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1 Introduction

In this report the results of the radiation shielding calculations for the N eutron-Spin-Echo Instrument
(NSE) are described. This Instrument will be constructed atbeam line 15. The aim of this study was the
determination of the necessary thickness and length of theadiation shielding to achieve the requiered
dose rate limit of 0.25 mrem/h at the surface of the shielding The in uence of di erent materials, like
regular concrete, high density concrete, steel, and tungsin was investigated. The dose rate was entangled
for neutrons and -rays for the following energy regions:

neutrons

{ thermal neutrons Eyj, <1.12 eV

{ epithermal neutrons 1.12 eV< E yj, < 1.11 MeV

{ fast neutrons 1.11 MeV< E yj, < 19.6 MeV

{ very fast neutrons fast neutrons 19.6 MeV< E \j; < 1 GeV

-rays

{ low energy -rays Eyx, <1 MeV
{ high energy -rays 1 MeV <E yj, < 20 MeV

This study showed, that on the one hand the dose rate due to the - ux is up to a factor of ten lower

than the dose rate caused by the neutron ux, and on the other fand, that the dose rate is dominated by
the high energy neutron ux above Eyj, >20 MeV. The e ectiveness of high density concrete to reduce
the dose rate led to the decision to use this material for the kielding in spite of the high costs. The
presented results led to a rst engineering design of the bealine shielding, which is presented in Sec. 9.

2 Methode of Calculation

To determine the dose rate the methode of discrete ordninatewas chosen, i.e. a numerical solution of the
Boltzmann transport equation. Because this estimations ae urgent needed for starting the mechanical
design of the beam line shielding, the approach of a Monte-G#o simulation with e.g. MCNPX [1]
was not taken into account. To determine the needed thickneses of the shielding, two dimensional
SN-calculations with the DORT code [2] were performed. For his reason the geometry of the neutron
beamline was simplied as a r-z-geometry based on concentricylinders. The source term {provided
by the SNS{ describes the neutron energy spectrum on the modator surface (A 400 cnf) entering
a 25 cone and was calculated with MCNPX using a detailed geometd description of the SNS target-
moderator-re ector assembly [3]. In all described calculions the source term was normalized to the



cross section of the neutron guide of 32 cfy i.e. a reduction of the initial neutron ux by a factor of
0.08. With the GRTUNCL code a rst collision source was geneated and used as a source term for the
DORT calculations.

The DORT calculations are perfomed in two steps, because thaeutron beam line is bended at a distance
of 5.90 m from the moderator surface. At this position a Si-b@der changes the direction of the thermal
and cold neutrons by 3.5, preventing high energy neutrons directly travelling to the instrument. During
the rst step the isodose plot of the shielding surrounding the beam line in 0 -direction is generated. After
that the angular and directional uxes are combined and transformed to the 3.5 -dircection starting at
the midpoint of the Si-bender. With this ux distribution th e isodose plot of the bended beam line was
generated. Due to the described methode the ux of thermal audl cold neutrons travelling through the
bender and the neutron guide is underestimated, because theeutron optic properties of the neutron
guide as well as bender is not taken into account. This meanghat the contribution of thermal neutrons
to the dose rate is underestimated.

3 Used Parameters

For all calculations the P5 Legendre scattering order and tle U 100 upward bias quadrature set was used.
The cross sections were taken from the HILO-2K library [5] wth 83 neutron groups and 22 -groups.
The cross sections used in the DORT calculations are procesd with the AXMIX code [6] and the GIP
code [7]. In Tab. 1 the material mixtures and used nuclear desities are listed. The data for selected
materials like stainless steel and concrete are taken from &NS report [8].

4 DORT Model of the neutron beamline

To perfom the DORT calculations with a r-z-cylinder geometry the geometry of the neutron beamline
was simplied. The rectangular cross section of the neutronguide (4 cm x 8 cm) was simplied as a
cylinder with the same cross section area, i.e. a radius of 3.cm. This vacuum tube is surrounded with
a 1.5 cm thick layer of boron glas. Between the boron glas andhie 5 cm thick iron support structure of
the neutron guide is a 0.5 cm air gap. Between the support strature and the outer shielding materials a
further gap of 1 cm is included in the calculational model. The neutron guide ends in the O-direction at
6.70 m. The rst 5 m of the neutron guide is surrounded with stainless steel, representing the shielding
monolith of the target station. In the O -direction between 5 m and 11 m high density concrete is used
as shielding material. Four choppers are planed for this insument. In the DORT model the choppers
are simplie ed as void cylinders with a radius of 51.2 cm and aength of 40 cm. These chopper cavities
are located at distances from the moderator surface of 5.20 p6.30 m, 7.90 m, and 10.10 m. Between
the rst two choppers the revolver system is located. It contains di erent benders, which are positioned
at a distance of 5.90 m (midpoint of the bender) from the modeator surface. The length of this device is
70 cm and the diameter is 1.2 m. As material stainless steel véaused. The bender is modeled as a pure
silicon cylinder with a radius of 3.2 cm and a length of 10 cm. kg. 1 illustrates the geometry model of
the 0 -direction. The radius of this geoemtry is 2.26 m. The beam ais of the bended part of the neutron
beamline starts at the midpoint of the silicon bender at a digance of 5.90 m from the moderator surface
and the de ection is 3.5 . In this part the last three choppers are included. Whereas p to 10 m the
shielding is made of high density concrete, the last meter isnade of normal concrete to avoid in uences
of the magnetic eld at the sample position due to the ferromagnetic properties of the iron composites
of the high density concrete. For large distances of 11 m fronthe moderator surface the neutron guide
is surrounded by air. The radius of this part is 1.26 m. A plot of the geometry of the 3.5 -direction is
also shown in Fig. 1. The green areas represent zones in thegeetry for a beamstop in order to reduce
the dose rate in axial direction. The in uence of the beamst@ will be discussed later in section 5.



Material Element | nuclear density
normal concrete hydrogen 7.7655510 3
oxygen 4.3849910 2
sodium 1.0477810 3
manganese 1.4866210 4
aluminium 2.3881510 3
silicon 1.5802610 ?
sulfur 5.6343310 °
potassium 6.9310410 *
calcium 2.9150110 3
iron 3.0527510 4
dry air nitrogen 4210 °
oxygen 9.610 ©
pure silicon silicon 5.0120010 2
boro oat glas | boron (1°B) 7.1986510 *
boron (}'B) 2.6341410 3
oxygen 4.6128710 2
sodium 1.7052910 3
aluminium 2.6501210 *
silicon 1.8016110 ?
high density concrete hydrogen 2.4363910 !
oxygene 8.2423310 2
sodium 1.2349810 °
magnesium 6.8052410 °
aluminium 2.3275910 *
silicon 4.8217510 4
sulfur 1.6307210 3
potassium 1.8936310 °
calcium 8.4970610 ©
manganese 1.8285410 3
iron 1.1846210 2
void hydrogen 0.0
stainless steel carbon 3.2243110 *
silicon 1.8050410 3
chromium 1.5811510 ?
manganese 1.7587210 3
iron 5.6461510 2
nickel 1.1886210 2

Table 1: Materials and compositions used in DORT calculations.




Figure 1: 2D-r-z-geometry model of the O-direction (left picture) and of the 3.5 -direction (right picture)
of neutron beam line of the NSE instrument.



5 Beamline Shielding in 0  -direction

In the rst step the dose rates caused by neutrons and gammas &re calculated for the O -direction. In
Fig. 2 the isodose plots for gamma, neutron, and the total dos rate (n+ ) are shown. It can be seen
that the -radiation plays a minor role and that the total dose rate is dominated by neutrons. The
distribution of the dose rate on beam axis is shown in Fig.4. i can be seen that the required dose rate
limit of 0.25 mrem/h is met in a distance of 9.3 m from the moderator surface.

-dose neutron dose and neutron dose

Figure 2: Isodose plot for -, n-, and +n-radiation in O -direction.



-dose neutron dose and neutron dose

Figure 3: Same as Fig. 2, but with a stainless steel beamstop.

In order to reduce the dose rate the in uence of a stainless &el beamstop was investigated. This
beamstop consist of three parst. The rst part starts at z=6. 7 m and ends at z=7.3 m and has a diameter
of 10.4 cm. The second part starts directly behind the rst part and has a length of 0.6 m and a diameter
of 20.4 cm. The third part is located behind the third chopper and has length of 80 cm and a diameter
of 32.4 cm. Whereas in the O-direction the beam stop replaces the neutron guide, in casef the 3.5 -
direction the beamstop surrounds the neutron guide with thesame outer radii. The position of the beam
stop can be seen in Fig. 1. The resulting isodose plots are sia in Fig. 3. The main result is, that
the dose rate in radial direction is not in uenced by the beamstop and that the dose rate in direction of
the primary neutron beam is slightly reduced. The dose rate imit of 0.25 mrem/h is already met at a
distance of 9 m instead of 9.30 m (see left picture in Fig. 4) whout the stainless steel beamstop. From
the radiation shielding point of view the advantage of the stinless steel beamstop is negligible. However,
from the desing layout it is much more complicated to constrict a beamline shielding with concrete blocks
close to the neutron guide.
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Figure 4: The left picture shows the dose rate on the z-axis wi and without a stainless steel beamstop.
The right picture shows the same, but perpendicular to the bem axis in a distance of 8 m from the
moderator surface.

The left picture in Fig. 4 shows the dose rate as a function of he distance from the moderator. Up
to 6 m the dose rate shows the expected=k?> dependency. The change of slope due to the material
change at the bender position (5.90 m) as well as at the begiring of the beamstop at 6.7 m can be seen.
The two plateaus at 5.4 m, 6.5 m, and 8.1 m are caused by the chger cavities. The small advantage of
the stainless steel beamstop can also be seen in this gure. RE right picture in Fig. 4 shows the radial
dependency of the dose rate at a distance from the moderatorf@.5 m. It can be seen, that the dose rate
in radial direction can be reduced by the stainless steel beastop. But the e ect can only be observed for
a radius less than 0.7 m. From this result it can be concludedthat a reduction of the needed thickness
of the radiation shielding in radial direction cannot be achieved with a stainless steel beamstop.



5.1 Radial Dependency of the dose rate

In Fig. 5 the dose rate as a function of the radius is shown fordur selected axial position: at 5.40 m
(‘rst chopper cavity), 5.90 m (midpoint Si-bender), 6.50 m ( second chopper cavity), and 8.50 m (stainless
steel beamstop). In this gure the in uence of di erent mate rials in radial direction can be seen. At
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Figure 5: Radial dependency of the dose rate at selected atipositions. The red line marks the dose
rate limit of 0.25 mrem/h.

z=5.4 m and z=6.5 m the plateau between 10 cm and 50 cm is due tohe rst and second chopper cavity,
which is modeled as a void cavity. Above a radius of 51.2 cm thelecrease of the dose rate due to the
HD-concrete shielding can clearly be seen. In the histogranfor z=5.9 m the change from the stainless
steel cylinder of the revolver system to the HD-concrete skglding can be observed as a change of the
slope of the histogram at a radius of 60 cm. At z=8.5 m an edge at radius of 20 cm can be observed.
This edge marks the border between the stainless steel beatop and the HD-concrete shielding. An
estimation of the required thickness of the shielding as a faction of the beam line length can be found
in sect. 6.3.



6 Shielding of the 3.5 -direction

In the second step of the calculations the spatial dose rate idtribution of the bended beam line was
investigated. Two main question have to be answered:

Is the isodose distribution in uenced by the bender length?
Which length of the shielding is required?

In the following subsections answers to this question will e given.

6.1 Inuence of the Length of the Si-Bender

In this section the in uence of di erent lengths of the Si-bender on the spatial distribution of the dose
rate will be discussed. The revolver system will contain thee benders and an auxiliary beamstop. The
benders have lengths of 2 cm, 10 cm, and 20 cm. The midpoint ofllathree benders is at 5.90 m. In
Fig. 6 the dose rate on the beam axis of the Gdirection is shown. Behind the bender the dose rate
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Figure 6: Dose rate on beam axis in O-direction (left picture) and the as a function of the radius at
z=650 cm (right picture) for three di erent bender lengths o f 2 cm, 10 cm, and 20 cm.

shows an expected dependency of the bender length. In casetbe 2 cm long bender the dose rate is
a factor of 2.6 higher and in case of the 20 cm long bender the de rate is a factor of 2.9 lower than
compared with a 10 cm long bender. The small peaks mark the bégning of the bender and are caused
by back-scattered particles when the neutrons imping on theSi-bender. However, the radial thickness as
well as the axial length of the shielding is not in uenced by the bender length. As can be seen in the

right picture of Fig. 6 the di erences in the dose rate are nedjgible for more than 0.6 m prependicular to
the neutronbeam axis.



6.2 Requiered Length of the Beam Line Shielding

The requiered length to meet the dose rate limit of 0.25 mremh was determined by analyzing the spatial
distribution of the dose rate in the 3.5 -direction. The resulting isodose plots are shown in Fig. 7dr a
11 m and a 10 m long concrete shielding. The last meter of the $&lding is made of normal concrete
instead of HD-concrete in order to avoid an in uence of the maynetic eld at the sample position due to

the iron components of the HD-concrete. The calculations sbw, that length of the shielding up to the

beginning of the fourth chopper is su cient. The analysis of the data showed, that gamma-radiation is
a minor contribution to the total dose rate. On the beam axis the dose rate limit is met in a distance

10 m HD- + 1 m normal concrete 9 m HD- + 1 m normal concrete

Figure 7: Isodose plots for a 11 m (left picture) and 10 m (righ picture) long beamline shielding.

of 12 m from the moderator surface. We like to point out, that the contribution of thermal and cold
neutrons, which are transported through the neutron guide s not included in this estimation, because
the neutron optical properties of the neutron guide are not ncluded in the applied codes.
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6.3 Required Thickness of the Beam Line Shielding

To determine the required thickness of the shielding the ditance from the beam axis where the dose rate
limit is met was determined as a function from the distance fom the moderator surface. Fig. 8 illustrates
the results for the O -direction and the 3.5 -direction with a stainless steel beamstop. In case of the
0 -direction the dose rate vanished after 9 m due to the stainles steel beamstop. In the 3.5-direction
the dose rate limit can be achieved with the same thickness ug.5 m than compared to the 0 -direction.
For longer distances the dose rate limit is met in a distance 0.4 m from the beam axis. After 11 m the
dose rate requirements outside the neutron beam line are fuled without additional shielding material.
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Figure 8: Distance from the beam axis where the dose rate limiof 0.25 mrem/h is met as a function of
the beam line length.
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6.4 Radial Dependency of the Dose Rate in 3.5 -Direction

In Fig. 9 the dose rate as a function of the radius is shown fordur selected axial position: at 6.90 m, 8.90 m,
10.40 m (fourth chopper cavity), and 10.90 m (directly behird the shielding). Further a comparison of
a 10 m long and an 11 m long beam line shielding is shown in Fig..9For z< 9.0 m no in uence of the
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Figure 9: Radial dependency of the dose rate at selected aXipositions. The red line marks the dose
rate limit of 0.25 mrem/h.

shielding length can be found, because the geometry in the gion is the same in both cases. In case
of the 10 m long beamline the material changes from HD-concte to normal concrete at z=9.0 m. For
lengths z>10 m there is only air instead of normal concrete {as it is in ths region for the 11 m long
shielding{resulting in a slighter slope of the histograms 6r the 10 m long beam line shielding as it can
be seen in the histograms for z=10.4 m and 10.9 m. However, thdose rate limit is met in both cases,

but the background due to high energy neutrons is one order ofmagnitude higher, which is more an
instrument desing question rather than a radiation protection issue.
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7 Energy Dependency

In this section the energy dependency of the dose rate is digssed. The results shown below are for the
dose rate behaviour on the neutron beam axis. At rst the situation in the 0 -direction will be described.
As shown in Fig. 10 the contribution of the di erent energy regions to the total dose rate changes over
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Figure 10: Contribution to the dose rate from di erent energy regions and patrticle types as a function of
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the shielding length. Over the rst 8 m the epithermal neutro ns cause 60 % of the total dose rate. Above
8 m shielding length neutons with a kinetic energy above 19.6/eV plays the dominant role with a ratio

of more than 70 % compared to the total dose rate. The contribtion of
less than 3 %. The same is true for for thermal and cold neutroa with less than 5 %.
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The situation in the 3.5 -direction is a di erent as the histograms in Fig. 11 illustr ate. After a distance
of 5 m from the midpoint of the bender thermal and epithermal neutrons are negligible. Here, especially
neutrons with a kinetic energy above 19.6 MeV are dominant wth an amount of more than 70 %.

As already mentioned the amount of thermal and cold neutronstransported through the neutron guide
is not included in this calculations.
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Figure 11: Contribution to the dose rate from di erent energy regions and particle types as a function of
the distance from the moderator in 3.5 -direction.
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8 Investigation of Di erent Beamstop Materials

The materials { HD-concrete, stainless steel, and tungstefihave been investigated as possible beamstop
materials. The spatial dose rate distributions for the bended part of the beamline are shown in Fig. 12.
It can be seen, that the needed length of the shielding is notni uenced by the chosen material. However,

HD-concrete beamstop stainless steel beamstop tungsten beamstop

Figure 12: Isodose plots for radiation shielding with a stanless steel beamstop (left picture) and a
tungsten (= 19:3-%;) beamstop (right picture).

cm?2

in radial direction the required thickness of the shieldingis slightly in uenced. In case of tungsten a
thinner radiation shielding is su cient.
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9 A First Engineering Design

From the above descibed results an enginieering desing wagkloped.

10 Conclusion

First shielding calculations using the DORT code were perfomed to estimate the expected dose rates
for the neutron beam line shielding at beam line 15. The in uence of several shielding materials and
beam stop materials was investigated. The results lead to arst rough design of the proposed beam line
shielding. In the next step the results of this study will be used as basic parameters for the mechanical
design of the shielding. It has to be discussed, if more deti&id calculations will be needed. Furthermore
the source term has to be discussed because the normalizati@verestimates the actual beam intensity.
The cross talk from adjacent beam lines was not taken into acont.
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