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1 INTRODUCTION
CERN, the European Laboratory for Particle Physics and Organisation for Nuclear

Research, operates both high-energy proton and electron accelerators for fundamental
research. In the case of the Super Proton Synchrotron (SPS) the maximum energy is
450 GeV. For the Large Electron Positron Storage Ring (LEP), at present still working at
46 GeV, an upgrade in energy of up to 95 GeV per beam should be ready by the end of
1996.

Already in CERN's early days in the late Fifties it had become obvious that with
proton energies of 600 MeV for the Synchrocyclotron (SC) and 28 GeV for the Proton
Synchrotron (PS) a competent radiation protection group was needed at CERN for coping
with all the classic and non-classic — i.e. accelerator specific — radiation safety problems.

When CERN, originally situated only in Switzerland, extended into France with the
construction of the Intersecting Storage Rings (ISR) it became necessary to develop the
existing practical radiation safety rules into a more basic and comprehensive document.
French and Swiss legislation, which, although both based on ICRP recommendations,
differ greatly in detail and obviously cannot be applied simultaneously at the CERN site
[Dec88a, Dec88b, Swi94]. In fact, two conventions — one with Switzerland in 1970,
renewed in 1993, and the other with France in 1972 — have given CERN a rather far-
reaching autonomy in radiation protection matters [Agr93, Dec72]. CERN has taken this
unique opportunity to develop its own Radiation Safety Manual (RSM), which, having
been approved by the authorities in the Host States, serves as the basic radiation protection
document for the whole of CERN. On the one hand the RSM has as its guiding principle
that the Organization should base all its safety regulations on the most stringent rules in
force in the two Host States [Sap94]. On the other hand it has become possible to adapt the
RSM to CERN's specific radiation protection needs at CERN. The new RSM replacing the
CERN version of 1983 is based on ICRP Recommendation 60 [ICRP91]. It has been
examined by CERN's Safety Policy Committee (SAPOCO) and, following approval by
both by the French and Swiss Authorities, has been signed by the Director General and is
ready for printing.

Table 1: Classification of people exposed in the exercise of their profession

European Directive Draft '93
Category A > 6 mSv/y
Category B > 1 mSv/y

Swiss Ordinance '94
No categories

All persons > 1 mSv/y

CERN RSM '95
ATC > 5 mSv/y
Non-ATC > 1 mSv/y

To give an example: neither the classification A and B used for radiation workers in
France nor a single class scheme such as in the Swiss Ordinance is considered practical for
CERN (Table 1). As a consequence of long-term experience and after discussion with
CERN's Medical Service, the RSM distinguishes two categories of people, each under the
same individual dosimetry control. There are a small number of people at CERN whose
exposure exceeds a dose of 5 mSv a year. They are referred to as ATC (Aptes au Travail
en zone Controlee — French for: Fit to work in controlled radiation areas), and are
examined annually by CERN's Medical Service. Also falling in the ATC category are those
who have received a lifetime dose of greater than 100 mSv. The majority of individually
monitored persons at CERN (Non-ATC) practically never register a dose like all of the
experimental physicists. These people undergo medical examinations at intervals decided
by the Medical Service that are usually greater than a year.

According to the RSM, CERN's Radiation Protection (RP) Group must cover all
aspects of radiation safety on the site. RP is to ensure that new radiation-producing



installations are radiation-safe, provide the necessary radiation-protection service during
exploitation, maintenance and repair of existing installations, run an individual dosimeter
service both for beta/gamma and neutron radiation, and operate an extensive network of
radiation monitoring stations in experimental halls well as in the environment. In addition,
the Group is to safeguard all strategic — particularly the about 600 tons of depleted
uranium used as absorber material in calorimeter detectors [CERN94]. Strategic materials
at CERN are subject to regular inspections both by the International Atomic Energy
Agency (IAEA) and the European Union (EURATOM) according to agreements with the
Host States.

Some of the many tasks of RP are detailed in the following.

2 STRAY RADIATION

2.1 Shielding
For all new installations and for changes in the energy or intensity of existing ones,

RP has to define the necessary shielding requirements for the radiation safety of people and
environment. Past experimental experience and the simulation of nuclear cascades with
Monte Carlo computer codes have furnished over the years expertise that permits an
estimation of the shielding needs in simple geometries with the help of a simple equation.
The most frequent case is that of a target hit by a GeV proton beam and surrounded by a
lateral shield of thickness d in g/cm2. Behind such a shield at a distance r in metres from
the source, the ambient dose equivalent H in Sv that would result from the loss of one
proton is approximated by [Lan90]:

) a Hi2

For a so-called optimum target — i.e. one in which the nuclear cascade is fully
developed, but which itself has no shielding effect — the source term HQ has a value of
2.4 x 10~14 Sv m2, comprising the recent changes in the quality factor for neutrons by
ICRP [ICRP91]. The best experimental and theoretical fit for the attenuation length X for
concrete, rock or earth is 117 g/cm2, independent of energy in the case of a lateral
shielding, and 160 g/cm2 for iron. It has been found that the number of secondaries in the
interaction increases with a = 0.8, i.e. the 0.8th power of the energy EL in GeV, Eo being
l G e V .

The attenuation of radiation in ducts and access labyrinths has been the subject of
many investigations. Again, the results of experiments at CERN and elsewhere compared
with calculations can be reduced to two universal curves, giving the radiation attenuation
for straight ducts and the second and all the following legs of a labyrinth. These curves are
shown in Figs. 1 and 2. For convenience they have been parameterized as a function of,
d/VA where d is the length of the tunnel or duct and A the cross-section.

It is expected that in complicated geometries the simple relations mentioned above
will break down like in the case of the big experiments planned at the Large Hadron
Collider (LHC). The experiments, ATLAS and CMS which are housed underground in
roughly cylindrical caves of 30 m diameter and up to 60 m length at a depth of 81 and
100 m, respectively, are good examples of complicated geometries (Fig. 3). To understand
the radiation problems around these experiments — such as shielding thicknesses,
radiation damage, induced radioactivity, air activation etc. — the interactions of two proton
beams of 7 TeV at a rate of 109 per second in the central region of the detector calorimeter
were simulated with the help of the FLUKA Monte Carlo programme [Fas93, Fas94].



Most of the protons undergoing inelastic interactions in the collisions will be absorbed by
two collimators situated downstream of the detectors. These absorbers are placed in these
positions in order to capture the secondaries and hence protect the superconducting LHC
bending magnets against excessive beam interactions. A loss of 106 to 107 protons per
second in a magnet would deposit enough energy to lead to a quench.

Table 2: Penetration of radiation through the access shafts situated above the two LHC
experiments ATLAS and CMS.

LHC experiment
Diameters of the shafts in m
Depth of the shaft in m
Shielding thickness in cm of equivalent concrete around
the source, i. e. the collimator downstream of the
experiment
Protons of 7 TeV lost in a year in one experiment

Doses in mSv calculated for an optimum target using
the universal attenuation curve for a straight duct
(Fig. 1)
Doses calculated in a full simulation with FLUKA

ATLAS
24.5*

63

375

CMS
23.8*

85

250

1.6 x lO 1 6

35

44

146

133
* Surfaces of circles with these diameters are equivalent to the surfaces formed by the two elliptical

openings of the shafts for ATLAS (26 x 23 m2) and CMS (21 x 27 m2).

In both experiments it happens that one of these collimators is situated just below a
shaft of considerable diameter needed for the installation of the main detector. The
collimators present the main source of secondaries, which are transported through the
shafts up to the surface. Hence the shielding thicknesses necessary for covering the
openings of these pits must be determined such, that the environment is protected against
stray radiation. In Table 2 the dose equivalent at the top of the shaft for 1.6 x 1016 protons
assumed to be lost per beam and experiment per year has been calculated using, on the one
hand, the simple analytical approach mentioned above to calculate the penetration of
radiation up the shaft, and on the other hand, the full simulation of the experiment and the
collimator and the transport of particles in the shaft. The correspondence between the two
results shown — in Table 2 is almost too good to be true.

Modern simulation programmes for nuclear cascades such as FLUKA and the
decreasing costs of computing time permit the simulation of complicated geometries and to
calculate e. g. shielding thicknesses to a small degree of stochastic uncertainty. Analytic
methods are still used to estimate rapidly the shielding requirements for a given situation
and to check the results of Monte Carlo calculation for errors in the order of magnitude.

2.2 Area Monitoring
Traditionally, dosimetry at CERN in a mixed high-energy stray field is based on a

multi-detector set called CERBERUS. Neutrons are measured using a moderated BF3

counter whose response should follow the fluence to the maximum dose equivalent
conversion function in a cylindrical phantom of the elliptical cross-section (MADE).
Charged particles and photon radiation are detected by a neutron insensitive CC^-filled
ionization chamber, whilst the evaluation of the dose equivalent for the high-energy particle
component makes use of the activation reaction 12C(h,hn)nC in a plastic scintillator,
where h stands for hadrons, which are mostly neutrons above 20 MeV. The system is
completed by a tissue equivalent (TE) chamber for the measurement of absorbed dose in a
small volume of tissue-equivalent material approximating tissue kerma in an undisturbed



field. In the past an upper limit for the total dose equivalent was given by multiplying the
TE chamber reading with a maximum quality factor of ten [Hof84]. This approach was
similar to ICRP's recently introduced concept of effective dose E (and fundamentally
different from the earlier ICRP concept of effective dose equivalent HE), where the
distribution of absorbed dose inside the body of a person is multiplied with the radiation
weighting factor, wR,of the undisturbed external radiation field [ICRP91].

Although dose-equivalent values determined with a multi-detector system in a mixed
radiation field around high-energy accelerators are reasonable, they nearly always present
an overestimation due to the overlapping response of the various detectors. However,
multi-detector methods primarily suffer from the fact that the quantities used are ill-defined
and incompatible due to their differing concepts such as MADE and tissue kerma.

With the recommendation of the quantity-ambient dose equivalent H*(10) by ICRU
and after years of intensive discussion in the scientific community, the ISO (International
Standards Organization) will soon publish dose equivalent conversion factors for neutrons
ranging in thermal energies up to 19 MeV, such that H*(10) as a universal dose quantity
for the measurement of ionising radiation independent of radiation type or energy can
eventually be introduced in practice [ICRU93, ISO95]. The new calculations for a slab
phantom o f 3 0 x 3 0 x l 5 c m 3 made from ICRU tissue take into consideration the
higher weighting factors for neutrons and new stopping powers for protons [ISO95]. The
conversion function for H*(10) is shown, together with that, for personal dose equivalent
H (10), in Fig. 4. For higher neutron energies, values recently calculated by Sannikov
et al. complete the curve [San93].

Calibrations of radiation-protection instruments at higher neutron energies suffer in
practice from the fact that defined sources of energies higher than 19 MeV are rarely
available. Since 1993, RP has operated two high-energy radiation fields for reference,
partly sponsored by the European Union and this installation has already been described on
several occasions [Aro94, H6f94]. The sketch of it in Fig. 5 shows how a secondary
hadron beam from the SPS of up to 205 GeV/c hits a cylindrical copper target of 7 cm
diameter and 50 cm length. The target can be moved in the beam line such that it is covered
either by 80 cm of concrete or 40 cm of iron. Active and passive radiation detectors are
placed on top of the shielding for an exposure in the stray radiation field under defined
conditions. Seven periods of up to ten days of beam operation at this unique facility were
offered to experimental teams from Europe and the United States for testing their current
instruments or new detector developments. CERN provides beam monitoring and
reference doses for passive detectors often sent by mail for exposure.

Dramatic improvements in Bonner sphere techniques have extended the response
function of the moderators into the high-energy range. Figures 6 and 7 show neutron
spectra as measured by Bonner spheres, where the experimental results are compared on
an absolute scale with the results of Monte Carlo calculations made with FLUKA [Ale94].
In Fig. 6 the measured spectrum on the concrete shield presents two distinct peaks due to
cascade and evaporation neutrons. The spectrum on the iron shielding (Fig. 7) shows the
same structure, dominated however — as one would expect — by neutrons in the fast and
intermediate energy range.

Several types of tissue-equivalent proportional counters (TEPCs) have been tested in
the stray fields of the reference radiation facility [Aro95a]. CERN has made measurements
with a rather practical instrument, the HANDI, comprising only 16 counting channels
[Kun90]. In Figs. 8 and 9 measured-events size spectra are again shown for the stray field
on the concrete and the iron shielding. The former spectrum compares well with an event
spectrum recorded in flight (Fig. 10) [Sch93]. Hence the CERN-EU high-energy reference



radiation facility permits the testing of detectors intended for monitoring the exposure of air
crews and has been used extensively to this end.

2.3 Environmental Monitoring
Stray radiation (mostly neutrons) is monitored continuously, by a system of both

active and passive detectors, both inside the laboratory and at its fences, with a
continuation of monitoring of experimental areas at greater distances from the source
[Goe93]. The measurements prove that doses exceed neither the annual effective limit of
1 mSv for people working at CERN not belonging to the category of persons being
exposed in the exercise of their profession, nor the limit of 0.3 mSv for members of the
public outside the Organization. Note: in area monitoring one acquires an ambient dose
equivalent, whereas for dose limits, effective doses must be considered for which both the
spatial and the time distribution (occupation time) of the people concerned play important
roles. In Fig. 11 the 1994 isodose curves for the Organization's PreVessin site are
presented, showing clearly the North experimental hall, the North Area High Intensity
Facility (NAHIF), and a storage facility for radioactive items as the principal sources of
stray radiation [Hof95a].

2.4 Individual Dosimetry
Individual dosimetry at CERN is based on films for beta/gamma dosimetry for work

in areas of induced radioactivity during maintenance, and also for repair and neutron
monitoring in stray radiation fields during the operation of the accelerators.

While photon doses at CERN have decreased considerably over the years neutron
doses recorded by the NTA emulsion seem to have stabilized (Figs. 12 and 13). High
neutron exposures have not been seen during the last decade while over the same period a
rather constant neutron dose level seems to have persisted. Due to the substantial shielding
requirements of modern physics experiments for keeping the detector background small
there is actually no area at CERN where neutron dose rates in occupied areas exceed values
of 10 ji.Sv/h. As radiation levels in experimental halls are permanently monitored by the
extended system of fixed installed detectors, such low radiation levels would not require
individual neutron dosimetry. However, CERN is a place of free movement where
physicists may change their habitual working conditions and situation any time. That is
why the Organization prudently considers all experimental physicists at CERN as being
exposed to ionizing radiation in the exercise of their profession and monitors them for any
exposure from stray radiation with a nuclear emulsion.

It is well known that due to its high energy threshold of 1 MeV the NTA film is not
an individual dosimeter. In addition, when calibrated with a radioactive source neutron of a
few MeV the nuclear emulsion will overestimate neutron doses by about a factor of three
for energies of 20 MeV and higher. This means that a nuclear track recorded in a high-
energy radiation stray field, when interpreted according to a calibration of the NTA film
with Am-Be source neutrons, will be overestimated in dose [Hof94b]. Thus, practically all
neutron exposures recorded at CERN must be considered as an overestimation of the
wearer's individual dose. Such an overestimation is tolerated for apparent doses of up to 1
mSv but is mitigated for higher doses by analyzing the track length distribution in the
emulsion and making the necessary correction [H6f91a]. Another overestimation in
personal doses is caused by the common habit of physicists leaving their film badges
permanently in their counting rooms, whilst the actual occupancy time of these premises is
generally very low.

It has been shown that the NTA film fading can be avoided by sealing the film in an
aluminized plastic pouch under dry nitrogen [Bar77]. This has even allowed the Individual



Dosimetry Service to extend the wearing period of the film dosimeters at CERN from one
to two months.

In the routine evaluation procedure of the NTA films only five fields, each of
0.175 mm2, are scanned for tracks. Three tracks in this standard area of 0.875 mm2

correspond to a dose of 0.2 mSv, which means a considerable stochastic uncertainty for
such a small neutron exposure [Hof91b]. However, in recording these low doses for a
group of individuals, or for one person in the same radiation field over many consecutive
wearing periods, the average value still gives a good idea of the low exposure risk in
radiation stray fields at CERN. If, in a first analysis of a film, ten or more tracks are
scanned in a standard area, corresponding to an apparent dose of 0.8 mSv, at least a
further 40 tracks are eventually read, combined with a track length analysis to improve the
stochastic uncertainty for higher doses.

2.5 Heavy Ions
Following some experiments with oxygen and sulphur ions, CERN built a special

linac for the acceleration of lead ions, which are subsequently injected into the usual
accelerator chain. This chain includes the Booster Synchrotron, the Proton Synchrotron
(PS), and the Super Proton Synchrotron (SPS), reaching a final energy of up to 160 GeV
per nucleon or 35 TeV in total. At the end of 1994 82+Pb beams of moderate intensity —
i.e. about 10*> per pulse every 19.6 s — were ejected into the experimental halls. This
needs to be compared with the usual hadron intensities of secondary beams at CERN of
108 per pulse for a repetition time of 14.4 s. Assuming for a lead ion lost in an interaction a
multiplicity for the neutron production proportional to the number of nucleons (207), high
stray radiation levels were expected in some areas of the experimental halls. However, as
the shielding had been improved wherever possible, no severe radiation problems were
encountered during the experiments with heavy ions.

During these heavy ion experiments some measurements in the stray field behind
concrete shielding were performed. The radiation was the result of interactions of 82+Pb
ions with a target. In Fig. 14 the neutron spectrum measured with Bonner spheres is
compared with a spectrum from a proton loss in a similar geometry [Aro95b]. The
relatively greater amount of evaporation neutrons in the lead spectrum as compared with
the proton spectrum is clearly visible. The energy of the evaporation neutron peak in the
former is shifted to slightly higher energies. Further measurements are planned during the
next period of heavy ion experiments at the end of 1995.

3 INDUCED RADIOACTIVITY

3.1 Individual Dosimetry
The general trend in radiation protection over the years towards decreasing individual

doses both in total and in average has also been observed at CERN, as is shown in Figs 11
and 12. This is true for gamma doses that are the result of maintenance and repair work in
areas with induced radioactivity. It is worth noting in particular the dramatic decrease
following the introduction of CERN's reference dose in 1980 limiting the individual dose
to 15 mSv per year [CERN81]. Although the legal dose limit remained at 50 mSv (it is
now 20 mSv at CERN following Recommendation 60 of ICRP), it is stated in the RSM
that all work in radioactive areas at CERN shall be performed within the annual reference
dose. Any higher dose requires authorization by the division leader, authorisation that has
so far never been asked. In the period 1980 to 1995 the value of 15 mSv was actually
exceeded only three times, and these abnormal exposures remained unexplained even after



thorough investigation. They were eventually attributed to the wearer for the sole reason
that it could not be excluded beyond any doubt that he had not received the dose.

Photographic emulsion is used for beta and gamma dosimetry at CERN. It has the
advantage in a radiation environment such as CERN's of assisting considerably in the
clarification of unexpected or even high recorded exposures. Whether a film was carried by
the person or was exposed in a fixed position — for example, lost or kept in a time-
independent radiation field — is visible in looking at the sharpness of the filtre images. The
shadow thrown by these filtres can give an information on the angle of radiation incidence.
Due to the built-in filtre set, it is a straightforward matter to distinguish an X-ray exposure
(individuals who have carried their film badge during a radiological examination) from
irradiation by a hard photon spectrum typical of induced radioactivity at CERN.

The CERN film dosimeter has also shown its capacity for measuring beta doses. The
excellent results obtained during an intercomparison organized by the EU were confirmed
when beta doses were detected for persons involved in the mounting of calorimeter
detectors out of uranium plates [H6f87].

In response to the ICRU recommendation, individual dosimeters at CERN are
calibrated in personal dose equivalent HJIO) as had been customary in Switzerland for a
number of years [ICRU93, Val94]. CERN's individual dosimetry service has successfully
participated in intercomparisons organized each year by the Swiss Authorities. The
conversion function from exposure X to personal dose equivalent HJIO) for normal
radiation incidence on the new ISO water phantom is shown in Fig. 15 [Alb94]. The
response of individual dosimeters should also follow the correct angular dependence for
HJIO). The present CERN film holder, dating back to the early Sixties, was not built to
comply with the new quantity and is to be changed. Recently, the construction of a new
film holder has been proposed, so that, when exposed to photons, it would use the gliding
shadow thrown by two superimposed metal filtres for an automatic correction of the
angular response of the film dosimeter [Amb94]. Prototypes of this film holder are being
tested at CERN.

3.2 Environmental Monitoring
In addition to stray radiation CERN's accelerators produce induced radioactivity in

both and air water [Hof93]. Not only doses from stray radiation, but also the release of
radioactivity into the environment is limited and controlled. The limits for CERN are given
in Table 3. They are based on effective doses to the population living outside the
Organization of 0.3 mSv per year from external exposure. The effective dose is further
limited to 0.2 mSv for the incorporation of radionuclides. Note that external exposures are
not only caused by neutron stray radiation but can also be the result of an immersion of the
body in a cloud of radioactive air. The types of radionuclides in the operation of proton
accelerators are generally well known but rather exotic radionuclides are sometimes
produced by ISOLDE (Isotope Separator On Line). The release limits for airborne activity
are actually under review in Switzerland [HSK95]. The new limits are based on short- and
long-term dispersion factors specific to each of the four nuclear power stations in
Switzerland and therefore differ in each case. Using the same models, CERN is to revise
its release limits in the near future.

The results of CERN's extensive environmental monitoring programme are
transmitted regularly to the French and Swiss Authorities. The measuring and sampling
points extend well beyond the boundaries of the Meyrin and PreVessin sites, as is shown
in Fig. 16.



Table 3: Annual radiation protection limits at CERN

E for those working at CERN under individual control:
E for the population outside CERN1)

//*(10) at the fence of the Organization2)
E for airborne radioactivity:
Activity in the form of gases with T < 1 day
Tritium in gaseous form
7Be as aerosol
Other beta/gamma emitters with T > 1 day
Alpha emitters in the form of aerosol
E for the radioactivity in effluents:
Activities with T < 1 day3)
Tritium
Other beta/gamma emitters with T > 1 day

15mSv
0.3 mSv

1.5 mSv
0.2 mSv

120 000 GBq
4000 GBq
400 GBq

40 GBq
0.04 GBq

0.2 mSv
2 GBq/day
4000 GBq

40 GBq

' Effective doses from stray radiation and radioactive intake following the Swiss Ordinance. ICRP has
recommended a value of 1 mSv/year.

2) With an annual ambient dose equivalent of 1.5 mSv the effective dose is limited to 0.3 mSv due to the
occupation time.

3) For short-lived radionuclides the limit is averaged over one day.

The release of radioactivity into the environment is generally well controlled and far
below the release limits. As an example, the mean annual aerosol concentrations of 7Be for
the years 1984 to 1992 are shown in Fig. 17 for the central measuring station on the
Meyrin site and are compared with the concentration measured at a station 20 km from
CERN [Hof94c]. The high releases in 1986/1987, and in particular the peak in 1988, were
due to the extended use of the neutrino target facility and some leakage in the otherwise
closed ventilation system. Although the total activity during these years always remained
far below the limits, CERN undertook a costly revision of the ventilation system. In the
following years, the mean concentrations of airborne 7Be decreased considerably, but the
operation of CERN's accelerators remains visible.

3.3 ISOLDE
CERN's ISOLDE complex (Fig. 18) was commissioned in 1990. The installation

uses a high-intensity 1 GeV proton beam from the Booster directed onto two target areas.
To avoid personal doses, the highly activated isotope production targets are changed with
the help of a remotely controlled robot system. Due to the fact that ISOLDE was built on
the densely populated Meyrin site particular efforts were made in fitting the necessary
shielding in the limited space available [Sul93]. Special attention was given to the
construction of the beam dumps. The iron core is surrounded by concrete layers
sufficiently thick to minimise earth and ground-water activation. The end wall facing the
incoming beam is clad in a layer of Vaurion (a cheap marble stone found in the near by
Jura mountains) which has a low self-activation but shields against radiation from the other
active parts of the dumps (Fig. 19).

The inner target region is ventilated in a closed circuit. Otherwise, the ventilation air
passes through a double layer of absolute filtres that keeps the levels of airborne activity
outside the installation below the limits given in Table 3. All water from the complex is
collected in delay tanks and measured for its radioactivity before release. The same is true
for the gases from the exhausts of the pumps providing the vacuum for the isotope



production targets. In the case of uranium targets these gases contain isotopes of radon and
thoron — i.e. alpha emitters. The delay tanks can be filled to two atmospheres and, again,
after considerable cooling periods, the level of radioactivity is checked before the gas is
released into the atmosphere.

3.4 Decommissioning and radioactive waste

Induced radioactivity in CERN's proton accelerators not only poses problems during
maintenance and repair carried out during their working but also when these machines are
decommissioned. The treatment and conditioning of activated accelerator waste such as
obsolete vacuum chambers, broken magnets and construction materials used in radioactive
areas has become one of the major activities of the RP Group. Figure 20 shows the amount
of radioactive material in cubic metres handed over to RP annually.

Radioactive waste at CERN, particularly that of a metallic nature, is subdivided into
three major categories:

• material that due to its rapid radioactive decay can be eliminated as inactive waste or
even recycled as scrap in the near future;

• items that will decay in their radioactivity below agreed limits of exemption during the
next 30 years; and

• material that is so hot that even after extended cooling periods its activity will remain
above the exemption limits.

Table 4: Comparison of exemption limits for radionuclides commonly encountered at
CERN in the Swiss Ordinance of 1994 [Swi94], the draft Directives of the EU of 1993
[Com93], and the interim edition of the IAEA Basic Safety Standards of 1994 [IAEA94].

Radio-
nuclide
3H

7Be
22N a

24Na

4lAr
51Cr

54Mn

60Co
137Cs

238TJ

Exempt activ. cone, in Bq/g
CH

6X102

3 x l O 2

3

20

2 x l O 2

10
1

0.7

0.4

EU
106

102

1

1

103
102

10
1

10

10

IAEA
106

103

10
10

102

103

10

10

10

10

Exemi
CH

6xl05

3xl05

3x103

2X104

2x105

104

103
7 x l O 2

4x102

ption activity in Bq
EU
108

108
105

105

109
107

106

104

105

104

IAEA
109

lO?

106

105

109
107

106

105

104

104

The principle of exemption limits is recognized as a sound one by both the
International Atomic Agency and the European Union, and has also been adopted in the
new Swiss Ordinance [IAEA94, Com93, Swi94]. Table 4 shows limiting values of
specific and total activity for radionuclides commonly found around accelerators. At
present, differences between the three different sets of values are still noticeable. In
addition to these limits on activity, Switzerland has imposed the condition that an item can
only be considered as non-radioactive if the ambient dose equivalent at 10 cm from its
surface does not exceed 0.1 (iSv/h.



For a categorization of radioactive items and the application of the principle of
exemption levels the nature as well as the specific and total radioactivity of the material
must be known. Over the years special evaluation techniques and programmes have been
developed atCERN [Tuy87, Tuy94]. Whilst samples (borings) were originally measured
in a laboratory using gamma spectroscopy, now the material can often be analysed in situ
for radionuclides present, using a portable spectrometer. This device also determines the
ambient dose equivalent at the surface of the item [Don95]. Radioactive material received
by RP is as far as possible conditioned in fixed geometries before storage — for example,
after the insulation has been taken off them, radioactive cables are compressed into blocks
of 40 x 40 x 40 cm3, whilst cables with insulation are cut into pieces and placed in
standard containers. Once a thorough analysis of such a standard geometry has been
performed, simple dose measurements on the outside of other items in the same geometry
provide precise information on their radioactivity.

Following their classification, many materials can be eliminated or recycled even
after relatively short cooling times. The most spectacular case so far has been the
dismantling of the magnets of the ISR (Intersecting Storage Rings), which had been kept at
CERN for a period of ten years following the machine's decommissioning. After
separating the coils from the magnet yokes it turned out that the iron was so low in activity
(iron Yv'iih a very low cobalt content had been selected for building the magnets), most of it
could be recycled immediately, whilst a large part of the copper was also found to be
below the exemption limits [Hof95a].

Wherever it can CERN, avoids the costly elimination of radioactive waste via its
Host States. Radioactive material is as far as possible recycled inside the Organization.
Thus it is planned to reuse the radioactive iron of the yoke of the 600 MeV
Synchrocyclotron decommissioned in 1989, in the future beam dumps of the LHC.

A very small amount of radioactive material is finally conditioned in standard 100 or
200 litre barrels and eliminated once a year by handing it over to the Swiss Authorities
(Fig. 21). This consists mainly of contaminated or activated items originating from the
ISOLDE programme, or liquids such as radioactive pumping oil. There has been the
occasional elimination of highly radioactive accelerator waste into France in a few standard
containers of 10 m3 (shielded or unshielded). These are to end up in the new French
depository in the De"partement de 1'Aube.

4 THE LHC

Following years of discussion the CERN Council in its 1994 December session
authorised the construction of a Large Hadron Collider (LHC), which, in its final stage,
will collide two proton beams at an energy of 7 TeV. The machine will be housed in the
existing LEP tunnel. Figure 22 shows the location of the LHC between the Geneva airport
and the Jura mountains. The lepton collider will run until 1999 for W* and Z° physics at
energies of around 90 GeV per beam. Following the dismantling of this collider,
installation of the LHC in the vacated tunnel will begin in 2000. Figure 23 gives an
impression of how the superconducting magnets surrounded by their liquid helium-filled
cryostats will be placed inside in the tunnel. Looking beyond 2004, an option for proton-
electron collisions would require the (re?) installation of (the LEP?) magnets for a lepton
storage ring on top of the LHC magnets. The location of the various elements of the LHC
around the machine is shown in Fig. 24.

Two SPS proton beams of 450 GeV are injected in opposite directions in octants
2 and 8. The beam abort system with two dumps is to be built in octant 6. The major high
luminosity experiments, ATLAS and CMS, are located in octants 1 and 5 on opposite sides
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of the machine. A B-physics experiment and the ion collision experiment ALICE will have
their home in octants 2 and 8. Finally, the important beam-cleaning elements are to be
installed in octants 3 and 7. During operation these scrapers or collimators will ensure by
their continuous shaping of the beam profile that proton losses in the superconducting
elements of the LHC remain so low that their energy deposition does not lead to magnet
quenches.

Preparatory work, both on the machine and the experiments, and also with respect to
radiation protection, has already started. Radiation safety in this project has two major
aspects: protection of the environment and members of the public living in the
neighbourhood of CERN and protection of people working with or near the machine. The
points are covered by two distinct procedures in France (more than 80% of the LHC and
its installations will be located there). These procedures are a study of the radiological
impact of the new accelerator on the environment, and a radiological safety review in the
framework of the INB procedure for Basic Nuclear Installations. The environmental
impact report will be the first requirement to be fulfilled, in order to get formal French
construction authorization.

Radiation levels and induced radioactivity in and around the LHC will depend on the
amount and distribution of proton beam losses. Table 5 gives the radiological parameters
that form the basis for all predictions on the release of stray radiation and activity in the
environment. In nearly every case, the annual loss of protons serves as the input figure for
all calculations [H6f95b].

Table 5: Principal radiological parameters of the LHC

Circumference
Bending radius of the dipoles
Nominal energy
Iniection energy
Maximum number of protons in one beam
Circulating current
Stored energy per beam
Operation of the LHC in a year
Number of accelerated protons per beam
Protons lost in one experiment per beam
Protons lost on the collimators per beam
Protons lost all around the LHC per beam
Total number of protons in each dump

26658.87
2568
7.0

0.45
4.7 x 1014

850
530
180

8.5 x 1016

1.6 x 1016

4xlO1 6

3.4 x 1015

1017

m
m
TeV
TeV

mA
MJ
days
year"1

year"1

year"1

year"1

year"1

Small proton losses during normal operation of the LHC are due to interactions with
the rest gas in the vacuum chamber and small imperfections in the machine lattice. The two
main collision regions of the high luminosity experiments ATLAS and CMS use up nearly
20% of the stored beams in inelastic interactions. These protons will mostly be absorbed
by the collimators already described in Section 2.1. The scrapers in octants 3 and 7 are in a
particularly hot region and finally the dumps contain the highest concentration of
radioactivity. The environmental impact report treats the following radiological problems:

• Penetration of radiation to the surface. Due to the LHC being buried deep
underground (80-100 m), high-energy muons will not reach the surface. The
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problem of neutron streaming through shafts of considerable diameter has been
studied (see 2.1).

Underground radioactivity in rock, and cooling water. Radioactivity formed in
rock, such as ^H and ^ N a may be transported by water underground, adding to the
activity in the water itself. Water in drains, as well as industrial and cooling water
running near the machine, can become activated.

Production of radioactive gases. Various separated ventilation systems are
envisaged — such as the machine tunnel circuit and ventilation for the experimental
caves. Beam losses create mostly short-lived radionuclides in air, which are
contained largely in closed ventilation circuits. However, some activity will be
released into the environment.

Induced radioactivity in LHC components and in the tunnel structure. Although the
activation of fixed installed material does not pose an immediate problem for the
environment, the problem of dismantling must be addressed in a modern
radiological impact report.

Table 6: Production probabilities P\
for various radionuclides with half-life
T\ per lost proton in molasse.

Table 7: Production probabilities
Px for various radionuclides with
half-life T{ per lost proton in water.

Nuclide
3H

7Be
22 N a

45Ca
46Sc
54Mn
60Co
152Eu
154Eu

12,4 y

53,3 d

2,6 y

163 d

83,3 d

313 d

5,27 y

13,3 y

8,8 y

Pi

0.05

0.003

0.011

0.006

0.0005

0.004

0.003

0.01

0.0006

Nuclide
3H

7Be
nC
14C

1 3 N

1 4 0

1 5 0

T;
12,4 y

53,3 d

20,4 m

5730 d

9,97 m

71 s

122 s

Pi
0.113

0.032

0.034

0.0065

0.017

0.031

0.096

The simulation program FLUKA is used for all the various estimations [Fas93,
Fas94]. The activity A-v in becquerels, in a nuclear cascade per interacting proton is
calculated with the help of the following formula:

Here, np is the number of protons lost per second in the simulated geometry, taken as
a mean value over the irradiation time t-ip. The number of inelastic interactions, also called
stars, is S. The probability of forming a radionuclide, i, with a decay constant, X-v in such
an interaction is P^. Values for P-x for rock and water are given in Tables 6 and 7.
Calculations have shown that the annual release limits shown in Table 3 for the
radioactivity in water will not be exceeded.

For the calculation of air activation — i.e. for the formation R-x of a radionuclide i,
the track length distribution A: of the hadronic cascade in air of particle type j is folded with
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the production cross-section CFj: ̂ , where k is the parent nuclei present with a
concentration ck in air:

The air activity in the region of the collimators is then given by:

where n is again the number of lost protons per second, v is the speed of air in the tunnel
and / the length of the collimator region. Most of the induced activity decays while the air is
transported through the machine tunnel before its release into the environment. Also in the
case of the airborne activity, the limits shown in Table 3 are under no circumstances
exceeded. However, these limits are presently under revision.

Finally, FLUKA is also used to provide information about the inventory of
radioactivity in the LHC complex after an assumed operation of 10 years. With the help of
computed star densities and empirical probabilities for the formation of specific
radionuclides activities in the machine elements, particularly the dumps, and the tunnel
structures are calculated.

6 CONCLUSIONS
CERN's Radiation Protection Group must cover all aspects of radiation protection

for the Organization, working neither under national legislation nor supported by
appropriate services in the Host States. Therefore, in addition to its routine radiation
protection work, during both and maintenance of the various accelerators, the Group offers
a full individual dosimetry service, runs an extensive environmental programme, and
provides the necessary expertise for ensuring the radiation safety of all new installations.
All these activities must be exercised in a professional and open manner if the Group is to
continue to earn the confidence of CERN staff and the Host State Authorities for radiation
protection at CERN.

13



REFERENCES

Agr93 Agreement between the Swiss Federal Council and the European Council for
Nuclear Research to provide collaboration in protection from radiation,
8 September 1993.

Ale94 A. V. Alevra, H. Klein and U. Schrewe, Measurements with the PTB-Bonner
sphere spectrometer in high-energy neutron calibration fields at CERN PTB-
Report N22, (1994).

Amb94 P. Ambrosi, J. Bohm, G. Hilgers, M. Jordan and K.-H. Ritzenhoff, The
gliding-shadow method and its application in the design of a new film badge for
the measurement of the personal dose equivalent H (10), PTB-Mitteilungen,
104 (1994) 334.

Aro94 A. Aroua, M. Hofert, A. Sannikov and G. R. Stevenson, Reference high-
energy radiation fields at CERN, Submitted to Applied Radiation and Isotopes
Journal, CERN/TIS-RP/94-12.

Aro95a A. Aroua, M. Hofert and A. Sannikov, On the use of tissue-equivalent
proportional counters (TEPCs) in high-energy stray radiation fields, Rad. Prot.
Dosim. 59 (1995) 49, CERN/TIS-RP/94-16.

Aro95b A. Aroua, T. Buchillier, M. Grecescu and M. Hofert, Neutron measurements
around a high-energy lead ion beam at CERN, to be presented at the 8th
Symposium on Neutron Dosimetry, Paris, November (1995), CERN/TIS-
RP/95-draft.

Bar77 D. T. Bartlett and F. L. Creasy, Latent image fading in nuclear emulsions,
Phys. Med. Biol. 22 (1977) 733.

CERN81 Statement on Radiation Protection Policy, CERN Weekly Bulletin No. 29/81,
July 1981.

CERN94 CERN Safety Code Ul Rev., Procedure for the control of Basic Nuclear
Materials (BNM) on the CERN domain, 1994.

Com93 Proposition modifiee de directive du Conseil fixant les normes de base relatives
a la protection de la population et des travailleurs contre les dangers resultant des
rayonnements ionisants, 93/C 245/06 (1993).

Dec72 Decree No. 72-959, dated 16 October 1972, publishing the Convention of
28 April 1972 concerning protection from ionizing radiation between the
Government of the French Republic and the European Council for Nuclear
Research. Official Journal of the French Republic 24 October 1972.

Dec88a Decree No. 66-450, dated 20 June 1966, concerning the general principles of
protection against ionizing radiation, as amended by Decree No. 88-662 of

14



6 May 1988, Protection against ionizing radiation No. 1420, 6th edition, p. 35
(1990).

Dec88b Decree No. 68-1103, dated 2 October 1986, concerning the protection of
workers against the hazards of ionizing radiation, as amended by Decree
No. 88-662 of 6 May 1988, Protection against ionizing radiation No. 1420,
6th edition, p. 427 (1990).

Don95 Y. Donjoux, Etalonnage et utilisation d'un detecteur de radiation Microspec-2,
Diploma Thesis, Geneva (1995).

Fas93 A. Fass6, A. Ferrari, J. Ranft and P. R. Sala, FLUKA, present status and
future developments, Proc. IV Int. Conf. on Calorimetry in High-Energy
Physics, La Biodola (Island of Elba), Ed. A. Menzione and A. Scribano, Word
Scientific, p. 493 (1993).

Fas93 A. Fassb, A. Ferrari, J. Ranft and P. R. Sala, FLUKA: performances and
applications in the intermediate range, Specialists' Meeting on Shielding Aspects
of Accelerators, Targets and Irradiation Facilities, Arlington, Texas,
NEA/OECD (Paris), p. 287 (1994).

Goe93 K. Goebel, M. Hofert, J. W. N. Tuyn and D. Wittekind, The monitoring of
stray radiation fields at CERN, Proc. of the Seminar on Impact des installations
nucldaires sur l'environnement, p. 355, Fribourg, September (1992), TIS-
RP/92-08/CF.

Hof84 M. Hofert and G. R. Stevenson, Dose equivalent measurements around GeV
accelerators, Rad. Prot. Dosim. 9 (1984) 235.

H6f87 M. Hofert and D. Wittekind, Film badges and beta dosimetry, Proc. of the CEC
Seminar on Beta Intercomparison, Report EUR 11363en, p. 141, Bologna,
May (1987), TIS-RP/196/CF.

H6f91a M. Hofert, A long-term study of personal neutron monitors in stray fields
around high-energy proton accelerators, Rad. Prot. Dosim. 37 (1991) 261,
TIS-RP/91-06/PP.

H6f91b M. Hofert, Tendencies and limits of personal neutron dosimetry in the MeV
energy range, Proc. Jubilaumstagung 25 Jahre Fachverband fur Strahlenschutz,
p. 822 Aachen, October (1991), TIS-RP/91-12.

H6f93 M. Hofert, A. Fassd and G. R. Stevenson, The radiological influence of the
Large European Hadron Collider (LHC) on the environment (in German), Proc.
25. Jahrestagung des FS, Umweltradioaktivitat, Radiookologie,
Strahlenwirkungen, p. 301, Binz auf Riigen, September (1993), TIS-RP/93-
12/CF.

Hof94a M. Hofert and G. R. Stevenson, The CERN-CEC high-energy reference field
facility, presented at the American Nuclear Society's 8th International

15



Conference on Radiation Shielding, Arlington (1994), CERN/TIS-RP/94-
02/CF.

Hof94b M. Hofert and G. R. Stevenson, Individual monitoring in high-energy radiation
fields, Proc. CEC/EURADOS Workshop on Individual Monitoring of Ionizing
Radiation Villigen, May 1993: The impact of recent ICRP and ICRU
publications, Rad. Prot. Dosim. 54 (1994) 303, TIS-RP/93-09.

H6f94c M. Hofert and D. Wittekind, Particular aspects of environmental monitoring at
CERN (in German), Proc. 26. Jahrestagung des FS, Physik und MeBtechnik,
p. 560, Karlsruhe, Mai (1994), CERN/TIS-RP/93-17/CF.

Hof95a M. Hofert (editor), CERN Radiation Protection Group Annual Report 1994,
CERN/TIS-RP/95-04 (1995).

H6f95b M.Hofert (editor), Impact radiologique du projet LHC sur l'environnement, In
preparation (1995).

Kun90 A. W. Kunz, P. Pihet, E. Arendt and H. G. Menzel, An easy-to-operate
portable pulse height analysis system for area monitoring with TEPC in
radiation protection, Nucl. Instrum. Meth. Phys. Res. A299 (1990) 696.

IAEA94 International Basic Safety Standards for protection against ionizing radiation and
for the safety of radiation sources, Interim Edition, Safety Series No. 115-1,
Vienna (1994).

ICRP91 Recommendations of the International Commission on Radiological Protection,
Publication No. 60, Annals of the ICRP 21 (1991) 1.

ICRU93 International Commission on Radiation Units and Measurements, Quantities and
Units in Radiation Protection Dosimetry, ICRU Report 51, Washington
(1993).

ISO95 Reference Neutron Radiations: Calibration of area and personal dosimeters and
the determination of their response as a function of neutron energy and angle of
incidence, ISO/TC85/SC2/WG2/SG3 WD 8529-3, version 2 (1995).

Lan90 Landolt-Bornstein, Shielding against high-energy radiation, Vol. 11, Springer
Verlag, Berlin (1990).

Roe93 S. Roesler and G. R. Stevenson, July 1993 CERN-CEC experiments:
Calculation of hadron energy spectra from track-length distributions using
FLUKA, CERN/TIS-RP/IR/93^7 (1993).

San93 A. V. Sannikov and E. N. Savitskaya, Ambient dose and ambient dose
equivalent conversion factors for high-energy neutrons, CERN/TIS-RP/93-14
(1993).

16



SAP94 Safety policy at CERN, document CERN-SAPOCO/42, Revision, September
1994.

Sch93 H. Schuhmacher and U. J. Schrewe, Dose equivalent measurements on board
of civil aircraft, Report PTB-N-13, Braunschweig (1993).

Sul93 A. H. Sullivan, Radiation Safety at ISOLDE, CERN/TIS-RP/93-13 (1993).

Swi94 Swiss Federal Council: Ordinance on Radiation Protection of 22 June 1994,
entry into force 1 October 1994.

Tuy87 J. W. N. Tuyn and C. Lamberet, Storage and elimination of radioactive waste at
CERN, Proc. Jahrestagung Fachverband fur Strahlenschutz, p. 198, Basel
(1987).

Tuy94 J. W. N. Tuyn and T. Lindheim, On the use of A12O3:C thermoluminescence
detectors in dose rate measurements for decommissioning of nuclear facilities,
Proc. IRPA Regional Congress on Radiological Protection, p. 393, Brighton
(1994).

Val94 J.-F. Valley, C. Wernli and M. Hofert, Personnel dosimetry for external
irradiation in Switzerland — Concepts and methology, Proc. CEC/EURADOS
Workshop on Individual Monitoring of Ionizing Radiation Villigen, May 1993:
The impact of recent ICRP and ICRU publications, Rad. Prot. Dosim. 54
(1994) 179, TIS-RP/93-09.

17



1.E+0 1

c 1.E-1 -
o

05

1
3 1.E-2-
i_
3
0
o
05
"• 1 .E-3-

1.E-4 -

t
\\

\ =\\
\

\ ==
X

I i I I j i ! I I I I I I |

) 5 10 15

d/SQRT(A)

Fig. 1 : Universal attenuation curve for a straight duct or tunnel. The attenuation

factor is well approximated by: AF = l/fl + 2,5-fD + 0,\7D17 + 0,79£>3). The parameter

D is given by D- dj4~A, where d is the length of the duct or tunnel and A the cross-
section.
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Fig. 2 : Universal attenuation curve for a duct or a tunnel following a bend (second or
higher leg). The attenuation factor is well approximated by the following formula:

/LF = l/(l + 2,8-D-l,57(D+2)). The parameter D is given by D = d/4A, where d is the

length of the duct or tunnel and A the cross-section.
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Fig. 3: The CMS detector in its underground cave. The two collimators to the left and
to the right in the beam line are shown as well. One of these collimators is located below
the shaft through which the detector components will be lowered from the surface into
the underground area.
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Figure 22: Situation of the CERN Laboratories and the LEP/LHC ring in France and
Switzerland.



Fig. 23: The LHC magnet inside the LEP tunnel. For a later option of collisions between
protons and electrons a lepton machine may be re-installed on top of the LHC cryostat.
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Fig. 24: Disposition of experiments and machine components around the LHC. Tiiere are four beam
crossing points.


