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1. INTRODUCTION.

The Very Forward Calorimeter of CMS [1] (LHC Compact
Solenoidal Detector) extends the hermetic coverage up to Inl = 5,
allowing very forward jet tagging [2] and improvement of the
ETmiss resolution [3]. These features are essentially related to
"high mass" Higgs production and Supersymmetry search.
However, at the LHC, more than 80% of the total pp production
cross-section will flow in the very forward direction (Iml > 2.5). The
device will then be irradiated by a high flux of particles.

In this work, we have investigated the levels of expected
irradiation and induced radioactivity in the Very Forward
Calorimeter using Monte-Carlo techniques.

In “this report, we give in Section 2 a short description of the
device. In Section 3 we present the Monte-Carlo samples. Section
4 shows the expectations in terms of irradiation. Levels of induced
activity in the absorber are discussed in Section 5. The
consequences of tritium production are given in Section 6, and
some conclusions are drawn in Section 7.

2, DESI D ME

The Very Forward Calorimeters (VFWC's) will be located 11
m away from the interaction region (IR) of the CMS detector
(fig.1). They will cover the pseudorapidity region 2.5 < Inl < 4.7. A
transverse view of CMS is shown in fig. 2.

Each VFWC consists of six walls of dimensions X*Y*Z =
4.4x4.4x0.40 m3, leaving a central hole X*Y*Z = 0.40x0.40x0.40 m3,
for the beam pipe. Fig. 3 gives an artist view of one VFWC.

Each wall is assembled from modules of Parallel Plate
Volumes, or "bricks", of dimensions X*Y*Z = 20x40x40 cm3. Each of
these Volumes consists of a stainless steel box containing a series
of 21 iron planes, of dimensions 20x40x1.7 cm3, interleaved with
1.5 mm gaps provided by ceramic spacers. Fig. 4 shows a full size
prototype Volume under construction. It has an equivalent length
of 2 A1 (around 20 X;). The weight of such a unit is about 225 kg.



Details concerning operation and expected performance of
such a calorimeter can be found elsewhere [4-6].

3. MONTE-CARLO STUDIES.
3.1. Generation of events.

For simulation purposes we have assumed the scenario
given in fig. 2, where a schematic view of a quarter of CMS is
shown. The total VFWC volume is 4.4x4.4x2.5 m3 with a
0.4x0.4x2.5 m3 central hole.

We have simulated minimum bias pp collisions at a center of
mass energy of 16 TeV.

The generator used in this simulation was ISAJET [7]. We
call "Minimum Bias Crossing” a mixture of 80% Minimum Bias
(MB) and 20% Two Jet (TJ) pp collisions, found in the past to be

the best representation of the Minimum Bias data at the SppS
Collider.

The luminosity was taken equal to 1.7x1034 cm-2 s-! and the
bunch spacing to 15 ns. The corresponding mean number of pp
collisions per crossing is approximately 14.5, following a Poisson
distribution (fig. 5 a).

The generated multiplicity distribution per collision is given
in fig. 5 b). The peak around 100 corresponds to the MB events
and the one around 200 to the TJ events. The small peak on the
left corresponds to elastic scattering events, also present in the
mixture.

The multiplicity distribution per crossing is given in fig. 5 c¢).
About 3000 stable particles emerge from the IR. The collision
point was generated independently for each pp interaction in a
crossing. Gaussian distributions with ox = 0.001 cm, oy = 0.001 cm
and oz = 5.0 cm, around x5 = yo = zo = 0, were used. Fig. 6
illustrates this point.

We have generated 4000 MB and 1000 TJ events for a total
of 1000 crossings.



The nominal magnetic field map for the solenoide was used
to swim the charged particles emerging from the IR. Vacuum was
the material considered in front of the VFWC.

We have assumed that a particle reaching the central and
forward regions in fig. 2 will not hit the entry face of the VFWC.
This central/forward region is defined as a cylinder, having 1.3 m
in radius and extending from -10 m to 10 m in Z around IR, Z
being the beam line.

3.2. Simulation of the Very Forward Calorimeter.

We have considered that particles produced at the IR and
reaching the VFWC will develop showers in the iron. Only
hadronic- showers are relevant for the present study.

For cascade simulation the VFWC is seen as a volume
consisting of 120 iron plates of dimensions 4400x4400x17 mm3
each, interleaved with gas gaps of 1.5 mm. Every plate is
subdivided into 1936 cells, 100x100 mm?2 each, simulating the
electrodes.

We have used GEANT 3.15 [8] to generate showers in the
VFWC and to calculate the production rates of protons, neutrons,
charged pions and tritium in the iron. FLUKA [9] was used as the
hadron shower generator. Secondary particles were tracked down
to 10 keV in steps of 0.1 mm in the iron.

4, TIRRADIATION.

The dN/dE distribution of the outgoing particles is given in
fig. 7 a). The average energy per particle is 78 GeV. About 70% of
the secondary particles reach the VFWC(C's front face, with a mean
energy of 111 GeV per particle (see fig. 7b). About 50% of them
hit the VFWC's sensitive areas (fig. 7c¢), with an average energy of
about 6 GeV per particle. The remaining 50% of the particles pass
through the central VFWC's holes. Notice that all the particles with
E > 1 TeV go through the holes. The same is also true for charged
particles having less than 0.5 GeV, due to magnetic field effects
[10].



The energy flow is very correlated with Inl [10]. For
irradiation studies we have divided the VFWC into three regions:
25 <Inl<3,3<Inl <4 and 4 < Inl < 4.7. These intervals correspond
to the geometrical regions shown in fig. 3. The inner area expands
up to 20 cm away from the central hole. The intermediate region
goes from 20 cm to 80 cm and the outer one from 80 cm to 220
cm. The corresponding expected distributions of the total collected
energy, per crossing, at the various Inl regions (one VFWC side
only), are given in fig. 8 a) to c).

For Inl < 3, the averaged collected energy per crossing is of
the order of 200 GeV. It reaches 1.2 TeV in the region 3 < Inl < 4
and 1.6 TeV in the inner region.

About 525 stable particles hit the sensitive area of the
VEWC (one side) per crossing. From them, 293 are charged pions,
13 are protons and antiprotons (p), and around 8.4 are neutrons
and antineutrons (n). The remaining particles are mainly 7v's

coming from =n° or n decays.

The energy distributions per particle and m regions, are
given in figs. 9 to 11 for n*, p and n. We summarize in table 1 the
mean values of multiplicities and average energies, for the various
particles in the three Inl regions. The density of particles and the
mean energy increase with inl.

The corresponding rates (in Hertz), for the three most
copiously produced hadrons in the various regions of the VFWC
(one side only), are listed in table 2.

S,ACTIVATION.

The information on the average energy carried by hadrons
at the different Inl regions has been used to develop showers in
the calorimeter. As explained in 3.2., GEANT 3.15 has been used
for this study. We have generated 500 showers of each type listed
in table 1.



For this calculation, we have considered, in addition to the 3
Inl regions, 3 sections in depth, each of them having 4 A1 in length
(2 consecutive walls in fig. 3). Section 1 (S1) will be the nearest to
the IR and Section 3 (S3) the farest one.

For this purpose, the VFWC is seen as the composition of 9
volumes. The three outer ones (Iml < 3: S1, S2, S3), have 12.3*106
cm3 of iron each. The intermediate volumes have 2.7*¥106 cm3 and
the three inner ones 3.8*%105 cm3.

To compute the induced radioactivity due to the incoming
flux of hadrons, we have studied the production of n%, p and n in
the iron (in cm-3 s-1) and, following Ref. [11], have extracted the
density rate of "stars" produced in the absorber. Stars are defined

as charged pions, neutrons with Egipetic > 50 MeV and protons

The conversion factor, from the density rate of produced
stars (cm-3 s-1) to induced radioactivity in iron [11] is taken as:

©(30,1) = 10-8 Sv/h per cm-3 s-1,

in units of dose rate after a uniform irradiation during 30 days
followed by 1 day of cooling down.

Hadron interactions in the gas were neglected in the
calculations since: 1) the gas circulates, 2) the gas/iron ratio is less
than 1/10 in volume and about 1/10000 in density.

As an example, we present in fig. 12, the dn/dExinetic
distributions of =%, p, n and 3H (also included in the GEANT
showers) generated in a cascade produced by a 8.1 GeV incoming
n-. Mean values of the distributions are 497.2 MeV, 35.7 MeV, 6.9
MeV and 6.9 MeV for =%, p, n and 3H respectively. The
corresponding multiplicity distributions are given in fig. 13 a) to
d), with mean values: 9.9, 13.0, 12.6 and 1.2, respectively.

The average multiplicities were combined with the expected
incoming fluxes given in table 2, to derive =%, p and n density
production rates in the iron and the corresponding induced
activities.



We give in table 3 the expected mean density rates for
neutrons, protons and charged pions, in the iron, for the three Inl
regions and the three sections in depth.

Neutrons will be the most copiously produced particles. Due
to the low mean energy of the particles hitting the VFWC most of
the showers are made of elastic scattering with nucleons.

The density rates for star production and the induced
radioactivity in the iron are listed in table 4. The activity is
computed for a 30 days machine operation followed by 1 day
cooling down.

As expected, the most activated region is the first section of
the inner part (4 < Inl < 4.7), where, the activity reaches about 6
mSv/h. For the sake of comparison, let us recall that the annual
limit [11] for people working at CERN and being controlled by
individual monitoring is 15 mSv. In general, the ambient dose rate
in the VFWC neighbourhood will largely exceed the 2.5 pSv/h of
the so called Control Radiation Areas.

The primary irradiation is not uniform, but increases with
Inl. Thus, the outer faces of the calorimeter (apart from the front

one) present less irradiation/activation, allowing installation of
electronics and, perhaps, access to it.

Our calculations are in fair agreement with those quoted in
Ref. [11].

TRITIUM PRODUCTI

In addition to the production of stars, we have calculated
the expected density production rate of 3H nucleids in the iron.
Tritium is one of the longest lived produced radionucleid, with
Ti1/2 = 12.4 years. The purpose is to make an estimation of the
activity after a given operation time of LHC and infer whether or
not the VFWC's have to be considered as radioactive wastes after
several years of use in the LHC environment.

Assuming that over 1 year, the machine operates only
during 1/3 of the time, the number of tritium nucleids present in
the iron, per cm3, after t years of LHC operation will be:



N(t) = (v/A) (e2M3 - ed) T e-A(i-1)

where A = 1In2/Ty/2 and v is the star density production rate
(given in cm-3 y-1),

We give in table 5 the 3H activity after a 10 years operation.
The numbers for the activity in table 5, have to be multiplied by
0.95, 0.85 and 0.57, after 1, 3 and 10 years disposal respectively.
It will take about 12 years disposal to get activity levels lower by
a factor 2 and 40 years to decrease by a factor 10.

Our results are about one order of magnitude lower than
those quoted in Ref. [11] for lead. This corresponds to the
difference in tritium production cross-section in both materials. It
nevertheless shows that, concerning tritium activity, some parts of
the VFWC's will have to be considered as active waste once the
detector is dismantled. They will exceed the 102 Bg/g limit.

In addition to tritium, any star will probably create a
radioactive nucleus. Thus, the final saturation activity will be
given by the star density production rate and the tritium
production. It is then clear that, for the assumed luminosity, at
least the inner parts of the VFWC's will be hazardous material to
be kept at the CERN site after operation has come to an end.

7. SUMMARY AND CONCLUSIONS.

We have investigated the expected irradiation/activation
levels in various regions of a proposed Very Forward Calorimeter
in the LHC environment (CMS scheme). Previous research in this
domain were already reported by the CERN's TIS-RP Division [11].
Here we have used a different approach, generating primary
particles via ISAJET and cascades from GEANT simulation in the
calorimeter.

We arrive to the following general conclusions concerning
induced activity in the VFWC of the CMS setup:

The activities in the inner regions of the calorimeters will
exceed tolerable limits for human beings after a period of
operation of 30 days, when the luminosity is assumed to be about
1.7x1034 cm-2 s-1. Under these conditions, the use of robots in the
area has to be considered to replace some human interventions.



In addition, we observe that, after operation (10 years), the
VFWC(C's will contain some parts which are likely to be considered
as radioactive wastes.

However, the proposed calorimeter has some basic good
properties:

i) The active medium, being a circulating gas, is less affected
by radiation effects.

ii) The proposed solid materials (iron and ceramics) are most
resistent to the activation. In particular, the specific activity
(Bq/g) after operation, due to tritium production, will be a factor
10 lower using iron than using lead, for the passive media in the
calorimeter.

iii) The modular construction gives the possibility of "shape
changing” according to the luminosity. In addition, any "brick" in
the structure may be accessed by an externally operated robot
system, making replacements possible.

iv) The electronics can be located in non
irradiated/activated regions, where human intervention is still
possible.
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25<nl <3 3<inl <4 4<nl <47
particle | <mult.> <E> <mult.> <E> <mult.> <E>
ot 45 2.0 151 3.9 97 8.1
p 1.9 3.5 6.6 6.5 4.5 13.6
n 1.1 5.9 4.5 8.8 2.8 20.3
Table 1

Mean multiplicities and average energy per particle (in
GeV), in a crossing, at the three Inl regions of the VFWC (one side
only) mentioned in the text.

Rates (s-1)
particle all 25<Inl<3 3<inl<4 4<Inl < 4.7
ot 1.96x1010 3.02x10° 1.01x1010 6.47x109
p + pbar 8.71x108 1.27x108 4.62x108 3.02x108
n + nbar 5.63x108 7.37x107 3.02x108 1.88x108
Table 2

Frequency of hadrons reaching the VFWC sensitive area (one

side only).
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Inl region | Section in| Volume <n> <p> <>
depth cm?3 cm-3 sl cm-3s1 | ¢m-3 g1
1 12.3x106 | 3.54x104 [ 3.01x103 | 9.17x102
2.5<nI<3 2 12.3x106 | 1.06x104 | 4.36x102 | 4.26x10!
3 12.3x106 | 2.03x103 | 4.06x101 | 0.79x100
1 2.7x106 |9.27x105 [ 8.08x104 | 2.13x104
3<Inl <4 2 2.7x106 [3.17x105 | 1.31x104 | 1.10x103
3 2.7x106 | 5.66x104 | 1.28x103 | 1.41x101
1 3.8x105 | 6.70x106 | 5.84x105 | 1.78x105
4< Inl <4.7 2 3.8x105 |[2.81x106 | 1.35x105 | 1.63x104
3 3.8x105 |5.50x105 | 1.27x104 | 8.11x102
Table 3
Total mean density production rate of hadrons in the iron.
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Inl region Section in < stars > < Activity >
depth cm-3 51 uSv/h

1 2.83x103 2.83x10!

25<mi<3 2 3.16x102 3.16x100
3 2.16x101 2.16x10-1
1 7.26x104 7.26x102

3<inl<4 2 8.41x103 8.41x101
3 7.38x102 7.38x100
1 5.60x1053 5.60x103

4<nl<4.7 2 9.41x104 9.41x102
3 7.87x103 7.87x101

Table 4

Mean density production of stars in the iron and the
corresponding induced radioactivity (one VFWC), after 30 days of
machine operation and 1 day cooling.
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In! region |Section in| Mass <3H> Total Specific
depth Activity | Activity
g cm-3s-1 Bq Bqg/g
1 9.68x107 [ 3.96x10! | 6.58x107 | 6.8x10-1
2.5<nl <3 2 9.68x107 [ 5.16x100 | 1.89x106 | 8.9x10-2
3 9.68x107 | 3.4x10-1 | 1.77x104 | 5.9x10-3
1 2.12x107 | 2.02x103 | 3.39x10% | 3.5x10!
3<inl <4 2 2.12x107 | 1.60x102 | 5.94x107 | 2.8x100
3 2.12x107 | 4.36x101 | 2.25x106 | 7.5x10-1
1 3.00x106 [ 1.16x104 | 1.9x1010 | 2.0x102
4< Inl <4.7 2 3.00x106 | 6.61x103 | 2.33x10% | 1.1x102
3 3.00x106 [ 2.77x102 | 1.44x107 | 4.8x100
Total --- 3.63x108 --- 2.5x1010 -
Table 5
Tritium density production rate in the iron and

corresponding activities after a 10 years of LHC operation (see
text).
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RE I

Fig. 1: Artist view of the CMS detector with the VFWC
location.

Fig 2: Transverse view of one quarter of CMS.

Fig. 3. Sketch of a VFWC. Marks correspond to the three Inl
regions discussed in the text.

Fig. 4: Drawing of a 21 iron planes Parallel Plate Volume
prototype under construction.

Fig. 5:

a) Distribution of the number of collisions per crossing.
b) Multiplicity distribution per collision.

¢) Multiplicity distribution per crossing.

Fig. 6: Distribution of the collision coordinates:
a) Xo.
b) Yo.
c) Zo.

Fig. 7: dN/dE distributions for stable particles:
a) At the interaction region (all data).

b) At the VFWC front plane (two sides).

c) At the VFWC sensitive area (one side).

Fig. 8: Expected total energy distribution per crossing at the
VFWC entry face (one side only), for:

a) Iml < 3.

b) 3 <Inl < 4.

c)4<inl<47.

Fig. 9: dn/dE distributions for the =n*'s reaching the VFWC
sensitive area (one side only):

a) full distribution.

b) for Inl < 3.

c) for3 < inl <4,

d) for 4 < Inl < 4.7.

Fig. 10: Same as in Fig. 10, for p's.
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Fig. 11: Same as in Fig. 10, for n's.

Fig.12: dn/dEkinetic distributions for secondary particles in a
8.1 GeV =~ shower:

a) nt's.

b) p's.

c) n's.

d) 3H nucleids.

Fig.13: Multiplicity distributions in a 8.1 GeV =- shower, for:
a) n¥'s.

b) p's.
c) n's.
d) 3H nucleids.
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