR) and additional experiment caves exist for the conducting of exper-
iments. 

· Two high-energy lasers: the Nhelix (Nanosecond High-Energy Laser for Heavy Ion Experi-
ments) and the Phelix (Petawatt High-Energy Laser for Heavy Ion Experiments). 

Currently, in the GSI FRS, the target area and the first dipole stage are activated areas that have been 
operational since 1990. The FRS target area is located at the first focal plane, where primary beam 
interactions with the target cause radiation to the order of mSv/h [3][92]. Radiation at the target area 
exists even after Á month of cool-down; hence, it is not possible for humans to conduct maintenance. 
The second focal plane also accumulates Á substantial amount of beam loss. As Á result, RH needs to be 
performed for both focal planes. The vacuum chambers of the focal planes consist of complex equip-
ment, including beam diagnostic devices, targets, mechanical drives, and vacuum pumps. Each of these 
need to be remotely replaced (Figure 41). The chamber in target area and first dipole stage, along 
with its components requires remote maintenance. 
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Figure 41. FRS target area. 

The two focal FRS planes are remotely handled using two individual KUKA KR350 robots (Figure 42). 
Each robot can handle loads up to 350 kg and has Á working envelope of 25 m2Ȣ The positioning accu-
racy and repeatability is better than 0.3 mm. The robot which operates in the target area is mounted 
on Á υ Í long rail system to facilitate access to all necessary components. The robot at the first focal 
plane is mounted on Á fixed concrete base. The levels of radiation at the target area are much greater 
than those at the focal plane; and hence, the robot at the target area needs protection while the beam 
is on and until the cool-down time is completed. When the FRS is using Á beam for experiments, the 
robot at the target area is parked behind Á lead wall to prevent it from being ionized. Lead shielding 
containers are provided near the robots to safely store activated beamline parts once they are re-
moved from the vacuum chamber. The lead-shielding containers are later transported to long-term 
storage facilities. This is done through human intervention, since there is no automated mechanism to 
transport the activated beamline inserts. The ALARA principle is used to conduct interventions, with 
time, distance and shielding used as bases for the intervention [3]. 
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(a) 

 

(b) 

Figure 42: FRS remote maintenance work using KUKA KR 350 robots: (a) target area robot in-
stalled on Á υ Í long rail to conduct remote maintenance across the target chamber; (b) robot 
at the first focal plane, installed on Á fixed concrete base with Á tool rack beside the chamber on 
the wall [3]. 

FRS robots carry customized tools (or end effectors), which are required to handle the individual 
components. FRS robots use two tools—a hook and Á grippe (Figure 43)—to conduct RH tasks. The 
hook is used to lift heavy loads and transport them from the chamber to Á lead-shielding container, or 
vice versa[3]. 

Figure 43: Hook and gripper tools for the Super-FRS (left); KUKA KR350 removing and trans-
porting Á vacuum window from Á vacuum chamber using Á hook tool (right) [3]. 

The gripper tool, which is operated by Á pneumatic actuator, is used to catch and handle smaller parts, 
such as media supply panels (Figure 44). Media supply panels are specially designed for the FRS 
beamline inserts. They supply compressed air, electricity (including high- and low-voltage supplies), 
electronics (detector and control signals, etc.), cooling water, and exhaust air and gases for the detec-
tors. They are also used to vent the vacuum system. The media supply panels are connected via Á 20 by 
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20 cm2 media panel. ! pneumatically driven lock/unlock mechanism ensures Á tight mechanical con-
nection after the robot arm has moved away. All media feeds go through standard commercial pieces. 
The water and gas feeds are self-locking and open automatically upon disconnection and connec-
tion[3].  

Figure 44. FRS beamline insert media supply panels (left); KUKA robot arm using Á gripper to 
remove the beamline insert media panel from the detector in the target chamber (right) [3]. 

Viton O-rings are used to ensure Á solid vacuum in the chamber. Due the weight of the beamline in-
serts the gravitational force to secure the vacuum sealing. Viton O-rings suffer from radiation damage 
and can withstand integral doses of up to 106 Gy [3]. 

All RH tasks are programmed, simulated and tested using KUKA SIMPRO software, which includes 3D 
models of the KUKA KR350 and beamline inserts. The software determines, in detail, the robot motion 
sequences necessary to perform various subtasks. It also ensures that all points are within reach of the 
robot and that no operation errors or critical robot trajectories occur. Once Á task sequence is refined 
in KUKA SIMPRO, it is carried out using an actual test platform. Finally, the robots are installed in the 
desired target location (e.g. the target chamber or focal planes) [3]. 

2.1.2.2 RH at ISOLDE, CERN

The ISOLDE facility is Á world-leading laboratory for ISOL production and studies of radioactive nuclei. 
ISOLDE belongs to CERN’s accelerator complex, and the facility has been in operation since CERN 
opened in 1967. ISOLDE’s typical proton beam energies range between ρ and 1.4 GeV. The facility has 
two target stations (Figure 45): Á High-Resolution Separator (HRS) and Á general-purpose separator 
(GPS). The target at ISOLDE has Á dose rate of several Sv/h; hence, maintenance is only possible using 
RH equipment. ISOLDE targets are exchanged 30 times per year, on average. These targets must be 
exchanged approximately every 10 days, and they have Á residual radiation dose of approximately 200 
mSv on contact [45][93][94]. 

In the past, the ISOLDE target stations were remotely maintained with Stäubli RX industrial robots 
(Figure 45). These robots were installed on the ground and were utilized to: (i) remove and transport 
the spent target from the (front end) target station to shielded storage shelves and (ii) transport and 
install Á fresh target from the shielded storage shelves to the (front end) target station.  

Between 2012 and 2013, the robots experienced various breakdowns during remote maintenance 
procedures. The Stäubli RX industrial robots were 20 years old, and in the coming year, they will no 
longer be supported for spare parts and software by their manufacturer. The ISOLDE facility is cur-
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rently set to be upgraded to Hi-ISOLDE, which will require new types of targets, new target storage 
locations and new maintenance trajectories. As the robots were installed on the ground, they could 
only move along Á fixed trajectory, which made them unsuitable for this upgrade.  

Figure 45. ISOLDE facility with RH setup: Stäubli RX robots; the front end target; and the stor-
age of activated parts in lead-shielded storage racks [93]Ȣ 

In 2013, the Stäubli RX industrial robots were replaced with two new KUKA industrial robots (Figure 
46), which were mounted on the roof of the ISOLDE target area.  The removal of the Stäubli RX indus-
trial robots and the installation of KUKA arms was executed over Á 16-month duration by 90 workers 
sharing Á total dose of 13.4 mSv, with dose rates ranging up to several mSv/h [93].   

The KUKA robot selected is Á foundry robot that can withstand harsh environments. The KUKA robot 
can lift up to 30 kg and has an arm reach of 2.23 m, with Á precision range of 0.5 mm. Due to the radio-
active environment, various modifications were made to the robot in-house, as follows [93]: 

· Alteration of the robot positioning so that it was based on resolver technology (to promote re-
liable use in Á radiation environment). 

· Addition of viton seals to the robot arm to make the robot partially radiation-hardened. 
· Removal of on-board electronics. 
· Removal of Á normal cable on-board the robot and installation of Á radiation-hardened cable 

on-board the robot. 
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· Replacement of cable support on-board the robot to enable robot movements without obstruc-
tion. 

· No extra sensors needed for the protection of infrastructure. 
· Modification and redesign of the gripper. ! recovery method was included, for use in the event 

that the gripper or target becomes stuck. 
· Sensor feedback for each movement. 
· Collision detection. 

The modifications to the KUKA robot were done in-house at CERN in order to develop in-house expert-
ize related to utilizing industrial robots in Á radiation environment. The development took five years, 
with four full-time workers assigned to the task. The total cost was 10 million euros [93].  

The task sequences for the robots were initially optimized using 3D software and later tested on Á full-
scale mockup of the facility at CERN. This enabled the final installation team to make only minor ad-
justments in the real environment.  The robots became operational within the ISOLDE facility in March 
2015. 

Figure 46. Old and new ISOLDE robot setups [93]. 

2.1.2.3 Target remote maintenance at BigRIPS at Rikagaku Kenkyusho (Institute of Physi-

cal and Chemical Research, Japan) (RIKEN)

The BigRIPS (radioactive-isotope beam separator) at Rikagaku Kenkyusho (Institute of Physical and 
Chemical Research, Japan) (RIKEN) uses Á water-cooled, high-power rotating disk target with Á 2385 
primary beam. The rotating target is designed to be an “all-in-one target.” The flange unit is attached to 
Á vacuum chamber. It is constructed in this way to facilitate the RH During remote maintenance, the 
target flange unit and the vacuum pump unit are dismounted using Á remote-handling maintenance 
cart (Figure 47Ɋ [95], which runs on guide rails and is remote-controlled. The complete target assem-
bly, including the pump unit, can be removed from the BigRIPS target station using this maintenance 
cart. To release the vacuum, the pneumatic locks on the flange are released. When the target chamber 
is flushed with air, the cart transports the complete assembly through the access tunnel to Á temporary 
storage area [95]. 
























































































































































































































































































