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INTRODUCTION

The European Spallation Source, ESS is being constructed
in Lund, Sweden, to be the world’s brightness cold (<1eV)
pulsed spallation neutron source. The facility uses a 2GeV
proton beam hitting a tungsten target to produce neutrons.
The neutrons are then moderated in a moderator consisting of
both liquid hydrogen and water compartments. Surrounding
the moderator are several beamports which view the moder-
ator’s outside surfaces. The beamports are connected to long
neutron guides that transport the cold neutrons (<100meV
[millielectron volt]) to the sample position via critical refec-
tion. The neutrons interact with a material under investiga-
tion and their scattering pattern is detected. Essentially, this
is a generic description of the setup of a neutron scattering
instrument. ESS includes in its initial suite 15 instruments. In
the design of the ESS, the portion of all beam lines close to the
neutron source are enclosed in a common bunker [1, 2] that
protects the facility and its environment from the radiation.
The sample and detection end station of an instrument are
likewise enclosed in a room shielded from both the neutrons
and gammas produced by the interaction of the neutrons with
the sample and the components in the experimental area; this
room is called cave. The subject of this paper is the shielding
of beam lines between the bunker and caves.

Due to the long-pulse source nature of the ESS, neutron
scattering instruments are signi�cantly longer than at most
existing facilities, with approximately half the instruments
requiring neutron guides that are 150 meters long and only
a few with beam lines shorter than 50 meters. As can be
seen from Figure 1, the guide shielding covers most of this
distance, housing neutron guides, choppers, and shutters. In
order to ful�l this shielding requirement, a project named
“ Common Shielding Project" has been initiated in order to
provide standardised solutions. This includes both a con-
sistent design of the shielding blocks, as well as a common
approach to neutronics simulations needed in order to satisfy
the radiation protection requirements.

The radiation that needs to be shielded has several
sources. The primary beam, which includes the thermal and
cold neutron beam, and the unwanted fast neutrons (i.e. neu-
trons with energy greater than 100keV )and γ-rays emitted
from the source. The sources of secondary radiation are:
scattered particles of the primary beam, secondary particles
produced by neutron capture, decay of activation products,
and photo-nuclear reactions. The beamline components that

Fig. 1: Schematic view of the ESS instruments suite. It can
be seen that the length of the instruments varies across the
facility. There are short instruments (instruments tens of
meters in length) and long instruments (instruments up to
150 m in length.)

can create secondary radiation include: the beam guide, its
vacuum housing, chopper apertures, beam windows, and
shutters.

The instruments and their beam lines di�er from one
another in total length, curvature, and number and position
of components. Due to these di�erences, the amount of ra-
diation that needs to be shielded can be di�erent. Typically,
heavier shielding is needed close to the source, where the
curvature of the guide has not yet removed and the halo of
fast neutrons and γ-rays is still presents. These aspects mean
that a constant shielding design cannot be used along a beam
line nor across all instruments, so each design needs to be
customised. The Common Shielding project addresses bal-
ancing the requirement to provide su�cient shielding and to
minimise the cost for the instrument projects via standardi-
sation of the shielding blocks and the optimisation of their
thickness and composition.

NEUTRONICS CALCULATIONS FOR THE COMMON
SHIELDING PROJECT

The main purpose of the neutronics calculations in this
project is to provide a safe biological shielding for the region



from the bunker wall to the instruments cave. The radiation
safety requirement has been set to 3 µSv/h: that corresponds
to the ESS limit for a supervised area. For dose rate calcu-
lations performed with Monte Carlo codes ESS requires a
safety factor of 2 , therefore the neutronics calculation needs
to show that dose rates are below 1.5 µSv/h.

In addition to the radiation safety requirements, the de-
sign of the common shielding must also taken into account
other factors like: diminution of materials activation in or-
der to allow quick access to the irradiated components and
reduce the amount of waste for decommissioning and also
background considerations in order to further improve the
performance of the neutron scattering instruments. Below,
all aspects of the neutronics calculations are discussed.

Fast Neutrons

Fast neutrons born in the spallation target and their sec-
ondary radiation are a known issue that contributes to the
radiation doses and to the instrument backgrounds and has
been studied and measured at several facilities [3, 4]. These
neutrons are generated in the primary spallation target and
they, along with their secondary particles, can reach the exper-
imental stations via a number of mechanisms, which include
streaming down the neutron guides, penetration through the
target biological shielding, or leakage from a nearby beamline.
This component is stronger in straight instrument, which are
instruments that have a direct view to the source, as com-
pared to curved instrument, which eventually lose line of the
sight to the source due to the use of a curved neutron guide.
Both straight and curved instruments are part of the Common
Shielding project. For the straight instruments the fast neu-
tron components are present for the full length of the guide
shielding, while for the curved instruments the fast neutrons
component is only a concern in the portion of the shielding
around the beamline that still has direct line of sight to the
source (typically the �rst few meters after the bunker wall).

The DREAM instrument at ESS is a spectral powder
di�ractometer [5] with a straight guide. It is approximately
60 m long and located in the South Sector at the beamport S3
(Fig. 1). It is a bi-spectral instrument that will view both the
cold and thermal moderators. The complete chopper system
and a heavy shutter are located inside the bunker. The guide
between the bunker and the experimental cave does not have
any active components. Figure 2 shows the dose rate map for
12 m of the DREAM instrument just ouside the bunker wall.
The beam is coming from left, around 28m the guide crosses
the bunker wall. For this instrument the dose is dominated
by the fast neutron component see Fig. 2.

For other instruments like CSPEC [5] (Cold Chopper
Spectrometer) or MIRACLES [5] (Backscattering Spectrom-
eter) that curve and lose line of sight of the source in the
proximity of the bunker wall, the fast neutron component is
present just in the few meters after the bunker, which needs
thicker shielding. Later when the radiation is mainly due to
gammas produced from the neutron capture in supermirrors
the thickness of the shielding is reduced. The guide shielding
after the bunker wall is shown in Figure 3 and Figure 4.
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Fig. 2: Radiation dose map for 12 m of the DREAM instru-
ment outside the bunker. The top plot corresponds to the
neutron dose, the middle is the gamma, and the bottom is the
neutrons+gammas. The orange line corresponds to the 1.5
µSv/h limit.

Fig. 3: Radiation dose map for the CSPEC instrument. In the
�rst meter after the bunker wall the shielding is composed of
heavy concrete and steel while later it is only regular concrete
and steel.

Gamma Radiation from Neutron Capture

As stated in the previous section when the fast neutrons
contribution become smaller the dose rates become domi-
nated by the gamma radiation. This radiation is produced by
the cold and thermal neutrons that are not re�ected by the
neutron guides and are captured with subsequent emission of
gammas by the thin supermirror layers of Ni/Ti. However the
coherent scattering of thermal and cold neutrons is not mod-
eled in the standard MCNP [6] or other radiation transport
codes. In these codes it is only available parameterizations of
the specular re�ection probability of the supermirror coatings;
the non-re�ected neutrons are transported una�ected further
beyond the re�ecting surfaces. This approach could lead to
understimation of the actual rate of the neutron capture in the
coating. Recently it was suggested that this process can be
calculated analytically [7] and a patch has been added to the
latest McStas[8] release [9]. This implementation allow the
possibility to obtain directly from McStas the neutron capture



Fig. 4: 1.5 µSv/h contour plot with relative errors for the
MIRACLES instrument after the bunker wall

Fig. 5: Capture rates for boron, nickel and titanium calculated
for the CSPEC instrument from McStas.

rate in the supermirror layer and in the guide substrate, this
information can then later be fed in any Monte Carlo code
to actually calculate the dose rates. An example can be seen
for the CSPEC instruments in �g. 5, where the capture rates
have been directly calculated from McStas.

In addition to the possibility mentioned before, a modi�-
cation to MCNP6.2[10] has also been carried out in order to
have a more realistic representation of the behaviors of the
re�ected neutrons. In this implementation the neutrons pen-
etrates in the coating with a path corresponding to the actual
depth of re�ection. The corresponding rate of absorption of
neutrons in shown in Fig. 6 in comparison with the McStas
calculations. Even if the two distributions have a slight dif-
ference the corresponding dose rate calculations agree very
well as can be seen in Fig. 7 where the gamma dose rates
have been calculated for the CSPEC instruments using the
two di�erent methodology.

Background Considerations

The CSPEC neutron guide is u-curved in the horizontal
dimension and s-curved in the vertical dimension in order
to minimize the transport of fast and epithermal neutron
background to the end of the guide. No direct sight from
the end of the guide back to the moderator exists. However,
fast and epithermal neutrons (E>1eV) can be transmitted by

Fig. 6: Comparison of the absorption of neutrons in the su-
permirror coating for di�erent wavelenght neutrons, using
the MCNP6.2 patch and the McStas implementation.

(a) Dose rate calculated using the McStas implementation.

(b) Dose rate calculated using the MCNP6.2 implementation.

Fig. 7: Radiation dose map for the CSPEC instrument from
60m after the moderator up to the experimental cave.

transmission through shielding material and/or multiple scat-
tering in structure materials (e.g. guide walls, inner layers of
shielding). This small fraction of fast neutrons does not rep-
resent a concern for biological shielding but could produced
a background problem in the instrument cave. Therefore the
question arises: how big is this fast and epithermal neutron
transport to the end of the guide? Fig. 8 (top) shows a hor-
izontal area through the Monte Carlo model of the CSPEC
instrument. The image below shows the simulated neutron
�ux distribution in the energy group 1eV<E<2GeV in this
horizontal area. The neutron �ux inside the guide shielding
(energy group 1eV<E<2GeV) is plotted in the diagram below.
A fast and epithermal neutron background �ux of 3× 10−5

cm −2 sec−1 is obtained at the end of the guide. Also plot-
ted in the diagram is the neutron �ux in the energy group
1eV<E<20MeV (dotted line). The contribution of high energy
neutrons above 20MeV becomes more dominant for bigger
distances from the source. For high energy neutrons scatter-
ing into small angles is dominant. Hence these high energy



Fig. 8: Top: Horizontal area through the CSPEC Monte Carlo
model. Middle: Neutron �ux distribution (E>1eV) in the hori-
zontal area. Bottom: Neutron �ux (E>1eV) inside the guide
shielding.

neutrons can “follow“ the channel in the guide shielding bet-
ter than neutrons with lower energies. For comparison: the
natural cosmic neutron background at 70m above sea level
is about 1.5×10−2cm−2sec−1 (unshielded) [11]. Hence, the
neutron background at the end of the CSPEC guide is some 3
orders of magnitude below the natural cosmic background.

CONCLUSIONS

Radiation shielding of the ESS instruments has typically
been budgeted at around 20% of the total instrument cost.
Given the length of many instruments at ESS, that cost is
dominated by the guide shielding. The ESS common shield-
ing project aims to deliver cost-e�ective and standardized
solutions for the guide shielding of all the long instruments at
ESS. The design will satisfy the radiation dose requirements
for the facility, while allowing for quick and convenient access
to critical components, such as alignment features, minimiz-
ing activation and creation of radioactive waste, and reducing
the background on the instruments. The design choices and
economies of scale result in a typical cost saving of about
30%, compared to the estimates made at the time when the
instrument budget was established. When summed over the
11 long instruments at ESS, that represents a cost saving of
about 5 M €, as well as signi�cant operational advantages
resulting from the standardization.

ACKNOWLEDGMENTS

The neutronic calculations shown in this paper were
performed in close interaction with the Common Shielding
Engineering team. The authors would like to thank Senad
Kudumovic, Z. Lazic, and Mats Olsson.

REFERENCES

1. L. Zanini, et all , “Neutronic design of neutron bunker
shielding for the European Spallation Source“, ISSN 1027-
4510, Journal of Surface Investigation: X-ray, Synchrotron
and Neutron Techniques, 2020, Vol. 14, Suppl. 1, pp.
S251–S253.

2. V. Santoro, D. D. Di Julio, S. Ansell, et al., J. Phys.: Conf.
Ser. 1046, 012010 (2018).

3. Douglas D. DiJulio et all , “Characterization of the ra-
diation background at the Spallation Neutron Source“, J.
Phys.: Conf. Ser. 746 012033 (2016)

4. Tatsuya Kikuchi et all, “Background issues encountered by
cold-neutron chopper spectrometer AMATERAS“, Physica
B: Condensed Matter 564 (2019) 45–53

5. K. H Andersen et al., “The instrument suite of the Euro-
pean Spallation Source“, Nucl. Instr. Meth. A 957 163402
(2020).

6. C.J. Werner (editor), “MCNP Users Manual - Code Version
6.2“, LA-UR-17-29981 (2017).

7. R. Kolevatov et al., “Neutron Absorption in Supermirror
Coatings: E�ect on Shielding“, Nucl. Instr. Meth. A 922
127-129 (2019).

8. K. Lefmann and K. Nielsen, “McStas, a General Software
Package for Neutron Ray-tracing Simulations“, Neutron
News 10, 20, (1999).

9. R. Kolevatov, “McStas and Scatter Logger driven calcula-
tions of prompt gamma shielding for neutron guides“, vol.
21, no. 3-4, pp. 79-85, 2019

10. M. Magan, R. M. Bergmann, “Supermirror physics with
event biasing in MCNP6“, Nucl. Instr. Meth. A 955 163168
(2020).

11. M. S. Gordon, P. Goldhagen, K. P. Rodbell et al., “Mea-
surement of the Flux and Energy Spectrum of Cosmic-Ray
Induced Neutrons on the Ground“, IEEE Trans. Nucl. Sci.
51, No. 6 pp. 3427-3434 (Dec. 2004).


