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Abstract 
 
Founded in 1954, CERN is the European Organization for Nuclear Research, one of the 
world's largest international particle physics centres. It sits astride the Franco-Swiss border 
near Geneva. The Large Hadron Collider (LHC) is currently being installed in a 27-kilometer 
ring tunnel, buried deep below the countryside on the outskirts of Geneva, Switzerland and 
the Pays de Gex, France. When its operation begins in 2007, the LHC will be the world’s 
most powerful particle accelerator.  
 
The start-up and the operation of the LHC will mark a new era for CERN's operational 
radiation protection. The total surface of CERN's radiation areas will enlarge significantly and 
a large number of work places have to be regularly monitored by CERN’s radiation protection 
group. The maintenance personnel will comprise CERN staff, outside contractors and a large 
number of physicists from all over the world. CERN meets this challenge by applying 
optimisation processes already in the design of accelerator and detector components and by an 
appropriate intervention and dose planning during operation. 
 
Detailed Monte Carlo calculations were performed during the design phase of the LHC and 
were used to identify the potential radiation hazards during future maintenance in areas with 
elevated beam losses (accelerator ejection and injection, beam dumps, target areas or beam 
cleaning insertions) and thus elevated dose rates. In an iterative way, the design of the 
accelerator components and the layout of these regions were optimised. The impact of the 
proposed modifications on the dose to personnel was evaluated by Monte Carlo simulations. 
Calculated individual and collective doses were then compared to design constraints.  



  2/10 

Introduction 
CERN, the European Laboratory for Particle Physics, was founded in 1954 in Geneva 
(Switzerland) as a joint European project to provide a major scientific facility for particle 
physicists. Today it is one of the world's largest laboratories, as well as an outstanding 
example of international collaboration1. The challenge in modern particle physics research is 
to probe at higher and higher collision energies in order to study the basic constituents of 
matter.  
 
The Large Hadron Collider (LHC) is currently being installed in a 27-kilometer ring buried 
deep below the countryside on the outskirts of Geneva, Switzerland and the Pays de Gex, 
France. When its operation begins in 2007, the LHC will be the world’s most powerful 
particle accelerator. Four experiments will observe either high energy proton-proton or lead-
lead collisions with a center of mass energy of 14 TeV and 1150 TeV, respectively to find the 
basic constituents of matter that are supposed to be produced in high energetic reactions. In 
addition and starting operation already in 2006 the CNGS (CERN Neutrinos to Gran Sasso) 
project aims at investigating the 'oscillation' of neutrinos. A neutrino beam produced at the 
CERN SPS accelerator will consist of only muon-type neutrinos being sent to their 
destination, the Gran Sasso National Laboratory (LNGS) of the INFN in Italy, at 730 km 
distance from CERN. 
 
An integral part of the design of a new accelerator is the protection of personnel and 
environment against ionising radiation which comprises the so called prompt radiation and 
residual radiation. The expression “prompt radiation” designates the high energetic, mixed 
radiation fields produced during the interaction of a beam particle with matter. This radiation 
risk is only present during beam operation and an immediate consequence of beam losses. The 
expression “residual radiation” designates the gamma and beta radiation fields caused by the 
radioactive decay of radionuclides which had been produced in accelerator components and 
the tunnel structure by spallation reactions during beam losses. As some of the radionulides 
are long-lived, this type of radiation field represents the major source for exposure during 
maintenance in the shutdown periods of the accelerator. This paper focuses only on the 
optimisation of the dose to personnel during future maintenance. Obviously, the over all 
design of the accelerator has to be optimised with respect to radiation protection, to keep the 
doses to personnel as low as reasonable achievable.  
 
Radiation protection studies have to be performed from the start of the planning of the 
construction of an accelerator, developing in precision with the developing design of the 
accelerator. Such a close involvement of radiation protection into the project is needed to 
assure the optimization of the layout of the accelerator and the experiments with respect to 
radiological protection. Modern Monte-Carlo codes simulating the complex particle and 
radiation transport are applied in order to calculate the relevant quantities and account for the 
specific design of the machine, ensuring a flexible adaptation of the simulations.  
 
Two to three orders of magnitude above the performance of Tevatron or HERA in terms of 
energy content the LHC will exceed existing accelerators in many aspects. This will not only 
enable the search for new physics but also include the need for an optimised accelerator and 
detector design in terms of radiation protection and an appropriate job and dose planning for 
complex maintenance scenarios, while maintaining at the same time, the flexibility which is a 
vital requirement for a research institute.  
                                                 
1 CERN has 20 European member states and physicists of 80 nationalities are working at CERN 
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Legal Situation at CERN 
CERN’s rules for the protection of the environment and personnel are laid down in the CERN 
Radiation Safety Manual [1] which is related to the French and the Swiss National Legislation 
and to the European Council Directive 96/29/EURATOM [2]. CERN like all the others bases 
radiation protection on the three general principles: Justification, Limitation and Optimization 
of potential human exposure due to the use and operation of equipment emitting ionising 
radiation.  
 
CERN applies the legal exposure limit and differentiates between category B and category A 
workers. For the purpose of implementation of optimization it is to introduce design criteria. 
A design criterion of 2 mSv per person and per intervention was applied for LHC for areas 
where dose rates at work places risk to reach values up from several hundred µSv/h to some 
mSv/h. Interventions for which the estimated or calculated individual doses got close to 
2 mSv were subjected to further optimization processes. In fact, optimization is only 
considered as automatically respected in the case the practice never gives rise to an annual 
dose of more than 100  µSv for persons exposed because of their own professional activity. 

Optimization of Future Interventions based on Monte Carlo 
Studies 
The importance of particle transport simulations in radiation physics studies has grown 
considerably during recent years, in parallel to the rapid increase of available computing 
power. In the past, calculations, e.g., for the design of shielding or the estimation of 
activation, were often performed with analytical methods leading often to rather conservative 
estimates. With the increase in size and complexity of accelerators, together with their 
financial aspects, as well as with the decrease of the limits in radiation protection the need for 
more accurate predictions of dose rates and material activation became essential for the design 
and operation of any new facility. Therefore radiation protection groups at high energy 
accelerators use now Monte Carlo codes as standard tool to simulate the particle transport and 
the interaction of particles with matter. Based on the results appropriate measures are taken to 
keep the radiological impact of the various research projects on the environment and the 
workers as low as possible.  
 
The application in the design of a facility such as the LHC constitutes an huge challenge for 
the code and its underlying models: It should be able to describe in detail the scattering of 
low-energy neutrons as well as hadronic interactions at energies beyond what can be tested 
with present accelerators. It should include user-friendly tools to model the often very 
complex geometry and robust means of calculating a variety of physical quantities, such as 
particle fluence, at any point-of-interest. As CPU-power and need for complexity often 
increase at the same rate, it is desirable that the code delivers statistically significant results in 
a reasonably time.  
 
At CERN, the FLUKA Monte Carlo code [3] and its predecessors have been successfully 
used for decades in radiation protection studies. In fact, the code has its roots in this field and 
is thus the most appropriate choice for the presented studies. One of these studies is presented 
in the following example. 
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The LHC Betatron Cleaning Insertion 
High energy particle cascades induced by beam particle losses lead to the activation of 
material in the respective zone of the accelerator. For the LHC one can distinguish machine 
zones of high and low losses as shown in Figure 1. 
 
The dump caverns, the cleaning insertions, the inner triplets and the LHC experiments will 
certainly be the regions showing the highest localized losses. Special attention has to be paid 
to the beam cleaning insertions, especially the betatron cleaning insertion at Point 7. This part 
of the LHC is characterized by a complex collimation system required to clean the beam and 
by the highest annual particle losses of all LHC areas.  
 
 

 
 
Figure 1: Distribution of high (red) and low (yellow) loss regions around the LHC. Especially 
the two beam cleaning insertions (Points 3 and 7), the dump cavern and the inner triplets 
near the LHC experiments (ATLAS, LHCb, CMS and ALICE) are expected to be regions of 
elevated induced radioactivity.  

Monte Carlo Calculations 
To assess residual dose rates in the betatron beam cleaning insertion at Point 7 (IR7) extensive 
series of FLUKA calculations were performed, using a detailed geometrical model of the 
cleaning insertion, based on its final layout in Phase 1 [4]. The study is based on a detailed 
geometrical model of IR7 of a total length of about 500 m. The geometry includes all relevant 
beamline components such as collimators, magnets, etc. Furthermore, with different loss 
contributions of each of the 32 collimators, it is important to know the correct loss pattern. 
They have to be accurately included in the simulation using pre-calculated distributions, 
typically obtained with so-called tracking codes which are used for the accelerator design. 
 To reach high accuracy for the results and to be able to calculate residual dose rate maps for 
arbitrary location, an already successfully benchmarked method developed by the CERN 
Radiation Protection group was applied [5]. It is a two-step approach which has been linked to 
FLUKA as follows: 
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In a first, pure hadronic FLUKA simulation, as soon as a radioactive residual nucleus is 
produced by FLUKA, its build-up and decay is calculated (taking into account radioactive 
daughter isotopes) for a certain irradiation pattern and different cooling times. This 
information is stored together with additional necessary properties in an external file. In a 
second, pure electromagnetic FLUKA simulation the information on the produced isotopes is 
read from the file and decay photons, electrons, or positrons are generated. Particles are 
assumed to be emitted isotropically, with their energies sampled according to their 
corresponding intensities and/or energy spectra. The electromagnetic particles are tracked 
through the geometry allowing the scoring of dose equivalent rate at any point-of-interest or 
in a three-dimensional mesh covering the geometry (for more details see Refs. [5, 6]). 
 
In order to retrieve three-dimensional maps of residual dose rate distributions, for the entire 
beam cleaning insertion at IR7 and accounting for all above mentioned details, an extensive 
set of FLUKA simulations were performed. Figure 2 shows an exemplary spatial distribution 
of residual dose rates for a horizontal cut through the upstream part of the geometry, after 180 
days of operation and an assumed cooling time of one day. In order to reach results of high 
statistical significance also for smaller objects and for all cooling times ranging from 1 hour to 
4 months, separate simulations were performed for different contributors to the total residual 
dose rate, i.e., the beamline elements, the magnets and the concrete structures. 
 
As can be seen, the first dipole module (centre), the secondary collimator and the front face of 
the downstream magnet module of the first quadrupole (right) become considerably activated 
by the secondary particle shower and constitute the main contributors to the dose rate close to 
the beam-line. For short cooling times up to about one day the residual dose rates in the 
immediate vicinity of the most radioactive objects range from 1 to 10 mSv/h. 
 

 
Figure 2: Residual dose rate distribution after 180 days of continuous operation and one day 
of cooling period shown for a horizontal cut through the geometry at the height of the beam 
axes. 
 

Optimisation of the design of Point 7 
To allow for a cost-efficient optimisation, those interventions supposed to be costly in dose 
had to be defined first. In a first attempt these interventions were identified by considering 
typical values of residual dose rates for various possible cooling times and relating them to 
the duration of interventions. 
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Figure 3: Vertical cross section through the FLUKA geometry showing the tunnel structure, 
the front face of the first magnet module of Q5, the two chosen locations as well the cross 
section of a possible ventilation duct. Residual dose rates refer to losses at nominal intensity 
and a cooling time of one day. 
 
In order to get a first impression on the dose rate distribution along the beamline and for 
different cooling times, a typical location in the aisle was chosen. The dose rate distribution is 
given for a transverse section through the tunnel at the longitudinal location of the front face 
of quadrupole magnet (Q5) in Figure 3. The location for which dose rates were averaged over 
the entire length of the IR is also marked (Pos1), together with a second position above the 
beamline (Pos2). 
 
As the layout is approximately symmetrical around the IP the contribution by showers in the 
second beamline is obtained by mirroring values for beam 1 with respect to the centre of the 
beam cleaning insertion. The total dose rate in the aisle (position 1, see Figure 3, sum of 
contributions from both beams) is given as a function of the longitudinal coordinate in Figure 
4 (again for a cooling time of one day). 
  
Finally the dose rates averaged over the entire length of the beam cleaning insertion at the two 
locations marked in Figure 3 are listed in Table 1. In addition, also the maximum values are 
indicated to illustrate residual dose rates close to the most radioactive components.  
 
Table 1:  Averaged and maximum dose rates in mSv/h for four different cooling times ranging 
from one day to 4 months. The values refer to the two locations marked in Figure 3 
 
 

    1d 1w 1m 4m 
Average 0.3 0.1 0.05 0.02POS 1 
Max 1.4 0.7 0.4 0.2
Average 0.4 0.2 0.1 0.04

POS 2 
Max 3.8 2.3 1.3 0.6
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Figure 4: Longitudinal dose rate distribution after 180 days of operation and a cooling time 
of one day at position 1 as indicated in Figure 3. Values are shown for both beams as 
obtained by mirroring and summing the results obtained from the simulation for one beam. 
 
Based on these results, one can conclude that for interventions at IR7 two cases have to be 
considered: 

1. In case of elevated residual dose rates already short interventions after short cooling 
times might risk to be costly in individual and collective doses. 

2. For regions of low residual dose rates, time consuming interventions might result in 
elevated intervention doses. 

 
Various groups will have to perform interventions in the beam cleaning insertion at IR7. In 
order to estimate individual and collective doses it is necessary to develop intervention 
scenarios as detailed and complete as possible, including the following information: 

• kind of intervention 
• location of the intervention 
• typical cooling period before intervention 
• number of persons involved 
• steps of the intervention  
• time estimate for each step (including the respective location) 
• annual frequency of the intervention 

An Example: Exchange of a Collimator 
The collimators will be among the most radioactive components at IR7, thus their exchange 
has to be studied in detail. Different groups will be involved in this operation and various 
options were already evaluated. Therefore, this scenario serves as a suitable example to 
present the methodology of the calculation, point out possible and already performed 
optimizations and show the need to apply an equivalent approach to other similar 
interventions. 
 
For the exchange of the collimator the dose received per person was calculated based on the 
given information of the work procedure, the respective location and duration. Results for the 
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most radioactive collimator in Phase 12 (the first secondary collimator) are shown in Table 2 
for six different cooling times. It has to be mentioned that this estimate takes already into 
account the optimisation of the design of the various components. The computational results 
indicate that no person would reach the intervention limit of 2 mSv per intervention, provided 
that a sufficiently long cooling time is respected. 
 
Table 2: Dose per person and intervention (in mSv) as accumulated during the exchange of a 
collimator. Results are given separately for each work step (time in minutes) and for cooling 
periods for radioactive decay between one hour and four months. All values are normalized 
to losses at nominal intensity. 
 

 
 
Applying the same scheme to other parts of the operation (e.g., vacuum handling, RP survey, 
etc.) and in order to calculate the collective dose for the entire intervention all individual parts 
have to be summed up. In a joint approach with all groups involved in the design or being 
responsible for future interventions, all scenarios were analyzed in detail. The individual and 
collective doses for all the scenarios were compared to each other and the decision on the 
final design was taken as function of the calculated dose and the investment to be made. As a 
consequence of this optimisation process protective measures were taken like: 
  
• no local heavy shielding during accelerator operation (not remotely removable) 
• orientation of magnets such that maintenance on water and electrical supply  

connections is optimised with respect to ambient dose rates  
• new design of fixations for protection covers of the warm magnets which enable                        

removal 
• easy plug-in system for collimators allowing a fast exchange  
• fast connect flanges for the vacuum system 
• remote bakeout equipment for critical parts of the machine 

 

                                                 
2 The present LHC collimation system (so-called Phase 1) will have to undergo an up grade (Phase 2) after some 
years of LHC operation to allow nominal LHC beam intensity.  
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The estimated collective dose for a collimator exchange (including all groups involved) 
ranges between 14 mSv and 3 mSv for cooling times in the order of one day to one week. 
Although the optimisation principle for the lay-out of Point 7 was applied as reasonable as 
possible during the design phase, the estimated personnel and collective doses indicate that 
job and dose planning during the operation of the LHC will still be required. 
 
The example of the collimator exchange shows the need to study this kind of interventions in 
a detailed and comprehensive way already during the design phase of an accelerator to allow 
provisions and to avoid the necessity of late and costly modifications. In case ALARA needs 
arise too late, it is often very difficult if not impossible to implement improvements.  

Optimisation during the Operation of an Accelerator 
A tailored approach based on the facility's complexity and potential impacts has to be 
considered when applying radiation protection guidelines to high-energy accelerators. Current 
radiation protection regulation is based mainly on experience in nuclear industry and in 
conventional research and medical applications of ionizing radiation. The implementation of 
these rules in high-energy accelerator and experiments environment has specific aspects and 
requires specific approaches. 
 
At the same time, accelerator operations require a relatively high degree of flexibility for the 
effective operation of the machine to ensure experimental programs and related research 
activities. First estimates indicate that about 3000 persons will access CERN’s accelerators 
and LHC experiments for maintenance activities during the annual 6 months shut-down 
period. This will include a large number of physicists from all over the world. Presently, 
about 600 persons are accessing CERN’s existing machines during the maintenance period. 
Consequently, the number of complex work places to be monitored will increase considerably 
in the future. Taking into account the large number of maintenance activities CERN’s present 
approach to job and dose planning will be strictly formalised in the future. 
 
Presently, the maintenance work in CERN's controlled radiation areas includes intervention 
and dose planning as well as their evaluation to guarantee personal protection, to keep the 
accumulated doses as low as reasonably achievable. Operational dosimetry (in form of 
additional active dosimeters) represents an indispensable tool for job and dose planning and 
job doses are recorded for later dose evaluation. Dose rate maps of all controlled radiation 
areas are at the disposal of persons intervening in the areas. This allows all intervening 
personnel in collaboration with the radiation protection group to estimate an expected 
individual and collective dose for the planned intervention. 
 
The same principles of job and dose planning will be kept in future but a more formalised 
approach will be necessary, in particular in view of the strong increase of the number of work 
places in controlled radiation areas and the large amount of maintenance personnel. The 
proposed procedural system introduces different levels linked to respective approval 
procedures as a function of so-called trigger levels. The latter are given separately for 
maximum dose rates at the work location (H*(10)), the maximum individual dose (HI) as well 
as the collective dose (HC) of the intervention. Independently, for all procedural levels the 
following constraints for personal dose (HP) as measured with active and/or passive 
dosimeters have to be respected:  

1. the intervenant must not exceed 2 mSv per month; 
2. the intervenant must not exceed 6 mSv per year. 
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It should be noted that stated individual doses (HI) refer to one intervention (i.e., possibly to 
more than one access), as well as given values for collective dose (HC) relate to the entire 
process of the work to be performed and all related personnel. 

Conclusion 
In the past calculations, e.g., for the design of shielding or the estimation of activation, were 
performed with analytical methods leading often to rather conservative estimates. With the 
increase in size and complexity of accelerators, together with their financial aspects, as well 
as with the decrease of the limits in radiation protection, accurate calculations became an 
essential part in the design and operation of any new facility. In particular, Monte Carlo codes 
for the simulation of particle transport and interactions are now quasi-standard in the field of 
radiation protection. At CERN, the FLUKA Monte Carlo code has been successfully used for 
radiation protection studies. 
 
Using a new and more accurate method to calculate three dimensional maps of residual dose 
rates and in combination with detailed intervention scenarios, individual and collective doses 
for different scenarios in the future LHC were successfully calculated. In case of needs the 
accelerator design was modified to achieve a saving in maintenance doses. 
 
With LHC in operation, the number of complex work places to be monitored will 
considerably increase in the future. Taking into account the large number of persons intending 
to intervene for maintenance activities into CERN’s controlled radiation areas, the present 
CERN approach to job and dose planning will be formalized more strictly to ensure that 
CERN will still be able to keep control on the dose to personnel. 
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