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ABSTRACT 
Location of the Source

TMRS 

We have designed an integrated beam-line shielding 
package in the Experimental Area 1 (ER-1) for two new 
scientific instruments (NPT-Gamma and IN500) being 
constructed at the Manual Lujan Jr. Neutron Scattering 
Center (Lujan Center). In this work we investigated the 
neutronics of a guillotine shutter, looked at possible 
neutron streaming paths, and designed an integrated beam 
line shield package. 
 
I.  INTRODUCTION 

During the upgrade of the Luajn Center Target-
Moderator-Reflector-System (TMRS), two new back-
scattering moderators were installed upstream of the 
spallation target. One of them is a partially coupled water 
moderator. The other one is a partially coupled liquid 
hydrogen moderator. Each of these moderators is capable 
of delivering neutrons to two neutron flight paths. In the 
case of the liquid hydrogen moderator, the two new 
scientific instruments being built are NPT-Gamma (flight 
path 12) and IN500 (flight path 13). Because of the small 
angle between the two flight paths (�=10.5°), there is 
limited space between the two flight paths in ER-1. It was 
decided that these beam lines should be shielded by an 
integrated shielding package and not individually 
shielded. To accomplish this, we investigated possible 
streaming paths, the neutronic performance of a guillotine 
shutter just outside the bulk shield, a beam line shield 
surrounding the shutter, and a “horse collar”-shield 
downstream of the shutter. 

Fig.1a: Neutron Source-Term geometry for flight path 12. 
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II.  SOURCE 
The first thing one who has experience with these kind of 
Monte Carlo problems realizes is that it is very time 
consuming to perform these types of calculation within 
one run. Therefore, we decided to break up the problem 
into two runs.  
 

Fig.1b: Neutron Source-Term for flight path 12.  
  

 



 

The goal of the first run is to create a neutron source term 
in energy and angle at ~4 m away from the moderator 
surface for each of the two flight paths. Figure 1a shows 
the geometry used in these  

 
calculations for flight path 12. In figure 1b the neutron 
source-term itself can be seen. In all subsequent shielding 
calculations we used these source terms to calculate the 
total (neutron plus gamma-ray) equivalent dose rate at 
various locations along the beam line shield. In order to 
be able to generate these neutron sources in energy and 
angle, one has to use the variance reduction method of the 
DXTRAN sphere [1]. In our case we used two DXTRAN 
spheres. The first one is located at the entrance of the 
flight path, and is used to get neutrons into the flight path. 
The second one is located at ~4 m, and is used to get 
neutrons from the first DXTRAN sphere through the flight 
path collimation system to the location of our neutron-
current tally. For these calculations the cross-sections of 
the LA150 library were used. This allowed us to obtain 
good statistical data for neutrons with energies up to 150 
MeV. Because the DXTRAN sphere does not work above 
the tabular region, we were not able to adequately 
characterize the neutron source above 150 MeV. 
 
III.  Streaming Paths 

The first problem we addressed was the influence of 
stream paths around the thimble that will ultimately hold 
the neutron guide inside the Lujan bulk shield. Originally, 
after the holes for flight path 12 and 13 were drilled, these 
holes were filled up with two plugs, each of them made of 
40 inches of steel and 2 inches of 5% borated 
polyethylene. Radiation surveys showed that these plugs 
limited the total personal dose equivalent rate to less than 
2 mrem/h, which is the shielding performance criterion for 
ER-1 with the Lujan Center operating at 200 �A. During 
the first step of installation, the thimble was inserted into 
the liner (Fig. 2). However, in this first phase, the neutron 
guide is not present and the holes were closed by two 
plugs of the same length as the ones used before (Fig. 3). 
Nevertheless, one is still left with streaming paths between 
the liner and the thimble per se. 
 
 

 
In order to be able to use the neutron source 

described above, one has to make several assumptions. As 
it can be seen in Fig. 1,3 the plugs reach farther into the 
bulk shield than the location of the source term. This 
means that even if the part between the location of the 
source term and the flight path is plugged (Fig. 4), the 
calculated dose equivalent rate will be too high. 
Therefore, one needs to make the assumption that the old 
configuration fulfills the ER-1 radiation requirements of 
getting the total dose equivalent rate down to 2 mrem/h at 

200 �A. This assumption allows one to scale the 
calculated results to what they would be, if the total plug  

Glass-Guide 

Steel-Guide 

Guide-Holder 

Thimble Liner 

 
Fig.2: Flight path 12 cross-section through the thimble 
showing the thimble and the neutron guide. 
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TMRS 

Fig.3: Flight Path 12 Thimble Geometry. 
 

were in place. Secondly, the source between the guide and 
the guide-holder (Fig.2) was used for the gap between the 
liner and the thimble. This is a conservative estimate 
because the calculated source is closer to the core of the 
flight path than the gap for which it is used. In addition, 

 



 

12.5cm/112.5cm/5.08cm/54.68cm/2.54cm/10.16cm/2.54cm one needs to scale the source down by a factor of 300 [2], 
because the gap between the guide and the guide-holder 
does not have a dog-leg like the gap between the liner and 
the thimble. Using these assumptions, one gets the 
following results. 

   W  /   Fe    /   CH2   /    Fe   / CH2(5%) /  CH2 /CH2(5%) 
 

The overall length of the shutter is 200 cm. In order 
to make the model more realistic we included a beam line 
shield around the shutter. The beam line shield is a two-
step shield. From the outer surface of the bulk shield (at 
4.7 m from proton beam centerline) to 7.5 m from the 
proton beam centerline, the beam-line shield is 31-inches 
thick, and made of the following material combination: 
 

2”     / 6”/  2”  / 15”/     1”       /   4”  /      1” 
  CH2(5%)/ Fe/ CH2/ Fe / CH2(5%) / CH2 /CH2(5%) 

 
And a second step, from 7.5 m from the proton beam 

centerline to the ER-1/ER-2 wall the beam-line shield is 
28-inches thick and composed of the following materials: 

 
2”       / 6”/  2”  / 12”/      1”       /   4”  /      1” 

    CH2 (5%)/Fe / CH2/  Fe / CH2(5%) / CH2 /CH2(5%) 
 
With this shutter/beam-line shield model, we calculated 
the total dose equivalent rate at the end of the shutter in 
the closed position (Fig. 5,6). As can be seen in Table 1, 
the calculated total dose equivalent rate is 0.36 mrem/h (at 
200 �A of proton current). This is satisfactory and below 
the shield performance criterion for ER-1. 

 
Fig.4: Flight Path 12 Streaming Calculation Geometry 

  
 The calculated neutron dose equivalent rate at the 

end of the plug is 2490 mrem/h. If one uses the 
assumption, that, according to measurements, this dose 
should be 2 mrem/h, one will get a scaling factor of 1450. 
Secondly, the calculated dose equivalent rate for the gap 
between the guide and the guide-holder at the end of the 
flight path is 2.08x104mrem/h. If one scales this 
calculation with the scaling factor of 1450, the dose 
equivalent rate will be 8.35 mrem/h. Furthermore, if one 
takes into account that the gap between the thimble and 
the liner has a dog-leg, (which will decrease the dose be a 
factor of ~300) then the neutron dose equivalent rate is 
estimated be ~0.03 mrem/h. Thus, we do not see a 
problem with neutron streaming between the flight path 
liner and the thimble. 

Table 1: Dose equivalent rate at the end of the closed 
shutter. 
 

 dose equivalent rate [mrem/h] 
neutron dose equivalent rate 0.36 
gamma dose equivalent rate 0.08 

total dose equivalent rate 0.44 

 

 
IV.  SHUTTER 

As mentioned above, the shutters for flight path 12 
and 13 are not inside the bulk shield, but rather just 
outside the bulk shield in ER-1. Also, instead of the Lujan 
Center standard mercury shutter, the shutters for Flight 
Path 12 and 13 are solid laminated guillotine shutters. 
After some preliminary studies, we decided to investigate 
the following material combination for the shutter core in 
more detail.  

 
 
Fig.5: Flight path 12 shutter in closed position and beam 
line shield (vertical view). 
 
 
  

 



 

  
 Table 3: Total dose equivalent rate at the top of the ER-1 

beam line shield for the two-step beam-line shield.  
  
 

  open shutter   closed shutter  
distance from proton 

beam line [cm] 
Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h] 

Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h] 

486.22 0.0201 0.0100 0.0301 0.0903 0.0323 0.1226 
512.5 0.0707 0.0152 0.0859 0.1097 0.0486 0.1583 
537.5 0.0547 0.0090 0.0637 0.0797 0.0247 0.1044 
562.5 0.0335 0.0048 0.0384 0.0556 0.0111 0.0667 
587.5 0.0187 0.0029 0.0216 0.0359 0.0071 0.0431 
612.5 0.0136 0.0022 0.0158 0.0250 0.0025 0.0274 
637.5 0.0156 0.0019 0.0176 0.0144 0.0010 0.0154 
662.5 0.0148 0.0018 0.0166 0.0085 0.0005 0.0091 
687.5 0.0141 0.0017 0.0158 0.0041 0.0004 0.0045 
712.5 0.0153 0.0017 0.0170 0.0017 0.0002 0.0018 
737.5 0.0239 0.0025 0.0264 0.0011 0.0003 0.0014 
770.12 0.0311 0.0029 0.0341 0.0006 0.0000 0.0006 
787.5 0.0217 0.0019 0.0236 0.0002 0.0000 0.0002 
812.5 0.0162 0.0016 0.0178 0.0001 0.0000 0.0002 
837.5 0.0130 0.0012 0.0142 0.0001 0.0000 0.0001 
862.5 0.0103 0.0009 0.0113 0.0000 0.0000 0.0000 
887.5 0.0072 0.0007 0.0079 0.0000 0.0000 0.0000 
912.5 0.0052 0.0005 0.0057 0.0000 0.0000 0.0000 
937.5 0.0034 0.0002 0.0037 0.0000 0.0000 0.0000 

 

 
 
 
 
 
 
 
 
 
 
Fig.6: Flight path 12 shutter in closed position and beam 
line shield (horizontal view). 
 
V.  BEAM LINE SHIELD 

We also used the model shown Fig. 5 to calculate the 
total dose equivalent rate on the outside surfaces of the 
beam line shield. Furthermore we did the same calculation 
for a shutter in the open position (Fig. 7). The results of 
these calculations are shown in Tables 2 and 3.  

It can be seen that in the case of a closed shutter, the 
dose at the top of the shielding is about a factor of 2-3 
lower than the dose on the side. This is due to the fact that 
the shutter core holder and the shutter cave wall are both 
1-inch thicker on the top than on the side. The shielding of 
these additional 2 inches is the cause for the lower dose on 
the top of the shielding. Furthermore, it can be seen that 
even in the worst case (shutter open, side-wall) the 
calculated total dose equivalent rate drops below 0.2 
mrem/h at about 625 cm from the proton beam centerline. 
This is a factor of 5 below the design calculational 
criterion of 1 mrem/h (at 200 mA proton current). 
Therefore, we decided to move the interface between the 
31” and the 28” thick beam-line shield from 7.5 m to 6.5 
m from the proton beam centerline.  

 
 
 
 
 
 
 
 
 
 
  
Fig.7: Flight path 12 shutter in opened position and beam 
line shield (vertical view). 

 

Horse Collar Shield

 
Table 2: Calculated dose equivalent rates at the side of the 
ER-1 beam line shield for the two-step beam-line shield. 

 

  open shutter   closed shutter  
distance from proton 

beam line [cm] 
Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h] 

Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h] 

486.22 0.2165 0.0424 0.2588 0.2627 0.1035 0.3661 
512.5 0.2989 0.0574 0.3562 0.3701 0.1357 0.5059 
537.5 0.2706 0.0472 0.3178 0.3332 0.1093 0.4426 
562.5 0.2277 0.0355 0.2632 0.2407 0.0452 0.2860 
587.5 0.1967 0.0301 0.2268 0.1539 0.0230 0.1769 
612.5 0.2113 0.0277 0.2391 0.0798 0.0095 0.0892 
637.5 0.1914 0.0283 0.2196 0.0408 0.0035 0.0444 
662.5 0.1722 0.0243 0.1965 0.0191 0.0017 0.0207 
687.5 0.1515 0.0206 0.1721 0.0082 0.0007 0.0088 
712.5 0.1211 0.0160 0.1371 0.0031 0.0002 0.0034 
737.5 0.1383 0.0158 0.1541 0.0019 0.0002 0.0021 
770.12 0.1272 0.0131 0.1403 0.0008 0.0001 0.0009 
787.5 0.0703 0.0070 0.0773 0.0004 0.0000 0.0004 
812.5 0.0422 0.0044 0.0466 0.0002 0.0000 0.0003 
837.5 0.0289 0.0029 0.0318 0.0001 0.0000 0.0001 
862.5 0.0183 0.0019 0.0203 0.0001 0.0000 0.0001 
887.5 0.0133 0.0014 0.0146 0.0001 0.0000 0.0001 
912.5 0.0097 0.0009 0.0106 0.0001 0.0000 0.0001 
937.5 0.0065 0.0005 0.0070 0.0000 0.0000 0.0001 

Fig.8: Flight path 12 ER-1 shielding concept including 
horse-collar shield and the shutter in open position 
(vertical view). 

 



 

Table 3: Calculated dose equivalent rate at the side of the 
ER-1 beam line shield for the three step shielding for 
Flight Path 12. Horse-Collar Shield

distance from proton 
beam line [cm] 

Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h] 

486.22 0.2165 0.0424 0.2588 
512.5 0.2989 0.0574 0.3562 
537.5 0.2706 0.0472 0.3178 
562.5 0.2277 0.0355 0.2632 
587.5 0.1967 0.0301 0.2268 
612.5 0.2113 0.0277 0.2391 
637.5 0.1914 0.0283 0.2196 
662.5 0.2385 0.0222 0.2607 
687.5 0.1420 0.0144 0.1564 
712.5 0.1210 0.0119 0.1329 
737.5 0.1383 0.0158 0.1541 
770.12 0.1272 0.0131 0.1403 
787.5 0.0703 0.0070 0.0773 
812.5 0.0422 0.0044 0.0466 
837.5 0.0289 0.0029 0.0318 
862.5 0.0183 0.0019 0.0203 
887.5 0.0133 0.0014 0.0146 
912.5 0.0097 0.0009 0.0106 
937.5 0.0065 0.0005 0.0070 
962.5 1.3303 0.0590 1.3893 
987.5 0.2504 0.0103 0.2607 
1012.5 0.2763 0.0103 0.2866 
1037.5 0.3019 0.0131 0.3150 
1062.5 0.3359 0.0155 0.3514 
1087.5 0.3539 0.0145 0.3684 
1112.5 0.3471 0.0136 0.3607 

 ER-2   
1180.90 0.1026 0.0046 0.1071 
1205.90 0.1196 0.0049 0.1245 
1230.90 0.1372 0.0051 0.1423 
1255.90 0.2148 0.0093 0.2242 
1280.90 0.2395 0.0110 0.2505 
1305.90 0.1729 0.0071 0.1800 
1330.90 0.1595 0.0062 0.1658 
1355.90 0.2222 0.0077 0.2299 
1380.90 0.1967 0.0072 0.2038 
1405.90 0.1075 0.0036 0.1111 

 
Fig.9: Flight path 12 ER-1 shielding concept including 
horse-collar shield and the shutter in open position 
(horizontal view). 
 

Furthermore, in order to thin up the roof shielding to 
attain move crane access, we introduced a 24-inches thick 
horse collar (Fig. 8,9), made of the following materials 

 
       2”     / 8” /   2”  /  6” /      1”      /  4”  /      1” 
CH2(5%) / Fe / CH2 / Fe / CH2(5%) /CH2 / CH2(5%), 

 
ending at 8.5 m from the proton beam centerline. In this 
model, the horse collar is followed by an 18” thick 
magnetite concrete wall, which goes all the way to the ER-
1/ER-2 wall (Fig. 9). We also thinned the roof to 14” (2” 
CH2(5%), 6” Fe and 1” CH2(5%) 4” CH2(R) 1” 
CH2(5%)). Furthermore, in order to study the worst-case 
scenario for the downstream shielding, the shutter was put 
in the open position. The results for these calculations can 
be seen in Tables 4 and 5. It can be seen in these tables 
that having the interface between the 31” and the 28” 
thick beam-line shield at 6.5 m is sufficient. Furthermore, 
it can be seen that an 18” thick magnetite concrete walls 
also meet the design criterion (the high dose at 962.5 cm 
is an artifact of the way the model was set up).  

Table 4 shows that, the total dose equivalent rate 
coming through the 10”-thick roof is about a factor of  
two too high. One can solve this problem, by replacing the 
outer 2 inches of boarded polyethylene with 1” of 
CH2(5%), 4” of CH2 and 1” of CH2(5%). 

 
All these calculations presented above led to the 

design concept of the integrated shielding for flight path 
12 and 13 as shown in fig.10. 

 

 
 
 
 

 

 



 

Table 4: Calculated dose equivalent rate at the top of the 
ER-1 beam line shield for the three step shielding for 
Flight Path 12. 

 
VI.  CONCLUSIONS 

We have investigated the streaming paths between the 
thimble and the liner and have shown that this path is not 
a significant contributor to the total dose equivalent rate at 
the end of the plugged flight paths 12 and 13 (without the 
neutron guides in place). 

Furthermore, we have shown that a 2-m-long shutter 
of the material configuration mentioned above fulfills the 
design criterion of having a calculated total dose 

equivalent rate of less than 1 mrem/h with the Lujan 
Center operating at 200 �A. We also have shown that a 
31-inches/28-inches thick beam-line shield, stepped at 6.5 
m from the proton beam centerline, is thick enough to 
meet the same calculational design criterion. distance from proton 

beam line [cm] 
Neutron 
[mrem/h] 

Gamma 
[mrem/h] 

Total 
[mrem/h]

486.22 0.0201 0.0100 0.030
512.5 0.0707 0.0152 0.085
537.5 0.0547 0.0090 0.063
562.5 0.0335 0.0048 0.038
587.5 0.0187 0.0029 0.021
612.5 0.0136 0.0022 0.015
637.5 0.0156 0.0019 0.017
662.5 0.0406 0.0039 0.044
687.5 0.0399 0.0023 0.042
712.5 0.0257 0.0022 0.027
737.5 0.0239 0.0025 0.026
770.12 0.0311 0.0029 0.034
787.5 0.0217 0.0019 0.023
812.5 0.0162 0.0016 0.017
837.5 0.0130 0.0012 0.014
862.5 0.0103 0.0009 0.011
887.5 0.0072 0.0007 0.007
912.5 0.0052 0.0005 0.005
937.5 0.0034 0.0002 0.003
962.5 1.5465 0.0347 1.581
987.5 1.0399 0.0310 1.070
1012.5 0.8753 0.0225 0.897
1037.5 0.9198 0.0255 0.945
1062.5 1.5709 0.0412 1.612
1087.5 2.0607 0.0545 2.115
1112.5 2.0151 0.0615 2.076

 ER-2  
1180.90 0.2776 0.0123 0.289
1205.90 0.2879 0.0118 0.299
1230.90 0.2968 0.0110 0.307
1255.90 0.2272 0.0099 0.237
1280.90 0.1923 0.0089 0.201
1305.90 0.2243 0.0092 0.233
1330.90 0.2512 0.0098 0.261
1355.90 0.2706 0.0094 0.280
1380.90 0.1901 0.0069 0.197
1405.90 0.1038 0.0034 0.1072 

0 
0 
1 
5 
2 
1 
8 
8 
9 

 
6 
1 
1 
4 
9 
9 
1 
7 
7 
9 
3 
2 
8 
6 
1 
4 
9 
2 
5 
6 
8 
6 
4 
7 
9 
1 

In addition to this one can thin up the beam line 
shield further, if a 24-inches-thick horse collar is 
introduced. 

All these findings have led to the design concept of 
the integrated neutron beam-line shielding for flight paths 
12 and 13 as shown in figure 10. 
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Fig.10: Preliminary design of the integrated shield package for the flight-paths 12 and 13. 
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