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SUMMARY

Shielding calculations for penetrations in the SNS
accelerator environment are presented based on
hybrid Monte Carlo and discrete ordinates particle
transport methods. This methodology relies on
coupling tools that map boundary surface leakage
information from the Monte Carlo calculations to
boundary sources for one-, two-, and three-
dimensional discrete ordinates calculations.

|. BACKGROUND

Evaluating bulk shielding in accelerator
environments is generally an easy task compared
to analyzing the radiation transport through complex
shield penetrations like mazes, ventilation shafts
and vent lines, or egresses. Although there exist a
couple of simple hand calculation formula*?
developed over the years from the expertise gained
at accelerator facilities, these are limited to simple
duct arrangements through shields. Monte Carlo
transport codes, on the other hand, are able to
model radiation fields in complex geometry.
However, they consume significant amounts of
resources, even with today’s computers, and may
give solutions with poor statistics even when
variance reduction methods are heavily applied.

In the design of the Spallation Neutron Source
(SNS),** hybrid Monte Carlo (MC) and discrete
ordinates (DO) methods were applied for many of
the complex shielding tasks, building on the Monte
Carlo code MCNPX° the discrete ordinates suite of
the DOORS® system and coupling tools that serve
as an interface between the different transport
codes. In almost all cases the front-end of the multi-
step calculations is performed by MCNPX modeling
the proton beam interactions with beam dumps or
structural elements. At some distance from the
primary interaction area, the high-energy protons
and secondary charged particles have interacted or

ranged out, and neutrons and photons are the
dominant radiation. At this distance neutron and
photon boundary leakage terms can be scored and
passed as boundary sources to the discrete
ordinates codes to continue the radiation transport
through bulk shields and/or penetrations. Further
coupling between successive discrete ordinates
calculations allow, for example, modeling of multiple
legged duct arrangements and mazes. It has to be
mentioned here that applying discrete ordinates
methods in accelerator shielding depends very
much on the availability of coupled neutron/photon
cross section libraries with an upper energy that is
near to that of the beam energy of the particle
accelerator. We are fortunate to having the HILO’
library and the recently developed library HILO2k®
with upper neutron energies of 400 MeV and 2 GeV,
respectively.

The paper will briefly introduce the coupling tools
that were developed for the SNS shielding effort, i.e.
MTA, MTD and MTT, for coupling MCNPX to the
one-, two-, and three-dimensional discrete ordinates
codes ANISN,® DORT™ and TORT." Then the paper
will focus on presenting typical applications of these
tools in the neutronics design of penetrations and
mazes at the SNS facility.

II. COUPLING TOOLS

The coupling tools basically sample the event-wise
Monte Carlo boundary crossing information into
energy bins, angular bins, and spatial bins (if
applicable) of the corresponding discrete-ordinates
mesh, angular quadrature, and multigroup energy
structure™. In doing so, they map the Monte Carlo
surface crossing information into a boundary source
definition to be used by the discrete ordinates
codes.

A. Monte Carlo to ANISN (MTA)



The first of the coupling tools is Monte Carlo to
ANISN (MTA), which prepares a boundary source
for the one-dimensional discrete-ordinates transport
code ANISN from surface crossing information
written primarily by codes of the MCNP(X)>* series.
Recently, an extension was written to be able to
read surface leakage data from the MARS™ code.

MTA can prepare sources for planar, cylindrical and
spherical problems. ANISN allows two types of
sources, a distributed volume source that is
restricted to isotropic angular distributions, and a
shell source that is implemented as directional flux
step condition at a specified right mesh boundary.
Hence the second source type enables any angular
distribution within the discrete angular quadrature
set. Both source types are supported by MTA.

B. Monte Carlo to DORT (MTD)

The second tool, MTD (Monte Carlo to DORT),
prepares a boundary source for the two-dimensional
discrete ordinates code DORT, again from surface
crossing information written by the Monte Carlo
codes MCNP or MCNPX. At the current time, MTD
is limited to the preparation of surface sources for
the (r,z)-cylindrical-geometry option meaning that
sources are allowed on the top and bottom surfaces
and on the mantel surface at the outer boundary of
the problem, but also at any internal right mesh
boundary of constant-z planes or constant-r cylinder
mantels.

C. Monte Carlo to TORT (MTT)

Shortly, the coupling tool for the three-dimensional
DO code TORT will complete the suit of Monte
Carlo to discrete-ordinates coupling tools. First
calculations were performed at the time of the
preparation of this article.

D. DORT to DORT (DTD)

Similar coupling codes are available in the DOORS
package to couple two-dimensional DORT and
three-dimensional TORT problems, and two TORT
problems with the tools TORSED® and TORSET,®
respectively.

Of particular value for the analysis of penetrations
has been the DTD™ (DORT to DORT) code that
couples two cylinder symmetrical problems with
arbitrarily lined up cylinder axes. The code performs
a spatial and angular transformation to equate the
angular fluxes at each radial, azimuthal, and axial
boundary mesh point of the perturbed problem to

the angular flux at the nearest mesh point and
angular direction of the base problem.

Ill. RADIATION FIELDS IN ACCELERATOR
ENVIRONMENTS

In this section three typical applications of hybrid
Monte Carlo and discrete ordinates analyses of
shielding aspects of the SNS accelerator system
are given. Other examples of design calculations
are published in earlier articles.’®*"*® The first
problem demonstrates simple applications of
MCNPX to ANISN and DORT coupling. The second
problem is a multi legged duct application, which is
approached with MCNPX coupled to multiple
cylindrical DORT analyses. The third problem is a
calculation of the radiation field in a maze with a
very complex source term.

A. Shielding at the Start of the DTL Linac

The SNS linac is defined to start with the drift tube
linac that is fed by a 2.5 MeV H ion beam chopped
to 60 Hz pulses generated by the front-end
including the ion source. The DTL linac accelerates
the H ions to 87-MeV energy in about 36-meters
length. The first 10 meters of the DTL linac are
housed in the front-end building. A considerable
neutron and gamma radiation field is expected in
this first DTL section, firstly from beam losses that
are specifically high in the very first DTL section
although the beam energy only rises moderately to
20 MeV, and secondly due to backscattering
contributions from beam losses in the higher energy
sections of the linac tunnel. Also an x-ray field,
which is generated from bremsstrahlung due to
electrons produced by the RF-fields between the
drift tubes, will be present, but is not considered
here. The shield configuration around the DTL in the
front-end building is sketched in Fig.1.
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Fig. 1: Sketch of the front-end building and linac



tunnel. Concrete structures are colored in grey, soil
in light brown.

Coupled MC and DO analyses were performed to
determine the concrete thickness required around
the DTL in the front end building, and also to
evaluate the radiation streaming through the
opening in the back shield wall where the front-end
and the first DTL tank are connected. The first task
was performed by applying neutron and gamma
leakages in one-meter-long sections from the DTL
linac structures generated by an MCNPX
calculation to one-dimensional DO calculations with
the coupling tool MTA and ANISN. All analyses
were performed in cylindrical symmetry with the
HILO multigroup neutron/photon cross-section
library.

The MC part of the analysis modeled in detail the
space, angle and energy dependent beam loss
characteristics. Using the shell source option in
ANISN conserved the angle and energy dependence
of the neutron and gamma leakages at 60 cm
radius from the beam axis. Dose equivalent rates
were obtained by folding the multigroup flux
information with flux-to-dose conversion coefficients
provides by the HILO library.

R-Z dose contours are presented in Fig. 2. The
dose requirement is met by 0.1 mrem/hr, marked in
the plot with the yellow line. The plot shows that the
required concrete thickness varies from 70 cm at
the start of the DTL to 120 cm at about 10 m
downstream because of the increased beam
energy.

A material study was performed using borated
concrete, and 20 cm borated polyethylene followed
by ordinary concrete, just by rerunning the quick
ANISN runs with different material identifiers. Both
material options allow reducing the shield thickness
about 25% as shown in Fig. 3.

The issue of backstreaming of radiation into the
front-end building was tackled by coupling the MC
surface source term generated with MCNPX at the
inner surface of the concrete wall into DO
calculations. Evaluation of the MC surface source
with the MTA code and a subsequent ANISN
calculation determined the required thickness of the
concrete wall to 70-80 cm.

Radiation streaming through the holes cannot be
modeled with one-dimensional transport analyses.
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Fig. 2: Dose equivalent rate contours in a
cylindrical concrete shield around the first 10
meters of the DTL extending radially from 60 cm
outward.
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Fig. 3: Material study for the DTL shield.
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Fig. 4: R-Z contours of dose equivalent rates in the
penetration of the linac tunnel end wall.

For this reason the two-dimensional DO code DORT
was used to evaluate the backstreaming of

radiation through the 60 cm diameter penetration
through the end wall of the extended tunnel. The
linac structures in the penetration were not
considered. The same MC surface source was
analyzed with the MTD code to prepare a boundary



source definition for the cylindrically symmetric
DORT calculation.

The total dose equivalent rates in the penetration
(R<30 cm) and the shield wall are presented in Fig.
4. The calculation confirms the required concrete
thickness of 70 —80 cm. It also shows that dose
levels of about 10 mrem/hr will be expected near the
penetration.

B. Radiation Propagation through an Oxygen
Deficiency Duct

An oxygen deficiency/helium (ODH) vent is installed
at the beginning and at the end of the
superconducting part of the linac (SCL) to be able
to release an accidental helium spill into the
environment and to ensure oxygen supply for the
maintenance personnel. The ODH vent penetrates
the earthberm surrounding the accelerator tunnel. A
source term of a continuous proton loss of 1W/m
was assumed for the whole length of the linac. The
objective was to evaluate the present design for
equivalent dose rates at the exits of the duct, in the
presented case for the ODH vent at the end of the
SCL with proton beam energies of about 1 GeV.

The ODH vent extends from the linac tunnel through
about 5 meters of soil to the top of the earthberm. It
consists of four straight legs that are connected,
with a 45-degree bend, a 90-degree bend and
another 45-degree bend, to build a kind of spiral in
order not to line up the first and fourth leg. A sketch
is presented in Fig. 5.

A combination of a three-dimensional Monte Carlo
analysis with the MCNPX code and two-dimensional
discrete ordinate analyses with the DORT code has
been applied that makes extensive use of the
coupling tools MTD and DTD.

An initial MCNPX calculation tracks the modeled
proton losses in the accelerator tunnel, generates
the secondary radiation from the proton interactions
with the accelerator structure and transports this
radiation throughout the accelerator tunnel. Besides
calculating flux and dose values in the air zones of
the tunnel, the code also writes a file of boundary
crossing events at a user defined cylindrical
surface. Because of the large volume air zones of
the accelerator tunnels that leads to long travel
distances of radiation and because of the extended
sources, large MCNPX models, which cover from 50
to 100 meters of accelerator structure and tunnel,
are involved in the first part of the calculation.

accelerator tunnel

I

Fig. 5: Sketch of the ODH vent penetrating the SNS
linac earthberm.

The coupling code MTD processes a boundary
source file for the discrete ordinates transport code
DORT from the file of boundary crossing events. The
DORT code performs the neutron and photon
transport calculation through part of the tunnel air,
the concrete walls and several meters into the earth
berm in a cylindrical model. Therefore, for this
analysis, the rectangular tunnel was converted into
an idealized cylinder model conserving the absolute
area of the tunnel cross section.

The coupled neutron/photon HILO cross section
library was applied for all the DORT calculations.
Applying a gray absorber blends the area in the
center of the tunnel that describes the accelerator
structure out. Using periodic boundary conditions
allowed for the reduction of the DORT model to a
2.3-meters-long tunnel section.

A second cylindrical model describes the first leg,
the air zone, the concrete wall and some earth
berm. The DTD coupling code was used to generate
a boundary source for the second DORT model from
the angular flux matrix of the first DORT run. The
second DORT calculation employs the boundary
source obtained in the first DORT calculation, and
performs the radiation transport in the first leg. A
forward biased angular quadrature
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Fig. 6: Contours of dose equivalent in the accelerator tunnel leg due to a 1 W/m proton beam loss in the
SNS linac.
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Fig. 7: Contours of dose equivalent in the first leg of
the ODH vent due to a 1 W/m proton beam loss in
the SNS linac.



Fig. 8: Contours of dose equivalent in the second
leg of the ODH vent due to a 1 W/m proton beam
loss in the SNS linac.
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Fig. 9: Contours of dose equivalent in the third leg
of the ODH vent due to a 1 W/m proton beam loss
in the SNS linac.

set was used in order to give a refined description of
the propagation of the radiation into the duct.

Three more sequences of DTD and DORT transport
calculations follow for the legs #2 to #4.

Doing a large fraction of the radiation transport with
coupled 2D cylindrical calculations azimuthally
smears out flux modulations that might occur
around a circumference. These flux modulations are
regarded to not be significant, because they are
suppressed in the multi-bend configuration of the
vent.

Neutron and gamma fluxes are folded with the flux-
to-dose conversion factors distributed with the HILO
cross-section library to obtain the equivalent dose
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Fig. 10: Contours of dose equivalent in the fourth
leg of the ODH vent due to a 1 W/m proton beam
loss in the SNS linac.

rates presented in Figs. 6-10. The contribution to
the dose equivalent rate at the ODH vent exit on top
of the earthberm due to streaming through the vent
pipes was calculated to be 0.001 mrem/hr. Hence,
the dose equivalent rate is dominated by the
radiation penetrating the bulk shield that was
calculated to be 0.2 mrem/hr.

C. Evaluation of the HEBT Maze

During the tuning of the SNS linac”, the
accumulator ring is going to be accessible for
maintenance. A traverse shield wall will be located
at the end of the High Energy Beam Transport
(HEBT) tunnel to mitigate the radiation generated by
operational and accidental beam losses transported
from the linac tunnel through the HEBT arc to the



ring (see Fig. 11). The maze, by definition, provides
a walkway for personnel, but also a straight
penetration for the feed-through of the beam
transport line. As a worst-case scenario, the full
tuning beam with 1 GeV beam energy and 7.5 kW
beam power is assumed to impinge on the front
face of the first HEBT dipole.

accumulator m

ring

HEBT maze

First HEBT

10 meters

The first part of the calculation, the primary beam
interaction with the first HEBT dipole magnet and
the transport of the secondary radiation to the
shielding labyrinth including secondary interactions
with the accelerator equipment and the tunnel walls
was performed with the Monte Carlo code MCNPX.
In the MCNPX calculation the boundary crossing
events of neutrons and photons through an interface
surface about 3-4 meters before the maze were
written to a file.

DXTRAN spheres in combination with the LA150"
neutron cross section library were applied to boost
the particle population in the shielding maze area.
This procedure cuts off possible neutron
contributions above 150 MeV because DXTRAN
spheres work only in the tabular data regime of the
neutron transport.

As only contributions scattering from the concrete
walls of the tunnel were expected to make it to the
maze, this fact was not thought to seriously limit
the calculation. Although a significant amount of

Fig. 11: The MCNPX model of the high energy
beam transfer (HEBT) line from the linac to the
accumulator ring including a shield maze at its exit.
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Fig. 12: Dose equivalent contour lines in the HEBT
shield maze. The concrete wall contours are
overlaid.

cpu time was spent for the MCNPX run, the
boundary crossing file contained only about 280,000
particle tracks.

As the radiation transport through a maze is a
complex problem in itself, it was performed in a
separate task. A good balance of the attenuation
through the shield walls, and the attenuation of the
radiation streaming through the walkways had to be
found, so that the deep penetration and streaming
effects were equal important to the doses at the exit
of the maze. For such environments using discrete
ordinates methods for the second part was thought
to be superior to Monte Carlo techniques, although
it involves some assumptions simplifying the
geometry.

The shield labyrinths consisting of three overlapping
transverse walls at different sections of the tunnel
were modeled in two-dimensional XY DORT
calculations assuming an infinite tunnel height. This
assumption represents a conservative approach,
and is valid especially for forward peaked sources




as found in this problem. In the radiation transport of
the maze the reflection terms from the concrete
ceiling and the concrete floor are slightly
overcompensated by inscattering from the infinite
columns above and below.

Hence, in the second part of the calculation a
boundary source for two-dimensional X-Y discrete
ordinates calculations needed to be created. The
boundary crossing events from MCNPX were
evaluated for the neutron and photon energy and
angular distribution on a per unit area basis
averaged over the tunnel cross sectional area.
Because of the limited number of boundary crossing
events on the MCNPX boundary crossing file, the
coupling tool MTD was applied using only one
spatial mesh to obtain a good angular
representation of the boundary source. A small
user-written program generated the boundary
source for the XY DORT cases by applying the
one-mesh boundary source uniformly to all tunnel
air meshes at the entrance of the tunnel section.
The DORT analyses were performed for a 210 angle
downward biased quadrature set, applying the 75
neutron group/22 gamma group HILOZ2k cross
section library with upper neutron and photon
energies of 1000 MeV and 20 MeV, respectively.

The dose equivalent rates of about 200 mrem/hr are
attenuated by the shield maze with two lined up 1-
meter-thick concrete walls and one 2-meter-thick
central wall, as shown in Fig. 12. The penetration in
the central wall will allow collimated radiation
leaking through the maze, raising the dose in the
beam line area after the maze to 10-30 mrem/hr.
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