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Abstract

The present report contains an estimation of the release of radioactivity in the air produced in
the ATLAS and CMS experiments. The latest version of the FLUKA code was used to simulate the
hadronic cascades initiated by the primary p-p events; the latter had previously been created with
the DTUJET93 event generator which included single diffraction. 39 different radionuclides are
considered. Their production was estimated from the hadron track-lengths in the air volumes of
the experimental caverns using a newly-developed cross-section set. The release of the radionu-
clides from the caverns has been estimated using a model which assumes the complete mixing of
the air inside the detectors and the caverns. The effect of these releases has been evaluated by deter-
mining the off-site doses and dose rates due to the radioactive emissions calculated using the proce-
dures described by the Swiss HSK. The pathways of exposure in the CERN environment which are
considered here include the external dose from the radioactive plume, exposure to radionuclides
deposited on the ground, the internal dose from the inhalation of radioactive air, the ingestion of

vegetables grown in affected areas and the ingestion of meat and dairy products from livestock
which graze in the affected area.

The estimated annual dose due to the release of air from the experimental caverns never ex-
ceeds the equivalent of 25 minutes of exposure to natural background radiation.

CERN, Geneva, Switzerland
1 April 1996



1. Introduction

This report is an update of the estimation of radioactivity in the air of the LHC experimental cav-
erns reported in [Ste92]. In the present work, however, the geometrical form of the detectors inside

the caverns have been described in a much more complete manner and the ATLAS and CMS ex-
periments are considered individually.

Whereas only 18 radionuclides were considered in the original study, 39 different radionuclides
are considered here. Their production was estimated from the hadron track-lengths in the air us-
ing a newly-developed cross-section set. The release of the radionuclides from the caverns has been
estimated in a similar manner to that of [Ste92] but now the effect of these releases has been eval-
uated by determining the off-site doses and dose rates due to the radioactive emissions. These
have been calculated using the procedures described in a draft of a document issued by the Swiss
HSK (Hauptabteilung fiir die Sicherheit der Kernanlagen) [HSK95]. Wherever this document is
incomplete, the IAEA Safety Guide [IAEAB80] has been used to complete or clarify the procedure.
The details of this model are described in a separate report [Mor96]. The pathways of exposure in
the CERN environment which are considered here include the external dose from the radioactive
plume, exposure to radionuclides deposited on the ground, the internal dose from the inhalation
of radioactive air, the ingestion of vegetables grown in affected areas and the ingestion of meat and
dairy products from livestock which graze in the affected area. Because the dose calculations re-
quire several individual steps each of which incorporates a measure of conservatism that is then
applied sequentially, the dose rates calculated in this way are expected to be conservative.

2. Simulations for the ATLAS Experimental Region

Description of the Geometry

The geometry of the ATLAS experimental region implemented in FLUKA for these calculations
was identical to that developed for the Technical Proposal as described in [Fer96] and is shown in
Figures 1 and 2. In this description the complex geometry of the detector, the experimental hall and
the two vertical shafts has been simulated with great care. In addition the description contains a
correct assignment of material composition to the different regions for all the sub-detectors, cables
ducts and gaps between them, all of which which could be important for streaming.

Such a detailed description however leads to a large number of different air regions, which, for
the purpose of this work, were combined to give the production in only seven main regions:

e The “inner tracker” region is obtained by summing all the air regions surrounding the Tran-
sition Radiation (TRT) and the Semi-Conductor Tracker described in the central cavity.

o All the air regions present around the Ecal and Hcal, including the gaps at the end of the
barrel and the extended barrel tile calorimeters, are summed together to define the second
region.

o The third (FW-cones) is a small region in front and inside the forward integrated LAr calorime-
ters.

¢ The fourth (VFcal-collimator) is the very forward part, inside the inner bore of the end cap
toroid, in front and around the collimator for the low-beta quadrupole.
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o The fifth (cavern) includes all the air in the experimental hall and the air surrounding the
barrel and forward muon chambers and the collimator shielding.

o The last two regions are the large and small shafts.

The volume of these combined regions is given in Table 1. The number of regions existing in the
real situation is also given.
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Figure 1: The ATLAS detector geometry used in Figure 2: The geometry of the ATLAS cavern
FLUKA and shafts used in the FLUKA simulations. Cut

through the zy plane (left) and through the zy
plane (right).

Table 1: Air regions inside and around the ATLAS and CMS detectors.

| ATLAS CMS
Index Region Number | Volume (m?) | Volume (m®)
1 Inner Tracker 1 119 339
2 ECAL-HCAL 1 109.0 26.5
3 FW-cones 2 0.034 12.2
4 VEFCAL-Collimator 2 54 2.76
5 Cavern 1 37800 23800
6 Large Shaft 1 35700 21100
7 Small Shaft 1 6120
Simulations

The latest version of the FLUKA code [Fas93, Fas94] was used to simulate the hadronic cascades
initiated by the primary p-p events and to determine the track-lengths of protons, charged pions
and neutrons as a function of energy in the different regions containing air in the caverns. The
primary p-p events were created previously with the DTUJET93 [Aur94] event generator which in-
cluded single diffraction. The DTUJET secondaries file used in these simulations was created from
1300 primary p-p events, including diffractive events, which gave an average multiplicity of 120



secondaries per event. At the beginning of the calculations and at the end of each event, a new p-p
collision was randomly selected from the file and its secondaries banked in the simulation stack.

Seven runs were made of 100 primary events each, i.e. around 84000 secondaries were consid-
ered for these calculations.

3. Simulations for the CMS Experimental Region

Description of the Geometry

The geometrical description of the experiment and the cavern was adapted from the “standard” de-
scription used for the CMS radiation-studies [Huh95a]. The large number of different air volumes
was reduced in the present simulations by judicious combination. For example, the exact descrip-
tion of the tracker was removed, as were all muon chambers except for the last forward one (MF4).
The hadronic and forward calorimeters and the iron yoke were modelled as solid iron blocks. For

simplicity, only one side (z > 0) of the CMS detector and low- regions were modelled in detail,
see Figure 3.

Previous simulations indicated that the leakage of radiation from one forward part of the cav-
ern to the other is negligible, since the detector forms an almost hermetic plug in the centre of the
cavern [Huh95b]. Nevertheless the air-region around the detector was extended to the back wall of
the cavern, see Figure 3. Fluxes in the inner detector at negative z are also not negligible; thus the

interior was fully described on both sides of the interaction point up to the very forward calorime-
ter (VFCAL).

The main shaft was placed on the forward side of the geometry and the description of the inner
triplet area up to D2 was taken from [Huh95¢].
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Figure 3: Geometry used for the asessment of track-length in air inside and around the CMS experiment.

The air volumes in the CMS experimental region were also separated into seven conceptually
different regions, listed in Table 1. The central tracking cavity was treated as a single unit: it will
most probably have its own ventilation system, separated from that of the hall. The gap between
the electromagnetic (ECAL) and hadronic (HCAL) calorimeters is not yet well defined, but will in-
clude at least some air. This region should not be very important but has been separated from the



others in this study. The forward cones, from the tracker up to the VFCAL, are intermediate vol-
umes for which the ventilation system has not yet been defined. They could finally be connected
to the volume inside and behind the VECAL, but for these calculations they are kept separate. The
largest volume is that outside the CMS detector, i.e. all the air in the cavern which is not enclosed
in the forward shielding or the detector itself. The ventilation system of the main shaft will proba-
bly be separate from that of the cavern, and therefore this shaft naturally forms a separate volume.
The seventh volume is the tunnel containing the low-beta quadrupoles extending up to the recom-

bination dipole D2. This region has not beenincluded in the present analysis and will be the object
of a future study.

The volumes of the different regions are also listed in Table 1.

Simulation

As for the ATLAS simulations, primary events were generated with the DTUJET93 [Aur%4] event
generator which includes diffractive scattering. However the position of the secondaries in the
file was randomized so that sequential interrogation of the file could take place from any starting

point and always yield secondaries from “average” events. Secondaries were transported with the
FLUKA95 code [Fas93, Fas94].

The simulation method was adopted from [Huh95c], i.e. the source was divided into very-
forward (8 > 732urad) and “central” contributions. Eight runs, each treating 5000 “central” tracks
and another eight treating 500 forward tracks were performed. For the experimental cavern, only
the contribution from the central tracks was considered.

4. Determination of track-lengths

For both the ATLAS and CMS simulations, track-length was scored on a region basis using a loga-
rithmic energy binning with ten bins per decade. The lower limit for charged hadrons was 10 MeV
and the upper limit 10 TeV. Low-energy neutrons were scored in the 72-group structure of FLUKA.
For neutrons the upper energy limit was 10 TeV. Since the upper bound of the low-energy neutron
group structure is 19.6 MeV, 57 logarithmic bins will have a factor width of 1.2593, which is close
to 10°1 = 1.2589. By default FLUKA normalizes track-lengths by assuming that all regions have a
volume of 1 cm?. The total track-length in the regions is thus obtained directly. Integrated track-

lengths for the two experimental regions are given in Table2, separated according to hadron type
and energy.

ATLAS — CMS comparison

The p-p events are identical for the two high-luminosity experiments, but the experiments them-
selves are quite different, so that the integrated track-lengths and resulting radionuclide produc-
tion rates can be substantially different.

Table 1, which shows the volumes of the regions, best illustrates the differences between the
experiments.



Table 2: Integrated track-length in cm/event in the different regions of the experimental areas. The
Total "Hall” shows the sum over regions 1-5.

Index Region p Lo n n n
(E > 19.6MeV) (th< E < 19.6MeV) (thermal)
ATLAS
1 [nner Tracker 880 12000 2000 40000 27000
2 ECAL-HCAL 30 160 330 20000 3100
3 FW-cones 160 1000 450 14000 230
4 VFCAL-Collimator 2700 17000 13000 640000 0
5 Hall 40 120 2200 45000 18000
6 Large Shaft 6 1 370 9300 6800
7 Small Shaft 1 0.01 90 480 530
Total “Hall” 3800 30000 18000 760000 48000
CMS
1 Inner Tracker 2000 15000 4400 34000 55000
2 ECAL-HCAL 120 330 1600 105000 10
3 FW-cones 5200 30000 10500 155000 25000
4 VECAL-Collimator 2900 15500 9100 310000 1300
5 Hall 980 670 32000 105000 33000
6 Large Shaft 120 20 5200 28000 14500
Total “Hall” 11000 62000 58000 710000 92000

The tracker volume in ATLAS is roughly one third of that of the CMS tracker, since most of the
space is taken by the TRT of ATLAS. The free space, however, is at small radii, where the charged
track density is highest. Therefore the difference in high-energy track-lengths is smaller than the
ratio of volumes. The low-energy and thermal neutrons are generated mainly in the ECAL and
so are influenced by the ECAL material itself (Pb/LAr in ATLAS and PbWQ, in CMS). Also the
moderator configurations are significantly different, so that the two experiments really have their
own characteristics as far as the neutron flux in the tracker cavity is concerned.

The volumes between the ECAL and the HCAL are very different for the two experiments. In
addition they are not well defined for either of the two. The available space will be essentially filled
with electronics and cables, which are not included in the simulations. Thus not only a comparison
is unjustified, the numbers themselves should be taken to be very tentative and pessimistic, since
the volumes of the air-filled regions are certainly overestimated.

Due to the integrated VFCAL the forward cones of ATLAS have shrunk essentially to zero size,
whereas they contribute almost half of the high-energy track-length in CMS - and thus are likely
to give about half of the total radionuclide production.

The region between the VFCAL and the collimator, but inside the shielding, is larger in ATLAS
~including, what in CMS is in the forward cones. Butin ATLAS this region is in the shadow of the
VECAL and thus has a decreased contribution from high-energy tracks. As expected, the volume

ratio of two is reflected in the low energy neutron fluxes. The origin of zero thermal flux in ATLAS
is not yet understood.

The hall of ATLAS is about 50% larger than that of CMS. Due to the thinner shielding around the
collimators, the fluxes in the CMS hall are significantly higher and in the low-energy and thermal



neutron fluxes a difference of a factor of 2 can be observed. In the high-energy part of the particle
spectrum, the fluxes in CMS are about 10 times higher than in ATLAS. This factor of 10is in good
agreement with the difference in the effectiveness of the shielding around the collimator region.
The smaller difference in the low-energy neutron flux is due to the fact that the cascades, which
in ATLAS are mainly contained in the shield, develop in the walls of the CMS cavern. So the to-
tal number of neutrons produced is not very different and the neutron containment in the ATLAS
shield is not much better than in the CMS cavern walls.

The same arguments can be applied to the large shafts as for the hall.

As far as production rates are concerned, the above discussion of Table 2 means that typical
high-energy activation products, i.c. most of the isotopes, should be produced in CMS at rates of
up to 10 times higher thanin ATLAS. This difference arises from both the different shielding around
the collimator and the supression of high-energy tracklength due to the integrated VECAL of AT-
LAS. However the quantity of typical products from neutron activation—'#C and *! Ar in particular
— in the two experiments should not differ by more than a factor of two.

5. Determination of the radionuclide production

The 39 radionuclides of interest in this study are listed in Table3 together with their half-lives taken
from [ICRP83]. The track-lengths determined using the FLUKA simulations were multiplied by
energy-dependent cross-sections for the production of these radionuclides. These cross-sections
were determined by considering the systematics of results from dedicated simulations using the
event generators of FLUKA together with data from the compilation of cross-sections by Iljinov et
al. [0j93] and the Silberberg-Tsao parametrizations [Sil90]. Partial cross-sections for radionuclide
production by low-energy neutrons were taken from the cross-section files used in FLUKA.

Details of the radionuclide production per p-p collision in each of the air-volumes determined
from the ATLAS and CMS simulations are given in Appendix A. The upper bound for the envi-
ronmental effects due to the release of these radionuclides will be given by the ventilation scenario
which results in their release after the shortest delay. The highest production rate is in the inner
volumes which must mix with air from the outer volumes before reaching the release point. In
these circumstances the upper bound is given by the assumption of total mixing of all the volumes
of the main cavern. It is in fact more probable that the air around the inner detectors and inside the

forward shielding will mix only slowly or not at all with the outer less activated volumes.

The vertical shafts leading to the experimental caverns are so large that it would be uneconom-
ical and totally unnecessary to ventilate them during machine operation, hence they will be closed
at their upper and lower extremities. Any release from these volumes will only occur when they
are opened at the start of a shutdown to allow access.

Thus in Table 3 the production for regions 1-5 has been summed to be consistent with the as-
sumption of total mixing, while the values for the production in the various vertical shafts are
shown separately.



Table 3: Production of radionuclides in the air of the experimental caverns (in nuclei per p-p colli-

sion)
Radionuclide Half-life ATLAS CMS

Cavern Large Shaft | Small Shaft Cavern Large Shaft
*H 1235y || 501x1072 | 202x107* | 411x107% || 1.11x 107! | 1.59x 1072
"Be 533d 150x10-2 | 4.00x10°% | 9.77x10~% | 3.54x 102 | 2.96 x 10~*
10Be 16x10%y || 853x107% | 1.22x 107* | 2.38x 1075 || 259 x 102 | 9.81x 10~*
1ic 20.38 m 235x10~2 | 8.49x107% | 1.98x 1075 | 6.35x107% | 6.47x 107*
4C 57300y 3.65x10° | 4.14x 10! | 3.19x 10?2 7.82x10° | 470 x 107!
13N 9.965 m 233x1072 | 221x10°% | 465x107% || 6.74x10"% | 1.71x 1078
140 71.0s 1.25%x 10~ | 4.36x107¢ | 1.02x 10"® || 3.69x 10~% | 3.53x 10~*
150 122.2s 1.61x10~2 | 994x10-% | 2.28x 10~% || 465x10-% | 7.32x 10~*
190 27.1s 2.91x 1078 | 2.08 x 10-'° | 3.17x 10~ || 553 x 10~¢ | 1.70 x 10~°
18p 109.8 m 491x10°% | 1.79x 1078 | 2.21x107° | 9.98x107% | 1.30x 10~7
33Ne 28.0s 612x 1078 | 1.34x107° | 213x 1071 || 1.21 x 1075 | 953 x 10~®
24Ne 3.33m 145%10~% | 1.57 x 10-1° | 245x 10! || 2.80 x 10~® | 1.19x 10~°
22Na 2602y 1.76 1075 | 131x 10~ | 240x10~° | 3.66 x 10~% | 8.06 x 10~#
29Na 150h 229%x 105 | 223x 108 | 4.72x 1079 || 491x10-% | 1.40x 1077
25Na 60.0s 997x10~% | 397x10-° | 6.62x10-1° || 2.02x107% | 2.67 x 1078
27Mg 95m 9.88%10~% | 990x10-® | 1.76x107® || 2.17x 10% | 6.34 x 1078
Mg 2091 h 355x 1078 | 771x107° | 1.66x10~° | 831x107% | 4.84x 1078
26A1 7.16 x 10° y || 2.57 x 10-5 | 139%x10-8 | 244x10-? | 542x107% | 9.13x 1078
2841 224 m 617x 1075 | 654x10-% | 1.28x 108 || 1.39x10* | 4.11x 107
Al 6.6 m 1.88x107% | 315x107% | 6.14x 107® || 4.37x107% | 1.96 x 1077
3igj 1573 m 3.63x10°5 | 527x10-8 | 1.24x 10¢ | 850x 10~5 | 3.38x 10~7
32gj 4500y 197x 1075 | 416x10-% | 1.07x 108 | 475x 1075 | 2.72x 1077
sop 2499 m 1.89% 105 | 985x10"° | 1.89x 10~® || 430x 10~® | 6.56 x 10-8
3zp 14.29d 1.70x 10-% | 3.92x10-7 | 1.02x 1077 || 413x 107* | 250 % 10-8

33p 254d 243x10~% | 921x10~7 | 235x 107 || 6.18 x107* | 6.13 x 10~
35p 474 s 165x105 | 1.00x10~7 | 247x 108 || 444x 10~ | 7.06x 1077
35g 87.44d 181x10% | 1.37x10-8 | 341x 1077 || 498x107* | 9.71x 10-8
87g 5.06 m 403%x10°% | 448x10-7 | 898x 1078 | 1.18x 10~* | 344 x 10~®
38g 2.87h 308x10°% | 267x10-7 | 712x 10~ || 8.70x 1075 | 1.81x 107
3am (] 320m 776x 1078 | 242x10-% | 719x10~° || 1.97x10~% | 1.50x 1077
el 301x10°y || 400x 10™* | 381x 107 | 1.01x 1078 | 1.16x107% | 276 x 107°
38C]1 3721m 285x10-% | 3.39x 107 | 7.88x10~7 || 8.41x107* | 2.55x 10-%
8C1 55.6m 521x10"% | 527x10-® | 1.21x10~¢ || 1.48x 1073 | 3.96 x 10~®
10C1 1l4m 546x 1075 | 1.04x107® | 1.97x 1077 || 1.75x10~* | 8.44 x 10-¢
3TAr 3502d 464%x10"% | 268x 1075 | 248x107® || 1.25x 1073 | 5.12x 10-5
3®Ar 2690y 157%x10-3 | 2.03x 10~% | 291x 10~¢ || 457 x10~% | 1.70x 10~*
AT 1.827h 7.72x10"3 | 9.23x10"* | 7.10x 107% || 1.69 x 10~2 | 1.03 x 10-3
38K 7.636 m 486x10~% | 7.24x10°° | 1.26x107° || 1.34 x 1075 | 7.14 x 10-8
10K 128x10°y || 1.90x 105 | 640x 10~% | 1.20x 107® | 567 x107° | 6.03x 10~7




6. Determination of the release

In an experimental cavern of the LHC, the change in the number of nuclei, N, of a given radionu-
clide per unit time is the difference between the production rate and the sum of the decay and ex-
traction rates. P is defined as the number produced per p-p collision of the radionuclide whose
mean life-time is 7 (the decay constant A = 1/7). The volume of fresh air cycled through the area
per second is Q and the volume of air in the area V.. [t is also assumed that there is complete mix-
ing of the air inside the cavern, so thata radionuclide has the same probability of being removed
from the cavern no matter where it is produced. Thus:

N Q@
Vier

N):P%@%{A+mMﬂ 1)

where Q/V;,, is defined as the air-extraction rate from the cavern, m and v, is the inelastic p-p col-

lision rate, which can vary with time. During the 4'th fill, starting at ¢ =(, equation (1) has the so-
lution

N = exp[—(A + m)t] <Ni + P /ot ve(t) exp{(X + m)t]dt) , (2)

where N; nuclei remain from previous fills.

The inelastic p-p collision rate v (t) is the product of the luminosity, £(t), and the inelastic cross-
section, gine, and is given by:

L
Vc(t) = E(t)ainel = /V(t)zﬁaineh (3)

where A/(t) is the number of protons in one circulating beam at the time t and Ny and Lo are the
values at the start of the fill.

A(t) is the solution of the equation:

w1
dt B .‘V’o T

NE- L )

Tg

where the initial half-life of the beam due to beam-beam collisions 7 is equal to Vo / (0totLons)- The

total cross-section for p-p interactions is oo and n is the number of experimental areas operating
simultaneously. 7, is the lifetime of the beam due to beam-gas interactions.

The solution of Equation (4) is:

_ No exp[—t/ 7]
(rg/m) (1 — exp[~t/mg]) + 1’

and this can be substituted into Equation (3) to give ve(t).

)

The activity of the radionuclide extracted from the experimental cavern is mAN, where N is
given by equation (2) Thus the rate of release in Bq per second of the radionuclide into the atmo-
sphere is:

R = mAN exp{—\td], (6)

where t, is the decay time during which the activated air passes through the ventilation ducts from
the experimental area before it reaches the outside world.



The total activity vented to the atmosphere during the 4'th fill, which lasts for a time t4;y, is
obtained by integrating the above equation:

tyi
Yl = / i r %
0

At the end of the fill, the number of radionuclei in the experimental area, N}, is given by sub-

stituting ¢, into equation (2). If the time between fills is t,44, the number remaining at the start
of the next fill is:

N1 = Nfexp[— (X + mops)tofs]. (8)

where the air-extraction rate during the down-time between fills, m, ¢, could well be different from
the value of m during a fill because of a different ventilation rate Q.

The total activity vented after the ¢’th fill during the time between fills is:

to
Y = ma exp(—,\tjff)/ " Nl exp[-(A + Moy ¢ )t)dt,
0

mA o
= — 3 exp(—/\tdff)Ni' (1 — exp[—(A + mofs)tors]) - 9)

In the calculation of the total release during one year of operation the contributions from suc-
cessive fills are summed:

Yier = S (Y 4 Y9, (10)

1

remembering that after the final fill the integration in equation (9) has to be taken to infinity rather
than to t,¢¢.

It was suggested by Hofert et al. [Hof95] that the environmental significance of releases of ra-
dioactivity from the LHC should be based on the maximum beam intensities which could be ob-
tained: a maximum number of protons in one ring of 4.7 x 10!* protons at 7 TeV and an ultimate
luminosity of 2.5 x 10** cm~?s™. On the assumption of one fill of 20 hours duration every 24 hours
and a beam-gas lifetime of 250 hours, the average collision rate in either of the two high-luminosity
experiments would be 7.5 x 108 s™!, calculated using Equation (3) [Pot95]. The inelastic and elastic
p-p cross-sections were taken to be 70 and 40 mbarns respectively. However Hofert et al. suggested
that an average collision rate of 10° s~ should be taken. Thus in order to obtain the time variation

of the collision rate in an experiment, values determined using Equation (1) have been scaled by
the factor of 10%/7.5 x 10% = 1.33.

For determining the annual release of radioactivity from the experimental cavern, the number
of days of operation of the LHC in a year was taken as 180, [Hof95]. The air exchange rate was 2 per
hour and 95% of the air was assumed to be recycled. This led to a value for the air extraction rate,
m, of 0.1 h~1. The delay between the time the air leaves the cavern and the time the air is released
is 15seconds [Hat95]. However it is assumed that the shafts (which are completely closed during
operation) will be ventilated with fresh air at the end of each 60 day operating period.

The calculated annual release of radioactivity from the ATLAS and CMS caverns is given in
columns 2 and 3 of Table4. Despite the accumulation of radionuclides, to within a few percent,
the release during a single fill is one-180’th of these values.

These releases from the caverns are compared with the present CERN Design Constraints in
Table 5 where it will be seen that even for the short-lived 8/ radionuclides from the CMS cavern,



Table 4: Release of Radioactivity in the Air from the Experimental Regions

( Experimental Caverns Shafts
‘ Radionuclide Annual release (Bg) Release per period (Bg)
1 ATLAS CMS ATLAS-Big ATLAS-Small CMS
I %H 139x10° | 3.07x10° || 1.86x10° 3.77 x 10 1.46 x 10*
"Be 348 x 107 | 8.25x 107 2.17 x 10% 529 x 10® 1.60 x 10°
10Be 1.82x10° | 554x10° | 8.69x 10-3 170x10~2 | 699 x 102
1c 976 x 10° | 2.63 x 10'° 5.29 x 10* 1.23 x 10* 4.03 x 10°
14 2.18 x 108 467 % 108 8.24 x 10® 6.35 x 107 9.35 x 103
. 13N 987 x 10° | 2.85x 10 1.36 x 10° 2.86 x 10* 1.05 x 108
. 140 468 x 108 1.38 x 10° 2.65 x 102 6.17 x 10? 2.15 x 10*
1 150 639 x 10° | 1.85x 101 || 6.05 x 10* 1.39 x 10* 4.46 x 10°
\ 180 8.56 x 10° 163x10% || 1.27x 107} 1.93 x 10~2 1.03 x 10°
18F 168 x 107 | 341x 107 1.27 x 10! 1.57 x 10° 9.22 x 10!
23Ne 1.82x10% | 360x10% | 8.15x 10! 130x 107t 5.79 x 10°
24Ne 5.97 x 10° 1.15x 10% || 9.59 x 102 1.49 x 1072 7.29 x 1071
22Na 232x10% | 4.82x10% || 5.63 x 10! 1.03x 107} 3.45 x 10°
24Na 3.12x 108 | 6.71x10° 217 x 10 4.61x 10° 1.37 x 10?
25Na 3.62 x 108 | 7.34x 10° 2.42 x 10° 402x 107t 1.62 x 10}
Mg 418x10% | 9.16x 108 6.08 x 10° 1.08 x 10° 3.90 x 10!
BMg 382x10° | 8.94x 10° 7.60 x 10° 1.64 x 10° 4.77 x 10
28A] 1.23x 1072 | 259x 1072 || 2.21x 10-8 3.88 x 10~7 1.45x 107°
28A1 247 %107 | 5.54x 107 3.98 x 10! 7.77 x 10° 2.50 x 102
29A1 7.90 x 108 1.84 x 107 1.93 x 10! 3.76 x 10° 1.20 x 102
3G 1.14 x 107 2.66 x 107 401 x 10! 9.47 x 10° 2.57 x 10?
3255 1.50 x 10t 3.61x 10t 1.05x 1072 2.72 x 1073 6.90 x 1072
ap 7.61 x 10° 1.74 x 107 6.00 x 10° 1.15 x 10° 4.00 x 10!
3zp 145x 108 | 3.54x 10° 3.70 x 102 9.64 x 10! 2.36 x 10®
33p 1.18 x 10° 3.00 x 108 7.42 x 102 1.90 x 10? 494 x 10°
35p 572 x 108 | 1.54x 107 6.08 x 10 1.50 x 10! 429 x 10?
359 258 x 105 | 7.09x 10° 5.19 x 10? 1.29 x 10? 3.68 x 102
37g 168 x 107 | 4.91x 107 2.74 x 10? 5.49 x 10 210 x 103
38g 9.40 x 10% | 2.66 x 107 2.07 x 10? 553 x 10! 141 x 108
3sam ] 3.12x 108 | 7.92x 10° 1.53 x 10t 4.55 x 10° 9.47 x 10t
38C1 455x 10" | 1.31x10° 145x 1073 381x10°* 1.04 x 10~2
38C1 1.13 x 10° 3.40 x 108 2.16 x 108 5.02 x 10? 1.62 x 10*
39C] 1.98 x 10® 5.63 x 10% 3.44 x 103 7.90 x 10? 2.58 x 10*
0] 209 %107 | 6.70x 107 6.31 x 10? 1.20 x 10? 5.14 x 103
3TAr 164 x 108 | 441x10° 1.86 x 10* 1.72 x 108 3.56 x 10*
39AY 2.00 x 103 5.81 x 10® 8.61 x 10° 1.23 x 10° 7.21 x 10!
Ay 264 x 10° | 5.76 x 10° 6.54 x 10° 5.03 x 10* 7.30 x 10°
38K 205x 10® | 5.63 x 10° 444 x 10° 771x 107! 437 x 10!
0K 5.09%x10°% | 1.51x 1073 i 5.70 x 10~° 1.07x107® | 537x 10ﬂ
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where the release is higher than for ATLAS, the annual release is never more than one per mil of the
Design Constraint. The results from the 1992 study [Ste92] are also given in Table 5 for comparison.
Most of the new values are almost an order of magnitude lower than the previous study, mainly
due to the fact that there is now significant shielding around the forward detector, collimator and
low-beta quadrupoles. However, since more radionuclides are considered in the present study, the
release of the long-lived radionuclides is approximately the same as before.

The releases from the shafts were determined on the basis of closed ventilation systems for a
60 day operating period and the extraction of the air immediately after the last fill of the period. The
variationin production rate during a fill was taken into account as for the caverns. The results of the
calculations are given in the last three columns of Table 4 and the annual releases are summarized

in Table 6. It will be seen that the release values are insignificant when compared to the CERN
Design Constraints.

Table 5: Annual release of radioactivity in the air from the Experimental Caverns (Bq)

Nuclide CERN Constraint || 1992 Studies ATLAS CMS

(Bg) Partial (Bq) (Bq) (Bq)
3H 4 x 1012 2.0x 107 1.39 x 108 | 3.07 x 108
"Be 4 x 10t 43x 108 348 x 107 | 8.25x 107

All 3/4 with
Ty < 1d 1.2 x 104 4.7 x 101! 2.96 x 10t° | 8.16 x 10
Other 3/« with

Tyz > 1d 4 x 101° 5.9 x 108 475x10% | 1.21x 107

Table 6: Annual release of radioactivity in the air from the Experimental Shafts (Bq)

Nuclide CERN Limit ATLAS ATLAS CMS
Bq Big Shaft | Small Shaft

3H 4 x 1012 557 x10% | 1.13x10% | 4.37 x 10*
"Be 4 x 101 6.50 x 10* | 159 x 10* | 4.81x 10°

All 8/« with

T2 < 1d 1.2 x 10t* 274x10% | 322x10% | 8.10x 10°

Other 8/~ with
Ty2 > 1d 4x 10 855x 10* | 8.32x10% | 1.68 x 10°

7. Off-site doses and dose rates

Two release scenarios are considered here. The first is a continuous long-term release which is as-
sumed to take place at a constant rate. The dose is calculated for the year of interest after 50 years of
continuous operation at the same level of emission. The history of previous emissions is important
for the long-lived radioactive species which may accumulate in the environment and for which the
radioactive emissions over the entire life-time of the facility must be considered. For this long-term
emission scenario, the dispersion in the atmosphere was determined by averaging over meteoro-
logical conditions such as wind speed and direction. In the long-term scenario the annual dose (in
the case of ingestion and inhalation this is the committed dose) is calculated for the current year.

One takes into account however any radioactivity which may have been deposited up to that year
from the previous 50 years of operation.
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Such an averaging over long time scales could allow for a dilution of short term releases, which
might exceed daily or weekly limits. Therefore a second scenario was considered, where a short
term release is assumed to take place over a period of approximately 24 hours during which the
meteorological conditions are assumed to be constant and such that they lead to the highest prob-
able off-site dose. The source term is provided by one fill cycle starting at some instant of time,
t=0. In this scenario the total dose from a single release is calculated, including an integration to
t=50 years in order to account for the radioactivity deposited in the environment. The time-scale
for the two scenarios is illustrated in Figure 4.

Current year

U Q. Short term
: b release

i 3 7 Z % >
Z W;;ﬂﬁ&’/&ljf.&v&fm

Long term
release

Previcus 50 years Following SO years

Figure 4: Time scale for short and long term release calculations. Note that the “current year” in the w: ~er
plot can be any year during operation, while it is 50 years after machine start-up in the lower plot.

A height-corrected Gaussian plume model as recommended by IAEA Safety Guide 50~ :~
53 was used to calculate the atmospheric dispersion. The dispersion parameters used were those
parametrized by Briggs [Bri74] and include a correction for terrain roughness. This roughness cor-
rection is based on the fact that when the radioactive plume extends downwind it remains narrow
in a smooth landscape which introduces little dispersion. The turbulence introduced by buildings

and other surface roughnesses spreads out the plume more quickly. These effects are parametrized
by roughness lengths, which are given in Table7.

Table 7: Roughness lengths of different landscape types

ﬁength \ Landscape type J
lcm | Lawn grass, bodies of water
4cm | Ploughed land
10cm | Open grass land
40cm | Rural areas with mixed farming, woods
100cm | Cities and forests
400cm | Cities with tall buildings

The exhaust for the CMS experimental cavern will be located in a region of open countryside
and therefore a terrain roughness-length of 10cm was assumed for this site. The ATLAS exper-
iment however will be located underneath an area which is more built-up with light industrial
construction. A terrain roughness length of 100 cm was therefore chosen for this site.

The external dose due to gamma rays was calculated by integrating the contribution from a

12



given volume element over the entire plume. For short distances from the emission point this gives
a better estimate than the simpler, semi-infinite cloud approximation.

The values for the exhaust parameters for both ATLAS and CMS were [Hat95}:

Stack height (k) = 20m
Stack diameter (d) = 100cm
Exhaust speed (Wy) = 10ms™!

The atmospheric dispersion may be characterized by the ground level, centre-line dispersion
factors which represent the atmospheric radioactivity concentration at ground level on the axis of
the plume normalized to unit release of radioactivity. The dispersion factors for the different atmo-
spheric stability classes (Pasquill categories [Pas61]) are shown in Figure 5 as a function of distance
from the CMS release point. For the short-term release, the dispersion factor for atmospheric stabil-
ity class B (sunny and warm with a wind speed less than 5 m s™!) was selected as this has the high-
est value over the largest range of distances. Also shown in Figure 5 is the long-term dispersion
factor in the most likely wind direction weighted for the atmospheric stability class distribution
for the year and for the frequency of the wind blowing in that direction.

The dispersion factors for the ATLAS experiment are shown in Figure 6. Because of the greater
terrain roughness chosen for this site the dispersion is greater and the pronounced fall-off in con-
centration for short distances is not seen. It must be remembered that these dispersion factors do
not take into account the decay during flight as this is radionuclide specific.
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— === {ong
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Figure 5: Atmospheric dispersion factors for re-  Figure 6: Atmospheric dispersion factors for re-
leases from the CMS cavern, Pasquill categories  leases from the ATLAS cavern, Pasquill categories
A-F (terrain roughness length zo =10 cm) A-F (terrain roughness length zo = 100 cm)

In this report the dose has been examined as a function of distance from the release points rather
than defining a specific critical group of persons who live at a particular location relative to the re-
lease point. Figure 7 shows the dose from a short term release from CMS (i.e. one fill cycle of the
accelerator) as a function of distance for the seven radionuclides which are the major contributors.
These are the radionuclides traditionally considered important, except perhaps for 32P. Data exist
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for all radionuclides, but for clarity they have been omitted from Figure 7. The rapid fall-off with
distance for the short-lived species is a direct consequence of their decay during flight; the shorter
the half-life the more rapidly the dose declines with distance. The largest contribution to the dose
from 32P is the ingestion dose. Figure 8 presents the annual dose for the long term release for the

same radionuclides from CMS. It will be seen that the different radionuclides maintain their rela-
tive importances.
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Figure 7: The dose due to radioactive releases for ~ Figure 8: The annual dose rate due to radioactive
the seven dominant radionuclides from one fillcy-  releases for the seven dominant radionuclides,
cle, CMS experimental area CMS experimental area

The relative importance of the exposure from external sources, such as cloud activity and ground
deposition, and inhalation and ingestion is investigated in Figures 9 and 10. As far as ingestion is
concerned, it is unreasonable to expect that any persons exposed at a given distance from the re-
lease point will be able to cover all their food intake from plants and animals raised at that same
location. This is made even more unlikely because of the wide availability of imported fruit and
vegetables from outside the affected regions and the homogenization of the food industry within
the European community. In the present calculations, an overall fraction of 10% was applied to the
intake of all food from the local area. With this assumption it can be seen in Figures 9 and 10 that the
activity deposited on the ground becomes important relative to the other contributors at distances
greater than several kilometres from the release point. This is in part due to the fact that the major

contributors to the external dose are short-lived and so have decayed before they are transported
to large distances by the wind.

The total dose due to a single fill and the long term dose rate for all radionuclides considered
are presented as a function of distance in Figure 11. To test the sensitivity of the calculation to the
fraction of food taken from the local area, the total dose was also calculated assuming 100% food
intake from the local area. In Figure 11 the total dose and dose rate are shown with both 10% and
100% of the food intake coming from the local area. As expected at larger distances the percentage
uptake of food from the affected point plays a major role, but it will be seen that in absolute terms,
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Figure 9: The fraction of the dose from different ~ Figure 10: The fraction of the dose from different
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the dose is three orders of magnitude lower at these large distances than at 100 metres. The distri-
bution of dose with distance is very similar for the ATLAS experimental area (see Figure 12) and
so only the total dose for the short term (one fill) and the annual dose for the long term releases are
presented (for a 10% food intake).
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Figure 11: Dose as a function of distance for Figure 12: Dose as a function of distance for
single-fill and annual releases from the CMS ex-  single-fill and annual releases from the ATLAS ex-
perimental area. perimental area.

From these Figures it can be seen that for distances greater than 100m (in the most frequent
wind direction) the average annual dose never exceeds ~0.05 puSv per year for the CMS experimen-
tal area and ~0.01 uSv per year for the ATLAS experimental area. For the releases from a single fill
cycle which assume an atmospheric stability category which yields the highest possible concen-
tration of radioactivity, the dose at distances greater than 100m does not exceed ~ 0.01 uSv for the
CMS experimental area and ~ 0.002 uSv for the ATLAS experimental area.

The doses from releases from the shafts after a 60-day period of operation are shown in Fig-
ure 13, calculated for a ground-level release with no vertical velocity given to the exhaust, but with
the same atmospheric short-term release assumptions as before. It will be seen that the doses are
almost two orders of magnitude lower than the short-term releases from the caverns.

8. Conclusions

The present calcuations of the production and release of radionuclides in the ventilations systems
of the two high-luminosity experiments ATLAS and CMS have shown that the activities released
in one year are less than one per mil of the current CERN Design constraints.

The maximum annual dose from these releases has been estimated and shown that it never
exceeds the equivalent of 25 minutes of exposure to natural background radiation.
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APPENDIX-A
Nuclei produced per p-p event in the regions of ATLAS

Region 1 2 3 4 5 6 7
Radionuclide
H-3 1.50E-02 3.45E-04 1.71E-03 3.17E-02 1.26E-03 2.02E-04 4.11E-05
Be-7 5.24E-03 1.01E-04 4.88E-04 8.84E-03 2.87E-04 4.00E-05 9.77E-06
Be-10 1.87E~03 1.47E-04 2.28E-04 5.57E-03 7.07E-04 1.22E-04 2.38E-05
c-11 8.21E-03 2.15E-04 7.62E-04 1.37E-02 6.17E-04 8.49E-05 1.98E-05
Cc-14 1.64E+00 2.15E-01 2.16E-02 6.31E-01 1.14E+00 4.14E-01 3.19E-02
N-13 5.98E-03 2.98E-04 7.05E-04 1.50E-02 1.37E-03 2.21E-04 4.65E-05
0-14 4.44FE-04 1.33E-05 4.10E-05 7.22E-04 3.33E-05 4.36E-06 1.02E-06
0-15 5.28E-03 1.87E-04 4.91E-04 9.48E-03 6.51E-04 9.94E-05 2.28E-05
0-19 9.38E-07 6.86E-09 1.08E-07 1.85E-06 2.65E-0%9 2.08E-10 3.17E-11
F-18 1.59E-05 1.64E-07 1.81E-06 3.10E-05 1.51E-07 1.79e-08 2.21E-09
Ne-23 1.98E-06 1.78E-08 2.26E-07 3.88E-06 1.29E-08 1.34E-09 2.13E-10
Ne-24 4.70E-07 3.67E-09 ©5.38E-08 9.25E-07 1.75E-09 1.57E-10 2.45E-11
Na-22 5.79E-06 6.90E-08 6.39E-07 1.10E-05 9.13E-08 1.31E-08 2.40E-09
Na-24 7.43E-06 1.01E-07 8.28E-07 1.43E-05 1.59E-07 2.23E-08 4.72E-09
Na-25 3.22E-06 3.33E-08 3.67E-07 6.32E-06 3.37E-08 3.97E-09 6.62E-10
Mg-27 3.14E-06 4.35E-08 3.58E-07 6.26E-06 7.92E-08 9.91E-09 1.76E-09
Mg-28 1.12E-06 2.08E-08 1.26E-07 2.23E-06 5.31E-08 7.71E-09 1.66E-09
Al-26 8.69E-06 1.09E-07 9.21E-07 1.58E-05 1.15E-07 1.39E-08 2.43E-08
Al-28 2.18E-05 3.33E-07 2.13E-06 3.69E-05 5.10E-07 6.54E-08 1.28E-08
Al-29 6.18FE-06 1.05E-07 6.57E-07 1.16E-05 2.38E-07 3.15E-08 6.14E-09
Si-31 1.38E-05 2.36E-07 1.18E-06 2.06E-05 4.56E-07 5.27E-08 1.24E-08
Si-32 7.49E-06 1.39E-07 6.25E-07 1.11E-05 3.35E-07 4.16E-08 1.07E-08
P-30 7.25E-06 1.12E-07 6.28E-07 1.08E-05 1.24E-07 9.85E-09 1.89E-09
P-32 6.50E-05 1.22E-06 G&5.32E-06 9.49E-05 3.17E-06 3.92E-07 1.02E-07
P-33 9.00E-05 1.99E-06 7.42E-06 1.37E-04 6.75E-06 9.21E-07 2.35E-07
P-35 5.68E-06 1.62E-07 4.82E-07 9.48E-06 6.77E-07 1.00E-07 2.47E-08
S-35 5.88E-05 1.93E-06 5.19E-06 1.06E-04 8.94E-06 1.37E-06 3.41E-07
5-37 9.64E-06 6.75E-07 1.20E-06 2.61E-05 2.71E-06 4.48E-07 8.98E-08
S-38 9.19E-06 3.37E-07 9.00E-07 1.86E-05 1.71E-06 2.67E-07 7.12E-08
Ccl-34 2.95E-06 6.02E-08 2.40E-07 4.32E-06 1.86E-07 2.42E-08 7.19E-09
Cl-36 1.17E-04 4.95E-06 1.14E-05 2.42E-04 2.50E-05 3.81E-06 1.01E-06
C1l-38 7.22E-05 3.82E-06 7.76E-06 1.80E-04 2.11E-05 3.39E-06 7.88E-07
Cl-39 1.39E-04 6.42E-06 1.50E-05 3.29E-04 3.21E-05 G5.27E-06 1.21E-06
C1l-40 7.56E-06 1.14E-06 1.36E-06 3.86E-05 5.93E-06 1.04E-06 1.97E-07
Ar-37 1.64E-04 1.59E-05 8.19E-06 1.91E-04 8.44E-05 2.68E-05 2.48E-06
Ar-39 3.19E-04 3.00E-05 4.57E-05 1.07E-03 1.12E-04 2.03E-05 2.91E-06
Ar-41 3.64E-03 4.73E-04 3.93E-05 1.04E-03 2.53E-03 9.23E-04 7.10E-05
K-38 1.71E-06 4.24E-08 1.70E-07 2.87E-06 7.29E-08 7.24E-09 1.26E-09
K-40 6.88E-06 1.97E-07 8.13E-07 1.07E-05 4.83E-07 6.40E-08 1.20E-08



Nuclei produced per p-p event in the regions of CMS

Region 1 2 3 4 5
Radionuclide
E-3 1.77E-02 1.31E-03 4.50E-02 2.79E-02 1.88E-02 1
Be-7 7.02E-03 3.35E-04 1.54E-02 8.54E-03 4.15E-03 2
Be-10 3.40E-03 6.47E-04 6.54E-03 4.59E-03 1.07E-02 9
c-11 1.35E-02 7.27E-04 2.61E-02 1.39E-02 9.20E-03 6
Cc-14 3.42FE+00 5.83E-02 1.80E+00 3.25E-01 2.22E+00 4
N-13 1.04E-02 1.28E-03 2.13E-02 1.34E-02 2.10E-02 1
0-14 3.72E-04 4.02E-05 1.50E-03 7.66E-04 5.16E-04 3
0-15 9.37E-03 6.88E-04 1.72E-02 §.27E-03 1.00E-02 7
0-19 8.30E-07 2.16E-08 2.84E-06 1.75E-06 8.21E-08 1
F-18 1.61E-05 5.34E-07 4.97E-05 2.99E-05 3.54E-06 1
Ne-23 1.89E-06 5.74E-08 6.09E-06 3.70E-06 3.33E-07 9
Ne-24 4.26E-07 L.16E-08 1.43E-06 8.77E-07 5.04E-08 1
Na-22 6.20E-06 2.22E-07 1.78E-05 1.05E-05 1.87E-06 8
Na-24 8.43E-06 3.34E-07 2.34E-05 1.38E-05 3.16E-06 1
Na-25 3.25E-06 1.10E-07 1.00E-05 6.03E-06 7.97E-07 2
Mg-27 3.61E-06 1.58E-07 1.03E-05 6.02E-06 1.62E-06 &
Mg-28 1.45E-06 7.68E-08 3.67E-06 2.13E-06 9.86E-07 4
Al-26 9.84E-06 3.24E-07 2.64E-05 1.52E-05 2.45E-06 9
Al1-28 2.74E-05 1.01E-06 6.48E-05 3.59E-05 9.33E-06 4
Al-29 7.90E-06 3.76E-07 1.98E-05 1.12E-05 4.39E-06 1.
Si-31 1.90E-05 6.87E-07 3.87E-05 2.02E-05 6.49E-06 3
Si-32 1.05E-05 4.31E-07 2.10E-05 1.09E-05 4.73E-06 2
P-30 9.81E-06 2.91E-07 2.04E-05 1.07E-05 1.83E-06 6
P-32 9.17E-05 3.85E-06 1.80E-04 9.35E-05 4.38E-05 2
P-33 1.31E-04 6.90E-06 2.53E-04 1.33E-04 9.44E-05 6
P-35 8.59E-06 6.24E-07 1.64E-05 8.92E-06 9.85E-06 7
S-35 9.10E-05 7.88E-06 1.73E-04 9.76E-05 1.29E-04 3
S-37 1.81E-05 3.06E-06 3.32E-05 2.28E-05 4.0S5E-05 3
S-38 1.45E-05 1.42E-06 2.88E-05 1.67E-05 2.56E-05 1
Ccl-34 4.31E-06 2.03E-07 8.35E-06 4.32E-06 2.50E-06 1
C1l-36 1.95E-04 2.07E-05 3.67E-04 2.14E-04 3.58E-04 2
Cl-38 1.19E-04 1.71E-05 2.39E-04 1.53E-04 3.13E-04 2
Cl-39 7.18E-04 2.79E-05 4.59E-04 2.88E-04 4.87E-04 3
Cl-40 1.69E-05 5.46E-06 3.34E-05 2.93E-05 9.04E-05> 8
Ar-37 3.22E-04 1.78E-05 13.35E-04 1.58E-04 4.16E-04 5
Ar-39 6.28E-04 1.20E-04 1.20E-03 8.95E-04 1.72E-03 1
Ar-41 7.58E-03 9.24E-05 3.88E-03 5.20E-04 4.77E-03 1
K-38 3.19E-06 1.23E-07 65.93E-06 3.08E-06 1.04E-06 7
K-40 1.36E-05 6.05E-07 2.30E-05 1.24E-05 7.12E-06 6

A-2

.59E-03
.96E~-04
.B1E-04
.47E-04
.70E-01
.71E-03
.53E-05
.32E-04
.70E-09
.30E-07
.53E-09
.19E-09
.06E-08
.40E-07
.67E~-08
.34E-08
.84E-08
.13E-08
.11E-07

96E-07

.38E-07
.72E-07
.56E-08
.50E-06
.13E-06
.06E-07
.71E-06
.44E-06
.81E-06
.50E-07
.76E~05
.55E-05
.96E-05
.44E-06
.12E-05
.70E-04
.03E-03
.14E-08
.03E-07



