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Abstract

Experimental tests devoted to the optimization of the neutron shielding for the ATLAS
forward region were performed at the CERN-PS with a 4 GeV/c proton beam. Spectra
of fast neutrons, slow neutrons and gamma rays escaping a block of iron (40x40x80
cm?) shielded with different types of neutron and gamma shields (pure polyethylene - PE,
borated polyethylene - BPE, lithium filled polyethylene - LiPE, lead, iron) were measured
by means of plastic scintillators, a Bonner spectrometer, a HPGe detector and a slow
neutron detector. Effectiveness of different types of shielding against neutrons and ~y-rays
were compared. The idea of a segmented outer layer shielding (iron, BPE, iron, LiPE)
for the ATLAS Forward Region was also tested.

Introduction

The head-on collisions of 7 TeV protons at the Large Hadron Collider (LHC) [1] at the
expected peak luminosity of 1.0 x 10%* cm ™2 sec™! will produce high fluences of particles at
the interaction point. The dominant source of radiation will be from neutrons and photons
copiously produced in the high rate proton-proton collisions at large impact parameter
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and subsequent hadron interactions in the surrounding material. High-energy particles
from the interaction point begin to cascade when entering material. If the material is
thick, the cascade development will continue until most of the charged particles have been
absorbed. For such a purpose, this material has to be as dense as possible. The remnants
are mostly neutrons and associated gamma. While electromagnetic cascade are rapidly
absorbed, neutrons will travel long distance losing their energy gradually. Nuclear capture
of thermal neutrons frequently results into production of gamma. Gamma also result
from excited-state decay of spallation products and from fast neutron interactions with
atomic nuclei. Most of them, neutrons and gamma, should be confined in the shielding
volume. The ATLAS forward region has to be surrounded by a structure made of neutron
and gamma absorbing materials selected and combined towards optimal moderation of
unconfined fast neutrons and reduction of gamma radiation produced by neutrons during
the slowing down process in the shielding materials themselves. The building of a shield
against fast neutrons proceeds according to a two-step golden rule: i) first moderate, ii)
then capture. This rule has been kept as a guidance in the present studies.

The innermost layer of the shielding in the ATLAS forward region [2] naturally acts
as an hadron shield. It should have a short hadronic interaction length but should not
produce a copious number of secondary neutrons. Therefore, iron is used as the main
hadron shielding material. The hadron shielding cone is surrounded with a neutron shield
made of polyethylene (PE) [2] in which fast secondary neutrons are effectively moderated
and partially captured through elastic scattering and radiative capture by hydrogen. In
the same reference, a proposal was also made to surround a polyethylene layer with an
additional layer of lead 5 c¢m thick to shield against photons from neutron capture.

Another proposal to shield against fast neutrons inside the ATLAS apparatus was
based on the use of borated polyethylene (BPE) [3]. Hydrogen contained in PE is respon-
sible for neutron slowing down while boron is added to capture the slowed neutrons. This
solution was affording the possibility to prevent transport of neutrons and production
of highly energetic gamma-rays from neutron radiative capture in surrounding materials
(e.g. 7631 keV, 7645 keV in Fe; 7914 keV, 7637 keV in Cu; 4934 keV, 3935 keV in Si)
or in PE itself mainly due to the 'H(n,y)?H reaction with a gamma energy E. = 2223
keV, thus suppressing the ATLAS detector background signal, significantly. However, the
proposal of a boron based shield suffers from a major drawback which is the gamma-ray
production from the reaction 1°B(n,a)"Li*—"Li 4 v, E., =478 keV, the dominant channel
after neutron absorption.

To avoid the disadvantage inherent to boron based shielding, it was suggested [4] to
use as a neutron shield lithium doped polyethylene (LiPE) where the reaction responsible
for neutron capture is °Li(n,a)*H with no gamma-ray production.

The goal of the present work was to put to the test in a beam environment of the
CERN proton-synchrotron (CERN-PS) facility this idea of lithium based shielding and to
extent comparison with boron-based shielding. It was also motivated by the idea to avoid
extensive use of lead in the outer layer of the forward region shielding. It would make the
shielding cheaper and possibly simplify the problem of construction.

The conditions expected on the surface of the ATLAS forward hadron shielding [2] were
simulated experimentally with the help of an iron block exposed to a proton beam at the
CERN-PS. The measurements lead to the proposal of a segmented outer layer shielding
(iron, BPE, iron, LiPE). The possibility to extend this solution to other situations such
as the application of combined neutron and gamma shielding to underground experiments
(e.g. [5]) is mentioned.



1 Experimental procedure

The measurements were performed at the secondary beam t10 of the CERN-PS facility.
The experimental set-up is schematically shown in Fig. 1 and 2. The environment of
neutrons and gamma against which various shieldings are tested is produced with an iron
block of dimensions of 40 cmx40 cmx80 cm, struck by a 4 GeV/c collimated proton
beam. The block was shielded on one side by different types of neutron and/or gamma
shields. The distance between the beam and the shielded surface of the iron block was
selected as 25 cm. The beam cycle was approximately 14 s with one or two burst each of
about 400 ms of duration. The data acquisition system was gated in coincidence with the
proton burst (time window ~ 700 ms) to decrease the counting of unwanted background
radiation and muons.

The number of protons was monitored by means of a standard PS beam wire chamber
and by two scintillator detectors (S6, S7) with an overlapping surface of 10x20 cm?
standing in the beam in front of the iron block ( Fig. 2 ). Independent integral monitoring
of the number of hadronic cascades produced in the iron block was done by means of a
BGO spectroscopic scintillator positioned on the top of the iron block (Fig. 1) sensitive
to the electromagnetic component of the cascade.

Precise gamma-ray spectroscopy performed with a HPGe detector gave exhaustive
information about the origin of the detected gamma-rays. The HPGe detector was covered
by a Cd foil 0.5mm thick. The following gamma-rays were monitored:

- 478 keV from the '“B(n,a) reaction,

- 558 keV from the ''?Cd(n,y) reaction as a measure of the thermal neutron flux,

- 847 keV from the 56Fe(n,n’y) reaction as a measure of the number of inelastic scat-
tering of the fast neutrons in the iron block itself,

- 2223 keV from the 1H(n,y) reaction as a measure of the number of thermal neutrons
captured by hydrogen in any type of polyethylene,

- 7631 4 7645 keV doublet from the °Fe(n,y) reaction as a measure of the number of
thermal neutrons captured in the iron block. Thermal neutrons were produced via slowing
down of neutrons in the block itself and in the surrounding materials (polythylene neutron
shield and concrete present in the experimental zone).

Fast neutron spectra were measured with a Bonner spectrometer [6]. It consists of a
thermal neutron detector, °Lil(Eu) crystal, centered in polyethylene moderating spheres
having diameters from 5 up to 25 cm. The neutron flux energy distributions were obtained
using methods described in refs. [7] and [8]. The fluence responses of the spheres were
based on experimental calibrations performed with a 2*2Cf neutron source. The contri-
bution of the p component was measured during beam-off periods and substracted from
the fluence responses. Thermal neutron flux from shielding was monitored by means of a
Si detector in connection with a ¢Li converter [9].

The charged particles escaping the iron block were registered by means of a wall of
four large organic scintillator detectors, each made of a 2 cm thick polystyrene plate [10]
that covered one side-wall of the target iron block with an active area of 40x80 cm?
( Fig. 2 ). The detectors have been numbered as S1 (the most upstream detector) to
S4. One scintillator detector (S5) was placed behind the iron block to monitor muon
contamination of the beam (~ 15%). Signals from detectors S5, S6 and S7 were led
to a coincidence module where the gate signal was generated according to a S5xS6xS7
criterion. The signals from the scintillator detectors S1-S4 were led to charge integrating
analog-to-digital converters ( ADC, LeCroy 2249A).

Neutrons and +-rays also produce signals in the scintillating detectors. In order to
minimize pile-up effect, the signal from scintillating detectors has been integrated during
50 ns long gate by charge ADC. Such a short gate however disabled the detection of
neutrons with kinetic energies below about 0.3 MeV and of v-rays produced by the neutron



capture in shielding material. The event by event charge response was registered via an
acquisition system based on a PC computer and CAMAC controller. The charged spectra
were analysed off-line. The number of hits above threshold for each of the four detectors
S51-54 was extracted. For the analysis, the threshold has been set to 3 ADC channels
above pedestal, i.e. about 4% of the minimum ionizing particle (mip) signal. The signal
of mip corresponding to 4MeV of losses in the scintillators has been adjusted to 75 ADC
channels. The responses of the detectors S1-S4 have been equalized within £10% using
beam particles.

2 Analysis of experimental data

The first two runs were devoted to the estimate of the number of neutrons and ~-rays
vielded by proton interactions in the iron block and to assess the basic qualities of all types
of neutron shielding (PE, BPE, LiPE) from the point of view of the y-ray production and
the influence on the neutron flux.

First of all, tests were performed to determine the distance between the hitting point
of the 4 GeV/c proton beam into the iron block and the edge of the iron block which
has to be shielded against neutrons. The distance of 25 cm was selected after combining
the informations from these test measurements (Table 1), standard calorimetry formulae
about development of hadron cascades [11] and availability of space in the experimental
set-up.

The bulk of measurements during the second run was performed with different types
of polyethylene (PE, BPE, LiPE) and different thicknesses (8 cm and 16 c¢m) of neutron
shielding. These neutron shieldings were produced in KOPOS Kolin (Czech Republic).
The chemical composition of PE is CHy, BPE is CHy 4+ H3BOs3 (3 weight % of B) and
LiPE is CHy + Li2COg3 (10 weight % of Li) [4].

The results of gamma-ray measurements from the second run are summarized in Ta-
ble 2. The results clearly display a significant suppression of neutron capture gamma rays
(2223 keV, 7631 keV, 7645 keV) by both types of doped PE (BPE, LiPE) compared with
pure PE. The disadvantage of BPE compared to LiPFE is illustrated by the huge amount
of gamma-rays accompanying neutron absorption by boron (column 3 of the Table 2, E,
= 478 keV), which would also require additional gamma shield.

Measurement with the unshielded iron block was performed to estimate the yield of
neutrons and gamma directly produced as a result of proton cascades in the iron block
itself and to estimate the level of the background radiation. This background radiation was
resulting from the interaction of surrounding materials (concrete, magnets, etc...) in the
experimental hall with neutrons escaping the iron block and with the variety of particles
from the accelerator environment. Background radiation influenced all measurements.
The 847 keV spectral line from iron gives information about the presence of fast neutrons
(Table 2) .

A third run of measurements was performed to compare Fe and Pb gamma-ray shield-
ing capability and then to test the merits of the segmented shielding (BPE, Fe, LiPE).
The comparison between Fe and Pb gamma-ray shielding was based on measurements
of v-ray yields from the whole set-up with 16 cm of BPE. The thickness of Fe and Pb
shielding was 5 cm. The results are presented in Table 3. One can see from this table that
low energy v-ray production which takes place in BPE is significantly suppressed even
by iron shielding. It indicates that iron can be an alternative to the originally proposed
choice of lead [2].

As a next step, an idea of segmented shielding was tested. Firstly, measurements
were performed with a configuration made of a BPE layer (8 cm thick) and various
thicknesses of iron (from 0 to 8 cm). This set-up gives the information about the amount



of v-rays confined inside this configuration. The results are presented in Table 4. In
this configuration still are outgoing fast neutrons, and slow neutrons remaining from the
shielding itself, and incoming neutrons from the experimental zone environment. The
latter contribution is expected to be especially important in the case of ATLAS since
neutrons internally produced in the other parts of the detector can enter the shielding
cone. Secondly, with the aim to remove this possibly large fraction of residual neutrons
and to prevent their interaction with the iron shielding layer without ~-ray production,
a layer of LiPE neutron shielding, 8 cm thick, was added to the configuration above.
The results of neutron and 7y-ray measurements for the combination of BPE, iron, LiPE
shielding layers, hereafter called segmented shielding, are reported in Table 5. From these
results, it can be observed that additional suppression of the detected radiation takes
place.

The results obtained from Bonner spectrometer measurements are shown in Figs. 3 and
4. The neutron flux energy distribution for different types of neutron shielding materials
( PE, BPE, LiPE ) and for the non-shielded iron block are compared in Fig. 3. The
thickness of the neutron shielding material was 16 cm in all cases. For all the shielding
materials considered, a neutron flux suppression is significant compared with non-shielded
iron. The comparison between the neutron fluxes of the originally proposed shielding [2]
( PE and 5 cm thick Pb layer ) and shielding consisting of BPE and iron is presented in
Fig. 4. It is seen from that figure that the shielding proposed in the present work gives
lower neutron flux compared with the shielding based on PE and Pb. Such an effect could
be explained by spallation neutrons from lead.

Some information about the lateral profile of cascades and associated radiation was
obtained with the help of the scintillating wall. Tables 6 and 7 show the dependence of
the scintillator wall signal (S1-S4) on various types of neutron shielding (PE, BPE, LiPE,
each with a thickness of 8 cm) placed between the scintillator wall and the iron block,
as well as comparing with the results obtained from measurement without any neutron
shielding. The results are given for two distances (15 cm and ~25 cm) between the hitting
point of the proton beam into the iron block and the edge of the iron block on the side
of the scintillating wall. The values show the effectiveness of the neutron shielding. From
the point of view of the signal obtained from the scintillator detectors S1-54, both types
of neutron shielding (BPE, LiPE) are comparable and are more effective than PE.

An attempt was done to reproduce these results by Monte Carlo simulations. The
measurements for a 5 GeV/c proton beam and an iron block thickness of 20 cm have been
compared with GEANT [12] simulations. The comparisons of spectra from the scintillator
detectors S1-S4 are shown in Fig. 5 and 6. The simulated and experimental spectra agree
quite well. However, in the higher energy region the simulated spectra show an excess
over the experimental ones, especially in detectors 51, S2 and S3.

3 Conclusions

The necessity of shielding against hadrons and gamma in the ATLAS experiment is crucial.
Up to now, there were proposals to use PE and Pb or BPE for shielding. In the present
article, the use of a segmented shielding from iron, BPE, iron and LiPE is proposed.
The aim of the experimental tests was to show the feasibility and capabilities of such a
shielding.

The results obtained from the present experimental tests lead to the following conclu-
sions:

¢ BPE and LiPE are more effective than PE in decreasing the neutron capture gamma-
ray production ( Table 2, columns 5 and 6 ),

o the use of BPE, compared with LiPE, is slightly favoured from the point of view of



neutron flux suppression ( Table 2 and Fig. 3 ). However, BPE produces intensive
gamma-rays with an energy of 478 keV,

e the only advantage of Pb against Fe is its higher capability to suppress gamma. On
the other hand Pb gives an increased number of neutrons ( Table 3 and Fig. 4 ). It
can be observed ( Table 3 ) that high suppression of gamma can be already achieved
with only 5 cm of Fe. The use of BPE instead of PE gives the possibility to utilize
a layer of Fe with a thickness comparable to that requested for Pb. This is the
consequence of the strong suppression of high energy gamma ( H and Fe ) in BPE
relative to PE ( Table 2 ). Lower cost and possibly simplified problem of construction
are also considerations favouring the choice of Fe shielding.

o the shielding capabilities of BPE and LiPE can be combined. The use of additional
LiPE shielding improves the results ( Table 5 ).

Based on the conclusions above, it appears that the best possibility for hadron and
gamma shielding for the ATLAS forward region should be a segmented shielding made of
outer layers of iron, BPE, iron and, optionally LiPE. The authors think that the use of
iron shielding offers the advantages of lower cost and possibly easier construction. The
thicknesses of BPE, LiPE and iron layers should be determined from the results of Monte
Carlo studies tested against the present measurements and extrapolating the results from
CERN-PS to the real ATLAS situation and environment. The thicknesses of the shielding
material layers will be also constrained by suppression factor requirements, the mechanical
integrity, rigidity and stability of the whole shielding assembly.

The results of our measurements can be also applied to underground experiments such
as double beta decay [5]. Although the radiation environment of underground experi-
ments differs from that encountered in ATLAS, the achievement of low backgrounds and
in particular the reduction of the background due to neutrons is a necessity for these
experiments in order to record useful data.
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Table 1: Yields of gamma rays relevant to the slow neutron radiative capture for different
distances between the proton beam hitting point and the edge of the iron block. Two ~-rays
from neutron capture on H from PE (2223 keV) and on Cd (558 keV) were used to monitor

distance | Cd (558 keV) | H (2223 keV)
peak area peak area
[cm] [counts] [counts]
10 5514107 1082+£274
18 1351+£143 30304282
25 48974118 7696+215
30 54424110 10321£222

thermal neutrons. A Cd cap was placed on the Ge detector.

thickness | type of B Fe H Fe number of
shielding | (478 keV) (847 keV) | (2223 keV) | (7631 keV + slow
+ 7645 keV) | neutrons
[cm] [counts] [counts] [counts] [counts] [counts]
8 PE 5.04+0.4* 40.4£2.6 58.7+£1.3 85.6+4.6 100.0£1.0
8 LiPE 4.840.2* 54.9+£1.3 4.540.2 42.0£1.9 57.1£0.7
8 BPE 100.0£0.3 54.6+£1.3 4.040.2 32.0£1.5 49.2+0.7
16 PE 5.940.6* 28.242.0 100.0£3.0 100.0+£6.1 59.7£0.7
16 LiPE 4.240.2* 31.6£0.9 5.14+0.2 35.7£1.7 50.5£0.7
16 BPE 62.9+0.2 33.6+£0.9 3.54+0.2 26.0£1.1 41.240.6
ok 1.7£0.3 100.0£2.6 5.54+0.2 33.44£2.3 67.6£0.8
100= 954308 127998 761447 310332 12459

Table 2: Relative numbers of photons detected in a photopeak relevant to shield quality as-
sessment (* resulting from boron contained in the surroundings;
only with the iron block without any shielding). The last column contains the number of slow
neutrons given by the Si detector with a °Li converter. The last row contains the numbers
of counts corresponding to 100. The HPGe detector efficiency has been taken into account in

columns 3 to 6.

Table 3: Comparison of Fe and Pb gamma-ray shielding capabilities. The measurements were
done with 16 cm of BPE. The last column contains the number of slow neutrons given by the

*

* measurement of background

type of B Fe H Fe number of
gamma-ray | (478 keV) | (847 keV) | (2223 keV) | (7631 keV + slow
shielding + 7645 keV) | neutrons
[counts] [counts] [counts] [counts] [counts]
- 100.0£0.3 | 100.0£2.6 | 100.0£3.3 100.0£4.0 100.0£1.4
5cm Fe 2.61+0.1 65.7£1.2 21.8£1.5 35.6£1.9 42.240.9
Bem Pb 0.54+0.1 18.74£1.0 12.24+1.4 12.04+1.2 49.94£1.0

Si detector with a Li converter.




thickness B Fe H Fe number of
of Fe (478 keV) | (847 keV) | (2223 keV) | (7631 keV + slow
shielding + 7645 keV) | neutrons
[cm] [counts] [counts] [counts] [counts] [counts]
0 100.0£0.2 | 100.0£1.6 | 100.0£4.9 100.0+£4.4 100.0£1.8
2 29.3£0.2 | 81.0£1.4 70.44+3.7 82.4+£3.9 78.1+1.6
5 5.240.1 85.6£1.5 56.1+£3.7 82.9+4.0 73.3+1.5
8 1.1£0.1 78.0+1.3 42.7£3.3 54.943.1 68.3£1.5

Table 4: The results of the tests of the shielding capability of iron against gamma (layer 8 cm
thick of BPE, layer of Fe). The last column contains the number of slow neutrons measured

with the Si detector with a ®1.i converter.

thickness B Fe H Fe number of
of Fe (478 keV) | (847 keV) | (2223 keV) | (7631 keV + slow
shielding + 7645 keV) | neutrons
[cm] [counts] [counts] [counts] [counts] [counts]
2 11.64+0.1 | 41.74£1.0 69.2£2.9 82.0£3.0 74.241.5
5 2.540.1 39.9+£1.0 49.942.5 70.3+3.1 88.8+1.7
8 1.0£0.1 39.1£0.8 44.842.5 57.44£2.4 66.4+£1.5

Table 5: The results of the tests of segmented neutron shielding (8 ¢cm of BPE, Fe, 8 cm of
LiPE). The data given in this table are normalized to the first row of the previous table in
order to show the influence of additional LiPE layer in the neutron shielding. The last column
contains the number of slow neutrons measured with the Si detector with a °Li converter.

type of neutron scintillating detector
shielding S1 52 S3 S4
no shielding 6.7240.11 | 7.954+0.12 | 8.36+0.13 | 6.444+0.11
PE 5.404+0.12 | 5.794+0.12 | 7.0840.14 | 5.2940.12
BPE 4.64£0.14 | 6.01+0.16 | 6.01+0.16 | 4.84+0.14
LiPE 4.5340.09 | 5.93+0.10 | 6.31+0.10 | 4.53+0.09

Table 6: Number of events (per 100 incident protons) with the response of the scintillating
detectors S1-S4 above a threshold corresponding to 4% of mip signal (see text). The results
are given for a distance of 15 cm between the hitting point of the proton beam into the iron
block and the edge of the iron block on the side of the scintillating wall. The thickness of the

neutron shielding of each type was 8 cm.




type of neutron scintillating detector
shielding S1 52 S3 S4
no shielding 2.1340.06 | 2.624+0.07 | 2.96+0.07 | 2.164+0.06
PE 2.5240.07 | 2.4940.07 | 2.774+0.07 | 2.064+0.06
BPE 1.75+0.06 | 1.77+£0.06 | 1.89+0.06 | 1.52+0.05
LiPE 1.9340.06 | 2.12+0.06 | 2.56+0.07 | 1.714+0.06

Table 7: Number of events (per 100 incident protons) with the response of the scintillating
detectors S1-S4 above a threshold corresponding to 4% of mip signal (see text). The results
are given for a distance of ~ 25 cm between the hitting point of the proton beam into the iron
block and the edge of the iron block on the side of the scintillating wall. The thickness of the

neutron shielding of each type was 8 cm.
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Figure 1: Experimental set-up.
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Figure 2: A simulation of a secondary particle cascade produced by 4 GeV/c incoming proton
in the 40cm x40cm x80cm iron block with the arrangment of the scintillator detectors.
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Figure 3: Comparison of the neutron flux energy distribution for neutron shielding materials
( PE, BPE, LiPE ) with non-shielded iron (1). The thickness of the neutron shielding materials
was 16 cm in all cases: LiPE (2), BPE (3), PE (4).
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Figure 4: Comparison between neutron shielding based on PE and 5 ¢cm of Pb (1) and shielding
based on BPE and 5 c¢m of Fe (2). The shielding based on PE and 5 ¢m of Pb was originally
proposed in [2].
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Comparison of simulations and exper. data
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Figure 5: Comparison of the experimental responses in the scintillator detectors 51 and S2 with
a GEANT simulation, for a 5 GeV/c proton beam and an iron block thickness of 20cm.
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Comparison of simulations and exper. data
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Figure 6: Comparison of the experimental responses in the scintillator detectors 53 and 5S4 with
a GEANT simulation, for a 5 GeV/c proton beam and an iron block thickness of 20cm.
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