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ABSTRACT 

A detailed radiation transport analysis of the 
Spallation Neutron Source (SNS) shutters is important 
for the construction of the SNS because of its impact on 
conventional facility design, eormal operation of the 
facility, and maintenance operations. Thus far the 
analysis of the SNS shutter travel gaps has been 
completed. This analysis was performed using coupled 
Monte Carlo and multi-dimensional discrete ordinates 
calculations. 

I. INTRODUCTION 

The Department of Energy has initiated the design 
and construction of the Spallation Neutron Source to be 
built at Oak Ridge National Laboratory. The baseline 
design of the SNS consists of an accelerator system 
capable of delivering a 1 GeV proton beam with 2 MW 
of beam power into a single target station. The SNS 
target station has the basic function of converting the 
short pulse (~1 ps, 60 Hz, 17 kJ/pulse), high-average 
power (2 MW), 1 GeV proton beam into 18 lower- 
energy (cl eV), short-pulsed (- tens of ps) neutron 
beams optimized for use by neutron scattering 
instruments. The proton beam target is liquid mercury 
flowing inside a stainless steel container. The target is 
positioned within a layered steel and concrete shielding 
monolith approximately 12 meters in diameter. Two 
ambient water moderators are positioned under the target 
and two supercritical hydrogen cryogenic moderators are 
positioned above the target. A heavy water cooled 
beryllium and lead reflector region surrounds the 
moderators. There are 18 neutron beam lines viewing the 
moderators, nine on each side, and equally spaced in 
angle. The beam lines are located at two levels; nine 
lines directed at the ambient water moderators ut$er the ,. ., 
target, and nine at the cryogenic hydrogen moderators 
above the target. Each beam line has an independently 
operable shielding shutter controlled by the 
experimentalists. The shutters are part of the bulk 

shielding for the SNS, and will be used to control the 
neutron beam lines from the mercury target area to the 
neutron experiment area. The shutters will be 
constructed out of a low carbon steel or an intermix steel, 
and will contain a tungsten insert that will block the 
neutron beam lines when the shutters are closed. Each 
shutter is connected to a motor and drive shaft assembly 
located on top of the shielding monolith and designed to 
be raised and lowered in the vertical direction. 

A detailed radiation transport analysis of the shutters 
is important for the construction of the SNS because of 
their impact on conventional facility design, normal 
operation of the facility, and maintenance operations. A 
strategy utilizing coupled Monte Carlo and multi- 
dimensional discrete ordinates calculations has been 
implemented to perform the requisite analyses. The Title 
I design analyses for the shutters has focused on three 
major concerns. The first analysis has investigated the 
streaming through the travel gaps above and below the 
shutter. The streaming analysis was performed using the 
DORT two-dimensional discrete ordinates 
neutron/photon transport code’. The second effort will 
analyze the efficiency of the tungsten insert to shield the 
neutron beam line downstream of the shutter when the 
shutter is closed. This investigation is also being 
performed using DORT. Finally, detailed material 
activation, radiation damage, and energy deposition 
analyses will be performed using the TORT three- 
dimensional discrete ordinates neutron/photon transport 
code2. All of these analyses will use the newly expanded 
1 GeV HILO cross-section library3. 

These analyses will be performed in the form of a 
parametric study with the goal of minimizing the size of 
the shutter and the tungsten insert, thereby reducing costs 
and enhancing maintainability. The results of these 
analys&s Wili provide an optimum design for the shutter 
and tungsten insert, so that the SNS can be operated 
without concern of high dose rates due to particles 
streaming through the gaps surrounding the shutter. 
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Furthermore, the analyses will address cooling 
requirements, maintenance procedures, and expected 
shutter lifetimes due to energy deposition and material 
damage concerns. In this paper, the analysis involving 
the streaming due to the shutter travel gaps has been 
completed, and a discussion of that analysis follows. 

II. TARGET MONOLITH AND SHUTTER 
DESCRIPTION 

The SNS target monolith is the primary structure 
that contains the SNS mercury target, moderators, 
reflector plug assemblies surrounding the target, and the 
SNS shutters. The SNS target is liquid mercury, which 
flows through a stainless steel container. On top of the 
target are two hydrogen cryogenic moderators, while just 
below the target are two ambient water moderators. A 
heavy water cooled beryllium and lead reflector region 
surrounds the moderators and target, and is known as the 
inner plug assembly. Surrounding the inner plug is the 
middle plug, which is a heavy water cooled lead reflector 
region. The last reflector region is the outer plug, which 
is a light water cooled steel reflector., Beyond the 
reflector plug assemblies is the bulk shielding, which is 
comprised of low carbon steel. Out past the steel is an 
axially layered collar of steel followed by a high-density 
concrete biological shield. Figure 1 shows some of the 
material zones and components of the SNS target 
monolith. 

The target monolith is cylindrical in shape with the 
mercury target located at the center of the monolith 198 
cm above the experimental hall floor. The proton beam 
line enters the target monolith horizontally and 18 
neutron beam lines penetrate radially outward from the 
target in two 1 lo-degree arcs on either side of the 
incident proton beam direction. The .SNS shutters are 
positioned on each neutron beam line approximately 250 
cm out from the mercury target in the solid steel region, 
and stand parallel to the axis of the target monolith. The 
SNS shutters move in the axial direction to open and 
close the neutron beam lines. 

The purpose of the SNS shutter is to close the 
neutron beam line while the SNS is operating and allow 
the experimentalists access to the neutron beam line. It is 
necessary for the shutter position to be adjustable and for 
it to contain adequate shielding material to insure there 
will be no streaming down the neutron beam line once 
the shutter has been moved and is in the closed position. 
The necessity of the shutter to be adjustable causes the 
shutter to have a significant travel gap above it when the 
neutron beam line is in the open position, To close the 
neutron beam line the shutter is raised, and then the 

travel gap would appear below the shutter. When the 
shutter is raised and the neutron beam line is closed, a 
block of high-density material will fill the neutron beam 
line and mitigate streaming. For the SNS shutter design, 
this material will be a combination of tungsten and steel. 

Figure 1: SNS Target Monolith 

III. CALCULATIONAL METHODOLOGY 

The bulk of the radiation transport analysis 
performed to characterize the streaming through the SNS 
shutter travel gaps was accomplished using DORT, a 
two-dimensional discrete ordinates neutron/photon 
transport code. Even though DORT was the major tool 
used, it was only part of a series of coupled calculations. 
Initially MCNPX4 was used to create a source 
surrounding the SNS target, moderators, and inner plug 
assembly. This source was coupled to DORT using the 
Monte Carlo to DORT (MTD) coupling cod$. MTD 
used the surface crossing information from MCNPX to 
create an azimuthally averaged source suitable for 
DORT. Subsequently DORT, along with the new 1 GeV 
HILO coupled 75-neutron, 22-gamma-ray cross-section 
library, was used to calculate the flux throughout the 
target monolith using 2 R-Z models. Both models began 
at the central axis of the target monolith and extended 
out radially to the edge of the high-density concrete 
biological shield. One model began at the proton beam 
line height ‘and extended up to the top of the target 
monolith, while the second model began at the proton 
beam line height and extended down into the concrete 
floor underneath the target monolith. In each of these 
models the shutter travel gap was not included. 
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However, the angular flux surrounding the positions 
where the gaps should be located was saved. At this 
point the first DORT calculation was coupled to a second 
DORT calculation. The second DORT calculation was 
another R-Z model however its Z-axis was perpendicular 
to the Z-axis in the initial DORT calculation, and the 
second model’s radial axis was perpendicular to the 
initial models radial axis. The second DORT calculation 
was coupled to the first using the DORT to DORT 
(DTD) coupling code6. DTD utilized the angular fluxes 
that were saved in the first DORT calculation by 
azimuthally averaging them over the entire surface of the 
second DORT cylinder. Then, the second DORT 
calculation used the azimuthally averaged angular fluxes 
as a boundary source to calculate the flux in the model 
with the gap present. One caveat to this method is that 
the only flux value in the second DORT calculation that 
is exactly correct is the flux along the Z-axis of the 
cylinder. Lastly the dose due to streaming through the 
travel gaps was calculated using the center line flux and 
the flux to dose conversion factors in the new HILO 
library. Below in Figure 2 is a flow chart of the 
calculational sequence. 

Figure 2: Calculation Flow Diagram 

IV. CALCULATIONAL GEOMETRIC MODELS 

The SNS target monolith described in Section II and 
shown in Figure 1 was modeled in DORT, but not with 
all of the detail that is present in the actual facility. 
Regions of similar materials were combined and made 
into homogenous mixtures. Figure 3 shows the model of 
the top half of the SNS target monolith and Figure 4 
shows the bottom half. Superimposed on these models 
(using dashed lines) are the locations of the SNS shutter 
travel gaps and the secondary DORT model used to 
analyze streaming through these gaps. Table 1 lists the 
chemical composition of each of the materials shown in 
Figures 3 and 4. 

In the top DORT model the mercury target is located 
at the origin. For this model the proton beam line height 
has been set to z equal zero. The top of the shutter is 
located at a height of 329 cm above the proton beam line. 
The inboard side of the shutter and shutter gap, i.e. the 
side closest to the target is located at a radius of 250 cm, 
and both extend out to a radius of 458 cm. In the 
engineering design, the height of the shutter travel gap is 
51 cm, and it is 76 cm wide. When changing the shutter 
travel gap from a right parallelepiped to a cylinder in the 
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Figure 3: Top DORT Model 

second DORT model, area must be conserved since 
streaming is directly proportional to the area. Therefore 
the radius of the cylindrical shutter gap is 35 cm. To 
properly position the travel gap in the flux field of the 
first DORT calculation, the centerline of the shutter 
travel gap in the second DORT model is located at 364 
cm above the proton beam line height. The coupling 
surfaces between the MCNPX calculation and the first 
DORT calculation, which were created by MTD, were 
located at r equal 60 (extending from z equal zero to z 
equal 47.5) and at z equal 47.5 (extending from r equal 
zero to r equal 60). The first top DORT geometry uses 
reflected boundary conditions on the bottom and left- 
hand sides and vacuum boundary conditions on the top 
and right hand sides. 
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Figure 4: Bottom DORT Model 

In the bottom DORT model the mercury target is 
once again located at the origin. For this model the 
proton beam line height has been set to z equal zero. The 



Table 1: Material Chemical Compositions 

Name 
Black Absorber 

12 
13 

Density (g/cc) Chemical Components (wt. % or * indicates atom %) 
N/A N/A 
9.41 lead ( 
9.72 lead (90.‘ 

14 lead - 
15 

Steel 1020 

89.9 %), iron (5.86 %), chromium (1.67 %), oxygen (1.39 %), nickel (0.835 %), deuterium (0.345 %) 
421 %), iron (5.71 %), chromium (1.63 %), bxygen (1.14 %), nickel (0.815 %), deuterium (0.284 %) 

(91.056 %), iron (5.56 %), chromium (1.59 %), oxygen (0.889 %), nickel (0.794 %), hydrogen (0.111 %) 
lmium (2.20 %), oxygen (1.24 %), nickel (1.10~%), hydrogen (0.155 %) 

%), silicon (0.25 %), carbon (0.2 %) 
Iron (95.305 %), chra 

iron (99.1 %), manganese (0.45 
01, :-,... 110 n,ir 01, t..wL,.“,m. II n oxygen (55.714 I 

(0.55 %), magn High Density 
Concrete* 

Regular 
Concrete* 
Tungsten 

II, llvll rLO.VLv l0l, lyruvEGll ,,J.293 %), calcium (3.09 %), silicon (1.929 %), aluminum 
e&m (0.236 %), sulfur (OTO92 %), manganese (0.044 %), potassium (0.014 %), sodium 

2.3 

17.415 

(0.012 %) 
oxygen (58.147 %), silicon (20.948 %), hydrogen (10.571 %), calcium (3.865 %), aluminum (3.167 %), 

sodium (1.771 %), potassium (0.919 %), iron (0.415 %), magnesium (0.197 %) 
tiingsten (100 %) 

bottom of the shutter is located at a height of -194 cm. 
As in the case of the top model, the inboard side of the 
shutter and shutter gap is located at a radius of 250 cm, 
and both extend to a radius of 458 cm. Below the shutter 
at all times is an extra j-cm of open space. Therefore, 
when converting the bottom shutter travel gap from a 
right parallelepiped to a cylinder the radius is 36.5 cm. 
Consequently, the centerline of the shutter travel gap in 
the second DORT model is located at a height of -230.5 
cm below the proton beam line height. The coupling 
surfaces between the MCNPX calculation and the first 
DORT calculation, which were created by MTD, were 
located at r equal 60 (extending from z equal zero to z 
equal -45) and at z equal -45 (extending from r equal 
zero to r equal 60). The first bottom DORT geometry 
uses reflected boundary conditions on the top and left- 
hand sides and vacuum boundary conditions eon the 
bottom and right hand sides. 

Inside the region bounded by the MTD boundary 
sources and the origin is a black absorber material. This 
black absorber has a very high absorption cross section 
and no scattering cross section. The purpose of this 
fictional material is to not allow particles that go towards 
the origin to scatter back into the rest of the model. The 
radiation transport effects for this region have already 
been accounted for in the MCNPX calculation. 

V. SHIELDING ANALYSIS 

The analysis of the streaming through the SNS 
shutter travel gaps was partly performed as a parametric 
study. When dealing with the neutron beam line in a. 
closed position, so that the travel gap is below the 
shutter, a parametric study was not done. The location of 
the bottom travel gap has already been determined by 
other parameters. However, the top shutter gap analysis, 
when the neutron beam line is in the open position, was 
approached as a parametric study. A position for the gap 
was set, but there was interest to know if it could be 

lowered (move it closer to the neutron beam line). In 
doing so the shutter would be smaller and in turn weigh 
less and cost less to build and maintain. The obvious 
problem with this is as the travel gap moves lower it is 
moving closer to the target and neutron beam line, which 
will allow for an increase in streaming due to the more 
intense radiation fields. 

One other important note about the streaming 
analysis is that when DTD was used to create a source 
from MCNPX output suitable for DORT only the 
forward direction was used. Instead of using all 360 
degrees of the MCNPX data the forward f 20 degrees 
was renormalized over the 360 degrees. This allows for 
a source that is conservatively high, by excluding 
particles moving in a backward direction with respect to 
the incoming protons. Consequently it assumes all 
directions look exactly like the forward direction, which 
includes more high-energy particles. 

As was stated before, a parametric study of the SNS 
shutter travel gap below the neutron beam line was not 
needed. Therefore only one position for the SNS shutter 
travel gap was analyzed for when the shutter is closed. 
Once the first DORT model was coupled to the second . .I . 1 
DORT model and the flux was calculated in the area of 
the travel gap, with the void caused by the travel gap 
included, the dose due to streaming through the gap 
could be calculated. The dose at the edge of the concrete 
collar along the centerline of the SNS shutter travel gap, 
when the shutter is in the closed position, is 0.5 mrem/hr. 
An acceptable limit of 0.1 mrem/hr was set as a 
maximum allowable limit for the shutter -travel gap- 
streaming dose. Considering that this dose of 0.5 
mrem/hr occurs through several centimeters of concrete 
below where a person would receive any dose suggests 
that the streaming due to the bottom travel gap is not 
excessive. In Figure 5 are the isodose contours of the 
bottom SNS target monolith model and the bottom SNS 
shutter travel gap. 



A parametric study was used when performing the 
analysis of the SNS shutter travel gap located above the 
SNS shutter. In this study the gap was located in 5 
different positions. The streaming analysis was 
performed with the top of the SNS shutter (or the bottom 
of the SNS shutter travel gap) positioned at 329 cm, 313 
cm, 299 cm, 283 cm, and 269 cm. The travel gap was 
moved 14 or 16 cm (about 6 inches) lower with each of 
the iterations. As the gap moved lower and closer to the 
neutron beam line the dose at the edge of the concrete 
collar due to streaming through the travel gap increased. 
Table 2 lists the results of this parametric study, and 
Figure 6 shows the isodose contours of the top SNS 
target monolith model and the top SNS shutter travel gap 
at a position 329 cm above the proton beam line. 

Table 2: Results of Parametric Study 

Height of Shutter Gap Centerline Dose 
329 cm 1.29E-03 mrem/hr 
313 cm 2.56E-03 mrem/hr 
299 cm 4.92E-03 mrem/hr 
283 cm 1.1 OE-02 mrem/hr 
269 cm 2.30E-02 mrem/hr 

The centerline doses at the edge of the concrete 
collar were plotted versus the varying heights of the SNS 
shutter on a semilog plot in Figure 7. In Figure 7 an 
exponential curve, Equation 1, was fit to the data points. 
This curve can now be used to extrapolate the dose at the 
edge of the concrete collar due to streaming at other 
heights. The limiting dose of 0.1 mrem/hr would occur 
with a shutter extending 237 cm above the proton beam 
line height. Therefore it may be possible for the height 
of the shutter to be lowered up to 237 cm above the 
proton beam line, resulting in a smaller, lighter shutter 
design. 

In Equation 1, h is the height of the SNS shutter above 
the proton beam line, in cm, and D is the dose along the 
SNS travel gap centerline, at the edge of the concrete 
collar, in units of mrem/hr. 

VI. FUTURE WORK 

With the analysis of the streaming through the SNS 
shutter travel gaps complete, the future work will address 
the optimization of the tungsten insert, which will be 
used to shield the neutron beam line when the shutter is 
closed. This optimization will also be taken on in the 
form of a parametric study. Then the materials 

activation, radiation damage, and energy deposition 
analyses will be addressed using TORT. 
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Figure 7: Dose versus Height 
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Figure 6: Isodose Contours of Top Targh Monolith and Top Travel Gap (in mrem/hr) 


