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ABSTRACT . , 

. .. 

The experimental details and the calculational specifications 

for  a CSEWG integral data testing shielding experiment a r e  pr'e.- 

sented. The shielding .experiment described in the benchmark 

model i s  a combination of sodium and stainless steel ' that simu- 

lates the F F T F  radial shield. The measurements in general 

include use of foil activation techniques using resonance and 

threshold detectors and proton recoil neutron spectrometer mea- 

surements in the ratlge 5 kev to 2 Mev. The benchmark model. ' 

i s  a tes t  of the neutron cross-section data for s ' o d i ~  and.the 
. . 

mater ia l  components of stainless steel. 
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I. SOURCE EXPERIMENT 

The neutron flux was measured in a combination of sodium and stainless 

steel which simulated the F F T F  radial  shield. Fo i l  activation techniques, 
. . . -  

.using resonance and. threshold detectors,  and a proton recoil  neutron spectrom- 

eter  (PRD) ,  in the energy range 5 kev to 2 Mev, were  used to obtain measured ' 

quantities. 

. . 

See Addendum. 

II. SYSTEM DESCRIPTION 



TABLE 1 

CROSS SECTION GROUP STRUCTURE 
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Group  
, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

22 

23 

24 

G r o u p  E n e r g y  
. AE 

10 Mev - 6.065 Mev 

6.065 Mev - 3.679 Mev 

3.679 Mev - 2.231 Mev 

2.231 Mev - 1.353 Mev 

1.353 Mev - 820.9 kev 

820.9 kev - 497.9 kev 

497.9 kev - 302.0 kev 

302.0 kev - 183.2 kev 

183.2 kev - 111.1 kev 

111.1 kev - 67.38 kev 

67.38 kev - 40.87 kev 

40.87 kev - 24.79 kev 

24.79 kev - 15.03 kev 

15.03 kev - 9 .119kev  

9.119 kev - 5.531 kev 

5.531 kev - 2.035 kev 

2.035 kev - 167.0 ev 

167 ev - 101.3 ev 

101.3 ev - 8.32 ev 

8.32 ev - 3.06 ev 

3.06 ev - 1.86 ev 

1.86 ev - 1.13 ev 

1.13 ev - 0.414 ev 

0.414 ev - ev 

Le tha rgy  Interval 
nu 

0.5 

I 
1.0 

2.5 

0.5 

2.5 

1.0 

0.5 

0.5 

1.0 

Group  X Values 

0.023716 

0.10436 

0.20050 

0.226 30 

0.18270 

0.11980 

0.069115 

0.036 872 

0.018754 

0.92653-02 

0.44975-02 

0.21599-02 

0.10306-02 

0.48977-03 

0.2322 1-03 

0.11513-03 

0.455095-04 

0.5788-06 

0.0 

v 
0.0 



I I I .  CALCULATIONAL MODEL DESCRIPTION 

The benchmark model i s  to be calculated by two-dimensional transport 

theory in ( r ,z)  geometry, with S quadrature, and using 24-group cross  sec-  8 
tions to order  P-3. .A one-iteration fixed-source calculation will be used to. 

obtain the f lux The flux convergence i s  set  equal to 0.005. The multigroup 

scheme, Lethargy interval, and group x values a r e  presented in Table 1. Since 
. . . . 

the 'benchmark model consists of large volumes 'of sodium and stainless steel, 

i t  i s  suggested that appropriate weighting spectra be used for generating the 

required group constants. For the stainless steel volumes, the use of iron 

cro-ss-section data for generating . . a weighting spectra i s  suggested. In any ; 

event, when reporting results comparing calculation with experiment, i t  i s  

requested that the method or  methods used to produce the multigroup constants 

be detailed. The two-dimensional mesh description i s  shown in Figure 1. 

Material compositions a r e  designated for the various regions in the figure. 

Beyond Mesh Interval 24, the composition i s  one dimensional in the axial 

dimension, and may be obtained from the axial mesh description in Table 2. 

Atom densities for the various compositions a r e  specified in Figure 2. 
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b 
2' 

6524i467 1 

Figure 1. Mesh Interval Diagram and Compos i t i~n  ( r ,z )  Geometry 



TABLE 2 

AXIAL MESH DESCRIPTION 
(See Figure 4 of Addendum) 

(Sheet 1 of 3) 
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Notes 

Thermal column 

Void cube 

A luminum 

Aluminum - fission plate 

Fis  sion plate 

Boral - fission plate 

Aluminum + gaps 

Stainless steel + gaps 

Foil No. 2 

Foil No. 3 

Foil No. 4 

PRD No, 1 

Mesh Z I (cm) 1 Composition 
Interval 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20  
2 1 
22 
23 
2 4  
25 
2 6 
27 
28 
29  
30 
3 1 
32 
33 
3 4 
3 5 
36 
3 7 
3 8 
39 
4 0  
4 1  

6.0 
12.0 
18.0 
24.0 
30.48 
36.0 
4 1.0 
46.0 
51.0 
56.0 
61.0 
66.0 
71.12 
7 1.28 
7 1.438 
72.87 
74.2950 
74.3458 
74.3966 
74.447 
74.6 06 
74.76 5 
76.000 
77.622 
79.080 
80.580 
82.272 
83.772 
85.080 
86.580 
87.932 
89.532 
9 1.080 
92.580 
93.782 
95. 122 
96.680 
98.480 
99.982 

101). 982 
10 1.980 

i 
2 

T 
3 
3 
3 
3 
5 
5 
5 
4 
4 
6 
6 
7 

f 
7 



TABLE 2 

AXIAL MESH DESCRIPTION 
(See Figure 4 of Addendum) 

(Sheet 2 of 3) 
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Notes 

F i r s t  sodium slab assem- 
bly, Foil No. 6 

Stainless steel + gaps, 
PRD No. 2 

PRD No. 3 

Second sodium slab 
assembly 

PRD No. 4 . 

Mesh Z 
Interval I (cmi 1 4. Composition 

42 103.022 7 
43  104.292 8 

4 4  108.080 
45  112.580 
46 117.580 
47 122.072 1 
48  124.112 7 

49  125.112 
50 126.580 
5 1 128.080 
52 129.580 
53 131.080 
5 4 132.580 

..55 134.0-80 
5 6 135.542 
57 136.542 
58 137.980 
59 139.380 
6 0  140.780 
6 1 142.080 
6 2  143.480 
63  144.980 
6 4  146.380 
65 147.472 1 
66 152.580 9 

i 

67 
68  
6 9  
70 
7 1 
72  
73 
7 4  
75 
76 
77 

157.580 
162.6 17 
166.6 17 
17 1.980 
177.380 
182.780 
188.180 
193.580 
198.980 
204.380 
209.780 

78 214.782 9 



TABLE , . 2 

AXIAL MESH DESCRIPTION 
(See Figure 4 of Addendum) 

(Sheet 3 of 3) 
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Notes 

Iron Slab, PRD No. 5 

Third sodium slab 
assembly 

Foil No. 16 

Foil No. 17 

Mesh 1 Z Interval (cm) 

79 
8 0 
8 1 
82 

53 
84 
85 
86 
8 7 
88 

89 90 
9 1 
92 
93 
94 
9 5 
96 
9 7 
9 8 
99 

100 

$ Composition 

11 
11 
11 

2 16.472 
218.172 
219.862 
225.080 

230.080 
235.080 
240.080 
245.080 
250.522 
256.522 
26 0.080 
265.080 
270.080 
275.080 
280.080 
284.542 
288.542 
294.080 
299.080 
304.080 
311.080 
3 18.92 

v 

10 

10 



Figure 2. Atom Densities for F F T F  Radial Shield Benchmark (atomslbarn-cm) 

ELEMENT 

B 

C 

Na 

0 

COMPOSITION 

1 

0.0802 

2 

0.00001 

5 3 4 

0.0395 

0.00987 

6 7 

0.0000497 

8 

0.01 9805 

9 

0.02242 1 

10 

0.022852 

11 

0.00019 



In order to specify a fixed source, S., for a volume element of the fission 
1 

plate, a radial fission activity plot was made on the back of the fission plate, 

using fully enriched u~~~ foils. The relative activity, ai- 12, was obtained a t  . 
the center of each radial mesh interval. These activities were  then normalized, 

so  that 'the source integral i s  1 neutronlsec. Fo r  this benchmark calculation, 

it  i s  assumed that the source i s  flat, axially. . Then: 

where d, the fission plate thickness, equals 0.1524 cm. Si i s  tabulated in 

Table 3. S, by interval, i s  to be multiplied by X .  to obtain the fixed source in 
J .  

Energy Croup j . 
TABLE 3 

RADIAL MESH DESCRIPTION AND FIXED SOURCE 

"For all  detector data, 7.49 x 1013 neutronslsec normal- 
izes the calculation to 1 -kw fission plate (F. P. ) power, a s  
used in the data reported in the benchmark specification. 
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Fission Plate source" 
(1 neutronlsec) 

0.010313 
0.010275 
0,0101765 
0.0 1006496 
0.0097802 ' 

0.0093097 
0.0085052 
0.00742848 
0.00534829 
0.0038750 

Mesh 1 r Int e rva I (cm) 

1 .  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 

2.86625 
5.7325 
8.59875 

11.4650 
14.33 125 
17.19750 
20.06375 
22.93000 
26.70500 
30.48 
36.032 
4 1.584 
47.136 
52.688 
58.240 
63.792 
6 9.344 
74.8 96 
8 0.44 8 
86.000 



T A B L E  4 

G R O U P  F L U X  INTEGRALS - F F T F  SHIELD S P E C T R A  

C r o u p  

Detector  Pos i t ion  = 89.54 c m  

- ( ~ 1 0 7 )  (X 107) (X 107) (X 107) 

Detector  P o s i t i o n  = 25.4 c m  

(x  108) 

Detector  

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

AI-AEC- 13048 

14 

20.450 + 0.744 
15.069 * 0.461 
13.021 0.311 
12.785 + 0.174 
9.197 + 0.08 1 
6.397 + 0.038 

4 
5 
6 
7 
8 
9 

10 
11 
12 
l 3  
14 
15 

8.1 a t m  CH4 0.8 a t m  H2 
2.63 a t m  H2 + 
0.263 a t m  CH4 2.63 a t m  CH4 

Detector  Pos i t ion  = 49.54 c m  

(x  108) 

11.628 * 0.256 
9.674 + 0.218 
9.758 * 0.179 

10.190 + 0.114 
8.222 + 0.057 
4.849 0.028 

4 
5 .  
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Detector  Pos i t ion  = 142.24 c m  

(X 107) (X 107) 

10.309 t 0.271 
8.354 0.190 
6.966 * 0.142 
7.272 + 0.087 
5.522 + 0.043 
4.077 * 0.021 

8.129 + 0.186 
11.392 + 0.149 
12.277 + 0.112 
11.690 + 0.070 

8 
9 

10 
11 
12 
13  
14 
15 

Detector  Pos i t ion  = 60.94 c m  

1.576 * 0.065 
4.070 + 0.068 

1.458 i 0.033 
1.455 + 0.033 
2.012 + 0.029 
1.992 + 0.020 
1.681 * 0.011 . 
1.198 * 0.005 

0.212 + 0.034 
0.639 + 0.034 
1.813 + 0.034 

0.500 + 0.015 
0.906 + 0.024 
1.466 + 0.012 
2.011 + 0.009 



V. EXPERIMENTAL RESULTS 

. . 

The measured values of the F F T F  shield spectra were  integrated a s  

appropriate, and group flux integrals, defined by 

! 
were obtained at  the several detector positions. These group values, p re -  

sented in Table 4, were obtained f rom Tables 3 through 6 in the Addendum. 

Table 5 shows a tabulation of F F T F  radial shield foil activities a s  a func- 

tion of axial position, with corresponding plots shown .in Figures 3a through 3e. 
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TABLE 5 

FFTF RADIAL SHIELD FOIL RESULTS 
(Absolute saturated dps /gm-kw fission plate power) 



a. Aluminum Foil  

Figure 3. FFTF Radial Shield Foil  Results 
(Sheet 1 of 5 )  
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b. Sulfur Foil  

F igure  3. F F T F  Radial Shield Foil  Results 
(Sheet 2 of 5 )  
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D I S T A N C E  F R O M  F I S S I O N  P L A T E  

c. Cobalt Foi l  

F igure  3. FFTF Radial Shield Foi l  Resul ts  
(Sheet 3 of 5 )  
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d. Gold Foi l  

F igure  3. F F T F  Radial Shield Foi l  Resul ts  
(Sheet 4 of 5)  



D I S T A N C E  F R O M  F I S S I O N  P L A T E  C C M I  

e. Indium Foil  

Figure 3. F F T F  Radial Shield Foil  Results 
(Sheet 5 of 5) 
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VI .  SELF-SHIELDING CORRECTION FACTORS FOR FOIL DATA 

The activities of indium, cobalt, and gold were  corrected for self- 

shielding, using the data in References 1 and 2. Indium and cobalt correc-  

tions were  obtained f rom Reference 1, while the data f rom Reference 2 were 

used fo r  gold. The correction factors used were a s  follows: 

Thermal Epitherma l 

Indium 1.147 5.23 

Cobalt 1.089 2.46 

Gold 1.216 5.46 

The dead-time corrected activity was multiplied by the correction factor 

to get the non- self - shielded activity. 

V I  I .  REPORTING PROCEDURES 

Calculated group flux integrals should be compared with the similar 

experimental values given in Table 4. A listing of the comparisons, side by 

side, will be sufficient. 

In a similar  fashion, the calculated foil results should be given in a com- 

parison listing. 

ALL results  reported by the data-testing participants will be assembled, 

and a report  issued. 

It i s  imperative that each participant report in some detail any deviation 

f r o m  benchmark model specifications, in order that discrepancies in reported 

results ,  if any, may be explained. 
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Effect of LiH Interrupt on Neutron Spectrum in F F T F  
Radial Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Activation in F F T F  Radial Shield 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . a Indium Foil 

b . Gold Foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
c . Cobalt Foil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Activation in F F T F  Radial Shield 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a Sulfur Foil 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  b Aluminum Foil  

Vertical Traverses  in F F T F  Radial Shield 

. . . . . . . . .  . a Gold Foils. Position 2. 13.7 cm From Fission Plate 

. . . . . . . .  . b Gold Foils. Position 8. 58.1 cm From Fission Plate 

. . . . . . .  . c Gold Foils. Position 13. 139.1 cm From Fission Plate 

. . . . . . .  . d Gold Foils. Position 15. 178.1 cm From Fission Plate 

. . . . . . .  . e Sulfur Foils. Position 5. 28.6 cm From Fission Plate 

. . . . . .  f . Sulfur Foils. Position 11. 73.0 cm From Fission Plate 
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I. INTRODUCTION 

A se r i e s  of neutron attenuation measurements has been made in test 

shields of sodium, and of sodium-and-steel. These measurements a r e  a part  

of a continuing program of study on fast reactor shield performance. (1-3) It 

i s  the objective of this program to provide experimental data on the radiation 

attenuation properties that will ass is t  the designer in evaluating both the accu- 

racy of the nuclear data and of his analytical methods. It i s  not intended that 

the shield studies a r e  to be exact prototypes of planned reactor shield systems; 

but ra ther  that they be representative combinations of materials,  so arranged 

that they lend themselves to a good simulation of an analytical model. A com- 

parison of the experimental and analytical results will serve to establish a 

limit on the uncertainty in shield performance. 

The shielding experiment described in the benchmark i s  a combination of 

sodium and stainless steel that simulates the F F T F  radial shield. (3) The mea- 

surements, in general, include the use of foil activation techniques, using 

resonance and threshold detectors, and proton recoil neutron spectrometer 

measurements in  the range 5 kev to 2 Mev. The experimental data a r e  the 

significant end product of this program. 

I I .  TEST CONFIGURATION 

A. RADIATION SOURCE 

The radiation source for all  the measurements described here was the 

fission plate of the Shield Test  and Irradiation Reactor. The reactor i s  a 1-Mw 

pool-type reactor, fueled with a 4 x 5 a r ray  of MTR plate-type fuel elements. 

Immediately adjacent to one side of the reactor i s  a graphite thermal colurrm, 

5 ft  square by 4 ft  long. The fission plate, a 24-in. diameter by 0.060-in. 

thick disc of enriched uranium-235, i s  centered on the face of the thermal col- 

umn. This arrangement i s  shown in Figure 1. A more complete description 

of the facility i s  contained in Reference 4. 
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Figure 1. Shield Test Arrangement 

ALUMINUM 
COVER PLATE 

Figure 2. Details of Fission Plate 
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The details of the fission plate a r e  .shown in Figure 2. There  i s  a 1-118- 

in. thick aluminum plate.on the therinal  column side of the  fission plate, in 

which i s  mounted an electr ical  heater  for  thermal  calibration and a cooling coil 

for  heat removal. The fission plate i s  covered with a 118-in. 'thick bora l  plate 

and a 118-in. thick aluminum plate. The overal l  assembly i s  33-314 in. wide 

by 33 in. high. The face of the thermal  column i s  covered by a 118-in. thick 

bora l  plate, in which the re  i s  a 27 -in. square  opening (filled with aluminum). 

B. TEST SHIELDS 

The tes t  shields consist  of slabs of the tes t  mater ia ls ,  a r ranged on a c a r -  

riage and positioned adjacent to  the f iss ion plate, a s  shown in  Figure 3. The 

mater ia ls  used include the following: 

1) Sodium- The sodium slabs consist  of a 60 by 60 by 12 in. slab of 

sodium, clad in 6 06 1 T6 aluminum. The aluminum i s  1 I4 in. thiclc 

in the 12 in. dimension, so that the total  thickness of each slab i s  

12 - 1 I2 in. One slab with 6 in. of sodium was made a s  a pa r t  of this 

set. The sodium used was reac tor -grade  material .  Details of the 

fabrication of these s labs a r e  contained in Reference 1. 

2) Iron - The i ron  s labs a r e  commercial-grade 1020 steel  (0.2% carbon 

in iron). They a r e  60 by 66  in. , with the longer dimension vertical. 

There  a r e  s ix  112-in. , six 1 -in. , and s ix  2-in. thick slabs. 

3) Stainless Steel. - P l a t e s  of Type 304 stainless  steel,  1 and 2 in. . . 
thick with t r ansve r se  dimensions of 60 by 60 in. were  used. The 

average composition, f rom the  vendor 's  analysis report ,  was a s  . . 

follows: 

E Lement wt 7'0 

0.058 
1.43 
0.023 
0.015 
0.43 
0.13 
9.58 

18.76 
0.23 

Balance. 
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Figure 3. Typical Test Shield Configuration 
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" .  

Holes w e r e  cut into: (1) the 2 in. s ta inless  steel,  (2) one 2 in. i ron,  and 

(3) two sodium slabs,  for  insertion of the  neutron spectrometer .  In the s tee l  

and iron, these  w e r e  2-in. square slots,  extending f r o m  the top to  slightly 

below the center. When the detector was not in the hole, jt was  filled with the 

original mater ial .  The sodium slabs had 2 -in. d iameter  holes, lined with thin 

wall aluminum tube, and filled with aluminum when not i n  use. 

C. F F T F  RADIAL SHIELD 

A shield representat ive of the ma te r i a l s  in  the rad ia l  direction of the  F F T F  

was studied. The ma te r i a l s  used included the following: 

9 in. s ta inless  s tee l  

6 in. sodium 

9 in. stainless' s tee l  

24 in. sodium 

2 in. i ron  

36 in. sodium 

The ,2 in. of i ron  corresponds to  the reac tor  vesse l  position. The dimen- 

sions of this  assembly a r e  given in  F igure  4, and listed in Table 1. Two 6 in. 

lithium hydride s labs w e r e  substituted fo r  the f i r s t  12 in. sodium slab, when 

checking the room re tu rn  background. 

In a l l  these  tes t s ,  additional shielding was  used around the assembly to  

attenuate neutrons escaping f rom the t e s t  shield in  a high flux region, s ca t t e r -  

ing f r o m  the walls of the room, and returning to  the shield in a region of'low 

flux to  contribute a background e r r o r .  

Lithiurn hydride s labs,  5 ft square  by 7 in. thi.ck, were  placed along the 

s ides  of the front half of the assembly. Five-foot square  by 2-in. thick lithium 

hydride plus 114-in. thick boral  s labs w e r e  placed along the back half of the 

assembly. Three  -inch thick paraffin s labs and borated polyethylene were  

placed on top, and 2 in. of paraffin and lithium hydride w e r e  placed underneath 

the assembly. A 6-in. thick lithium hydride s lab was  placed on the back of the 

assembly. It was found, in the t e s t s ,  that these  shields were  effective in r e -  

ducing the wall  sca t te r  background e r r o r .  In some t e s t s ,  paraffin was  subst i -  

tuted f o r  lithium hydride, and no change was found in the measured  results.  
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TABLE 1 

GEOMETRY AND COMPOSITION OF EXPERIMENTAL CONFIGURATION 
. . (Sheet 1 of 3) 

AI-AEC- 13048 

Zone 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

22 

23 

24 

25 

Thickness 
(cm) 

81.28 

40.64 

0.3175 

2.8575 

0.1524 

0.3175 

0.3 175 

2.54 

5.08 

0.635 

5.08 

0.635 

5.08 

0.635 

2.54 

0.635 

5.08 

1.27 

0.635 

15.24 

0.635 

1.27 

5.08 

0.635 

5.08 

Description 

Thermal Column 

Void Cube in Thermal 
Column 

Al Square in Boral 
Sheet 

Fission Plate Assembly 

Fission Plate Assembly 

Fission Plate Assembly 

Fission Plate Assembly 

Fission Plate Assembly 

Fission Plate Assembly 

Fission Plate Assembly 

Gap 

Type 304 SS 

Gap 

Type 304 ss 
Gap 

Type 304 SS 

Gap 

Type 304 SS 

Gap 

Type 304 ss 
Gap 
Na Slab Assembly 

Na Slab Assembly 

Na Slab Assembly 

Gap 

Type 304 SS 

Gap 

Type 304 SS 

Composition 

c (a)  

(c)  

Al (dl 

Al (f) [$:: (g) 
(g) 

I B (f)  

c (f) 

Al ( f )  

Al ( f )  

ss (j)  

SS (j) 

ss (j) 

ss (j) 

SS (j) 

Al 

Na 

Al 

ss (j) 

ss (j )  

Atom Density 
3 (loz4 a t o m s ~ c m  ) 

0.0802 (b) 

0,0602 (e) 

0.0602 (e) 

0.0448 (h) 

0.00325 (h) 

0.0395 (i) 

0.00987 (i) 

0.0384 (i) 

0.0602 (e) 

( j  ) 

( j  ) 

(j ) 

(j 

( j  ) 

0.0602 (k) 

0.0248 (1) 

0.0602 (k) 

(j ) 

(j ) 



T A B L E  1 

, . 
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G E O M E T R Y  A N D  COMPOSITION O F  E X P E R I M E N T A L  CONFIGURATION 
3') 

C o m p o s i t i o n  

* .  

ss . ( j )  

ss ( j  

SS (j') 
. . 

AL 

Na 

A l  

AL 

Na 

AL 
. . .  

Fe (m) 

A l  

Na. 

A l  

A l  

Na 

A 1  

A l  

Na 

AL 

(Shee t  2 of 

D e s c r i p t i o n  
.. 

G a p  

T y p e  304 SS 

G a p  

T y p e  304 SS  

G a p  

T y p e  304 S S  

G a p  

N a  S l a b  A s s e m b l y  

N a  S l a b  A s s e m b l y  

N a S l a b A s s e m b l y  

G a p  

N a S l a b A s s e m b l y  

N a  S l a b  A s s e m b l y  

N a S l a b A s s e m b l y  

G a p  

F e  S l a b .  

~ ' a ~  

N a  S l a b  A s s e m b l y  

N a ' S l a b  A s s e m b l y  

N a S l a b A s s e m b l y  

G a p  . 

N a  S l a b  A s s e m b l y  

N a  S l a b  A s s e m b l y  

N a  S l a b  A s s e m b l y  

G a p  

N a  S l a b  A s s e m b l y  

N a  S l a b  A s s e m b l y  

N a  S l a b  A s s e m b l y  

Z o n e  

26 

27 

28 

29 

30 

3 1 

32 

33 

34 

35 

36 

37 

38 

39 

40 

4 1 

42 

43 

44 

45 

46 

47 

48 

49 

50 

5 1 

52 

53 

A t o m  D e n s i t y  
3 (loz4 a t o m s l c m  ) 

. . 

( j  ) 

( j  ) 

( j )  

0.0602 (k)  

0.0248 (1) 

0.0602 (k) 

0. 0k; 02 (k) 

0.0248 (1) 

0.0602 (k)  

0.0848 (n)  

0.0602 (k)  

0.0248 (1) 

0.0602 (k) 

0.0602 (k)  

0.0248 ' ( L )  

0.0602' (k)  

0.0602 (k) 

0.0248 (1) 

0.0602 (kj 

T h i c k n e s s  . . 
(cm) .. 

0'.635 

5.08 

0.635 

5.08 

0.635 

2; 54' 

1.27 

0.635 

3 0.48 

0.635 

1.27 

0.635 

30.48 

0.635 

. 1.27 

5.08 

1.27 

0.635 

30.48 

0.635 

1.27 

0.635 

- 30.48 

0.635 

0.635 

30.48 

0.635 



TABLE 1 

GEOMETRY AND COMPOSITION OF EXPERIMENTAL CONFIGURATION 
(Sheet 3 of 3) 

NOTES:. . 
L 

( a )  152.4 c m  square  . . 

(b) Assumes  AGOT graphite with density p = 1.7 g m / c m 3  i s  stacked with 
sma l l  gaps,  so  that effective p = 1.6 

(c )  40.64-cm square  void (40.64 c m  thick);  outside of void i s  graphite,  
152.4 c m  square  

(d) 68.58 - c m  square  aluminum; outside of aluminum i s  Boral ,  152.4 cm 
square  

(e )  Assumes  pure  aluminum, with theoret ical  density p = 2.699 g m / c m  3 

(f) 85.725 cm wi.de,, 83.82 c m  high 

(g) . 6 0.96 crn diameter  - 

(h) F i s s ion  plate uranium has  93.1770 U 2 3 5 

measur .ed m a s s  u~~~ = .7800 g m  7800 - 17.5 g m / c m  3 
volume = 7 (3 0.482) x 0.1524 = 444.8 c m  

(i) Bora l  plate 3570 B4C,' 65% A1 by weight 

( j )  P l a t e s  of Type 304 SS (152.4 c m  square)  

Average composition (wt YO), f r o m  vendor 's  analysis  repor t ,  was: 

C 0.058 Cu 0.13 
Mn 1.4 3 Ni 9.58 
P 0.023 C r  18.76 
S 0.0 15 Mo ' 0.23 
Si 0.4 3 F e  Balance 

(k) Aluminum cladding, 152.4 c m  square  
Assumes  pure  a lun~inum,  with theoret ical  density p = 2.6 99 gm/crn3 
Actual ma te r i a l  was  606 1 T -6 AL 

(I) Sodium slab, 152.4 c m  square  
measu red  sodium density p .= 0.945, g m / c m 3  

(m)  I ron  .slab, 1020 s tee l  (0.2% carbon in  i ron )  
167.64 c m  high, 152.4 c m  wide 

(n) Assumes  i ron  theoret ical  density p = 7.86 
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Ill. MEASUREMENT TECHNIQUES 

A. FOIL MEASUREMENTS 

Foil  activation techniques were used to measure the distribution of neutrons 

in  the resonance region of 1 to 300 ev and the threshold r.egion of 1 to 10 Mev. 

The reactions used include the following: 

115 
In (n ,Y)In  

116 1.46 ev 

~ u l ~ ~ ( n ,  ?)  Au 198 4.91 ev 

~0~~ (n, y )  co 60 132 ev 

s32 3 2 
P > 3  Mev 

AlZ7 (n,a) Na 
24 

>8.1 Mev 

The foils were beta counted on scintillation counters, and the counting 

ra tes  were  converted to saturated activities by using a computer data reduction 

code. All activities were  adjusted to a standard irradiation condition of 1-kw 

fission plate power. This adjustment was made by using the signals from the 

four neutron ionization chambers in the thermal column a s  s e ~ o n d a & ~  standards 

for  flux calibration. 

The detection efficiency of the scintillation counters .was determined by 

counting one foil of each type in an absolute system. The sulfur foil was 

counted in a calibrated 2~ gas-flow proportional counter, and all  of the other 

foils were  counted in  a beta-gamma coincidence counting system. 

B. PROTON RECOIL NEUTRON SPECTRA MEASUREMENTS 

A proton recoil spectrometer was used to determine the-differential neu- 

t ron spectra from - 5  kev to 2.3 Mev a t  several locations in the shield experi- 

ment. These data cover the range between the resonance and threshold region 

for  the foil detectors, and includes a very important portion of the fast  reactor 

shield leakage spectrum. Spherical, gas -filled, proportional counters were 

used in the manner described by P. W. Benjamin, C. D. Kemshall, and 

A. B r i c k ~ t o c k . ' ~ )  A computer code written by them was used to analyze the 

raw data taken in the measurements. 



The neutron detectorswere  stainless steel spheres, manufactured by 20th 

.Century Electronics, Ltd. (6,7), with a 3.94-cm ID and a 0.0508-cmwall thick- 

nes s. The centra l  anode was a 0.0025 -cm tungsten wire. Several detectors 

we-e used, each having a different filling of hydrogen, methane, or  hydrogen- 

and-methane gas. Most of the detectors also had a small amount of nitrogen 
14 14 

gas for energy calibration. In a thermal neutron flux, the N (n,p) C pro- 

duces a 6 15-kev pulse (proton plus carbon-14 ion) which serves a s  a useful 

calibration point. 

The detectors were operated with a positive high voltage on the anode wire, 

and with the outer shell grounded. Neutrons entering the detector produce 

recoil protons in the hydrogeneous fill gas. Each proton ionizes the gas, and 

the electrons a r e  collected on the central anode wire. The charge collected i s  

proportional to the energy of the proton. Neutrons of a given energy. produce 

, , ' .  recoil protons, continuously'distributed in'endrgy from zero to the energy of 

the neutrons. 

In the shielding experiments, there was a large gamma-ray contribution 

accompanying the neutrons. The gammas strike the detector walls, producing 

electrons which ionize the gas along with the. recoil protons. Since the ele'c- 

trons a r e  less strongly ionizing than protons, they travel much farther for the 

same energy loss to the gas. The largest energy deposition from an electron 

corresponds to i ts  traversing the full diameter of the chamber. ALL energy 

deposits above this value can only result from recoil protons, while those below 

can be either neutron- o r  gamma-induced events. This "cut-off" energy varies 

with detector gas pressure  only, since all  the detectors were the same size. 

As a result of this cut-off energy, each detector may be used without com- 

pensation for gamma-ray background above the cut-off. The influence of gamma 

rays below this limit depends upon the ratio of neutrons to gamma rays at  the 

point of measurement, and will vary over the shield under test. The lower the 

gas pressure  in a particular chamber, the lower will be the limiting energy. 

With the lowest pressure  detector (0.8 a tm H ), this limit was -50 kev. Below 2 
. this energy, gamma-induced events were removed by two-parameter (energy 

and r iset ime) gamma discrimination. (8 
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Some of the protons str ike the wall,of the ch.amber.bef0r.e losing al l  of 

their  energy, and hence give erroneous pulse height data. The relative number 

that s t r ike  the wall increases  a s  the energy, and hence the range of the protons, 

 increase,^. Conversely, higher gas pressure.s.decrease the.range arid increase 

the useful energy range. ULtimately,. these effects. establish an-  upper energy : 

Limit for  each detector. The computer code of. Benjamin et al. (5) ca,lculatks an -- 
approximate correction for the. wall effect, and the limit of this approximation 

establishes the upper limit for data analysis with each detector. Table 2 gives 

the detector gas fillings, together with their lower energy limit (for pingle- 
. . . . 

parameter  analysis) and their  upper limit from the wall effect. . . 

TABLE 2 

.,* -'Emin may be considerably higher than this, in 

regions where the gammalneutron ratio iB very 
high. . . 

DETECTOR FILLINGS AND ENERGY LIMITS 
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E E 
P r e s s j r e  I min 1 m a r  

(atm) (Mev)": (Mev) 



IV. RESULTS 

Measurements were  made of the neutron spectra and of the activation of 

indium, gold, cobalt, sulfur, and aluminum foils in a mockup of the region 

- surrounding the F F T F ,  core. Attempts to measure  the thermal neutron flux, by 

using ba re  and cadmium-covered copper foils, were  not successful, because of 

the very low thermal flux component, in comparison to the resonance flux. 
. . 

The neutron spectra a t  five positions in the F F T F  radial shield a r e  shown 

in Figure 5. Data a r e  listed in Tables 3 through 6. The spectra were  also 

measured with a lithium hydride slab relilacing the sodium slab following the 

second stainless steel region. The change in spectra (with the lithium hydride 

data multiplied by 100) i s  shown in Figure 6. 

The attenuation of neutrons, a s  measured by use of indium, gold, and 

cobalt activities, i s  shown in Figures 7a, b, and c. The fast neutron flux, a s  

measured with sulfur and aluminum detectors,  i s  shown in Figures 8a and b. 

The vertical t r averses  through the shields, using gold and sulfur foils, a r e  

shown in Figures 9a through f. The flux shapes indicate positive buckling, with 

no significant evidence of in-leakage e r ro r s .  Gold foil data on the lithium 

hydride interrupt a r e  shown in Figure 7b. The contribution of wall scattered 

neutrons varies  between 47'0 at 130 cm and 207'0 a t  210 cm. 

The statistical e r r o r s  in the one-parameter proton-recoil  data vary uni- 

formly, f rom about *I010 a t  the lower energy limit of each detector to about *lo70 

a t  the upper energy limit of each detector. Systematic bias in the two-parameter 

data below 50 kev may be a s  large a s  20010 at 26 kev and 50% at  5 kev. 
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Figure 5. Neutron Spectra in F F T F  Radial Shield 
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TABLE 3 
F F T F  SHIELD SPECTRA 

cp(u) A T  1-kw F. P. POWER 
(0.8 atm H2 Detec to r )  

c m  

70 E r r o r  

0.4 

0.5 

0.6 

0.6 

0.7 

0.8 

0.8 

0.9 

1 .o 
0.9 

1.5 

1.5 

1.2 

1.6 

1.2 

1.3 

1.3 

1.3 

2.2 

2.6 

3.4 

4.0 

3.5 

3.6 

2.7 

2.7 

3.0 

3.1 

2.7 
2.7 

3.1 

3.6 

4.4 

5.4 

4.8 

3.4 
3.2 

5.0 

49.54 

cp[u) ( l o 9 )  

0.795 

0.777 

0.796 

0.828 

0.9 14 

1.02 

1.09 

1.15 

1.17 

1.16 

1.13 

1.15 

1.31 

1.45 

1.61 

1.86 

2.06 

1.86 

1.38 

1.14 

1.04 

0.999 

1.17 

1.41 

1.75 

1.65 

1.79 

2.08 

2.34 
2.40 

2.30 
1.74 

1.72 

1.93 

2.22 

2.61 
2.85 

2.03 

c m  

% E r r o r  

0.3 

0.4 

0.5 

0.6 

0.6 

0.7 

0.7 

0.8 

0.9 

0.8 

1.3 

1.3 

1.1 

1.5 

1.1 

1.1 

1.1 

1.1 

2.2 

2.4 

3.0 

3.7 

3.0 

2.9 

2.0 

2.0 

2.1 

2.1 

1.8 
2.0 

2.4 

3.1 

3.1 

3.3 

3.3 

2.5 
2.7 

3.9 

- 

60.94 

~ ( u )  ( l o 8 )  

4.66 

4.05 

3.80 

3.87 

4.20 

4.78 

5.36 

5.59 

5.79 

5.67 

5.48 

5.37 

6.06 

7.11 

8.46 

9.78 

11.30 

10.59 

7.39 

4.81 

3.68 

5.45 

6.63 

7.84 

8.12 

7.71 

8.33 

9.39 
9.74 

9.81 
10.8 

9.37 

7.48 

6.98 

9.62 

12.2 
13.6 

9.33 

c m  

% E r r o r  

0.3 

0.5 

0.7 

9.8 

0.9 

1.0 

1.0 

1.1 

1.2 

1.1 

1.8 

2.1 

1.6 

2.0 

1.5 

1.4 

1.4 

1.4 

2.8 

3.9 

5.9 

4.6 

3.6 

3.6 

4.0 

2.0 

2.1 

2.1 

2.0 
2.3 

2.3 

2.6 

3.3 

4.1 

3.5 

2.5 
2.5 

3.7 

89.54 

cp(u) ( lo8)  

0.372 

0.689 

0.954 

1.14 

1.30 

1.45 

1.58 

1.70 

1.75 

1.86 

1.84 

1.86 

1.93 

2.10 

2.15 

2.24 

2.32 

2.19 

1.91 

1.'83 

1.66 

1.88 

1.77 

1.83 

1.85 

1.79 

1.9 1 

2.30 

2.50 

2.49 

2.46 

2.21 

2.15 

2.17 

2.45 

2.52 

2.39 

2.03 

c m  

70 E r r o r  

0.7 

0.6 

0.5 

0.6 

0.6 

0.6 

0.7 

0.7 

0.8 

0.7 

1.1 

1.1 

0.9 

1.3 

1.1 

1.2 

1.3 

1.2 

2.0 

1.9 

2.4 

2.4 

2.4 

2.7 

3.1 

1.8 

2.0 

1.9 
1.7 

1.9 
2.1 

2 . 3  

2.3 

2.7 

2.7 

2.3 
2.7 

3.2 

142.24 

(P(u) ( l o 7 )  

2.03 

2.41 

2.62 

2.76 

2.98 

3.18 

3.49 

3.62 

3.76 

3.66 

3.73 

3.70 

3.92 

4.08 

4.53 

4.80 

5.08 

4.81 

4.01 

2.98 

2.79 

2.49 

2.64 

2.78 

2.81 

3.02 

3.47 

3.79 
3.84 

3.25 

2.66 

2.06 

2.26 

2.45 

2.36 
2.44 

1.80 
, , 

c m  

% E r r o r  

0.4 

0.4 

0.5 

0.5 

0.6 

0.6 

0.7 

0.7 

0.6 

1.0 

1.0 

0.9 

1.3 

1.0 

1.0 

1.1 

0.9 

1.3 

1.4 

2.1 

2.5 

2.7 

2.9 

3.1 

1.7 

1.8 

1.8 

1.5 
1.6 

2 .1  

2.4 
3.1 . 
3.1 

3.2 

2.9 
3.1 

4.1 



TABLE 4 
F F T F  SHIELD S P E C T R A  

cp(u) AT 1-kw F.P. POWER 
(2.63 a t m  Hz + 0.263 a t m  CH4 Detec to r )  

E 
(kev) 

26.5 

29.2 

33.2 

37.1 

39.8 

42.4 

46.4 

50.4 

54.4 

59.7 

65.0 

70.3 

76.9 

83.6 

90.2 

98.1 

106 

115 

126 

137 

149 

162 

176 

192 

208 

225 

245 

267 

2 89 

3 14 

342 

373 

406 

440 

479 

25.40 

V(U) ( 1 o9 ) 
4.22 

4.18 

3.37 

2.55 

2.68 

2.88 

3.26 

3.43 

3.30 

3.35 

3.78 

4.15 

4.46 

4.56 

3.89 

3.07 

3.47 

4.63 

5.81 

6.28 

4.86 

4.20 

5.16 

4.75 

4.18 

5.00 

5.49 

6.84 

7.01 

7.44 

6.29 

6.33 

4.80 

4.80 

5.46 

c m  

70 E r r o r  

0.3 

0.4 

0.4 

0.8 

0.9 

0.9 

0.7 

1.0 

0.9 

1.1 

1.1 

1.2 

1.0 

1.4 

1.5 

2.2 

2.2 

1.6 

1.5 

1.6 

1.9 

2.6 

2.1 

2.7 

3.5 

3.0 

2.8 

2.6 

2.5 

2.4 

3.0 

3.1 

4.2 

4.9 

4.6 

49.54 

C P ( ~ )  ( lo9  

2.18 

2.05 

1.69 

1.39 

1.44 

1.55 

1.69 

1.74 

1.69 

1.89 

2.14 

2.15 

2.20 

2.10 

1.74 

1.53 

1.78 

2.14 

2.47 

2.49 

1.90 

1.73 

2.08 

1.88 

1.64 

1.95 

1.97 

2.54 

2.43 

2.22 

1.97 

1.88 

1.57 

1.44 

1.49 

89.54 

( ~ ( u )  ( lo8)  

2.82 

2.68 

2.49 

2.32 

2.33 

2.36 

2.38 

2.27 

2.15 

2.27 

2.63 

2.67 

2.68 

2.52 

2.25 

2.18 

2.38 

2.56 

2.63 

2.50 

2.08 

1.95 

1.94 

1.72 

1.49 

1.42 

1.51 

1.82 

1.79 

1.46 

1.05 

0.873 

0.616 

0.622 

0.699 

60.94 

( ~ ( u )  ( l o 8 )  

11.2 

10.1 

7.61 

6.33 

7.03 

7.99 

8.83 

8.85 

8.36 

8.68 

9.27 

9.4 1 

9.95 

10.4 

8.70 

7.03 

7.32 

9.45 

12.1 

12.4 

8.97 

8.26 

9.30 

8.01 

7.32 

8.52 

8.97 

10.7 

10.6 

9.89 

8.28 

7.32 

5.11 

4.81 

4.64 

c m  

% E r r o r  

0.2 

0.3 

0.3 

0.6 

0.7 

0.7 

0.6 

0.8 

0.7 

0.8 

0.8 

0.9 

0.8 

1.2 

1.3 

1.6 

1.6 

1.3 

1.3 

1.4 

1.7 

2.2 

1.8 

2.3 

3.0 

2.5 

2.5 

2.2 

2.3 

2.5 

2.8 

3.0 

3.7 

4.5 

4.5 

c m  

% E r r o r  

0.2 

0.3 

0.3 

0.4 

0.5 

0.5 

0.4 

0.7 

0.6 

0.7 

0.7 

0.7 

0.6 

1.0 

1.0 

1.1 

1.2 

1 .O 

1.1 

1.2 

1.4 

1.7 

1.6 

2.0 

2.6 

2.6 

2.4 

2.2 

2.1 

2.5 

3.3 

2.9 

5.5 

6.1 

5.4 

c m  

% E r r o r  

0.2 

0.3 

0.3 

0.6 

0.6 

0.6 

0.5 

0.7 

0.6 

0.7 

0.8 

0.9 

0.7 

1 .O 

1.1 

1.5 

1.7 

1.2 

1.1 

1.2 

1.5 

1.9 

1.7 

2.2 

2.8 

2.3 

2.2 

2.1 

2.1 

2.1 

2.5 

2.9 

4.1 

5.0 

5.3 

142.24 

( P ( ~ ) ( ~ O ~ )  

6.17 

5.89 

5.15 

4.32 

4.11 

4.12 

4.18 

3.98 

3.82 

3.96 

4.08 

4.02 

3.68 

3.08 

2.40 

2 12 

2.17 

2.28 

2.22 

2.09 

1.64 

1.34 

1.29 

1.16 

0.908 

0.881 

0.975 

1.10 

0.975 

0.683 

0.501 

0.387 

0.347 

0.276 

0.266 

c m  

% E r r o r  

0.1 

0.2 

0.2 

0.3 

0.4 

0.4 

0.3 

0.5 

0.4 

0.5 

0.5 

0.6 

0.5 

0.8 

0.9 

1.2 

1 .3  

1 1  

1.2 

1.4 

1.6 

2.1 

2 .1  

2.6 

3.6 

3.5 

3.1 

2.9 

3.0 

4.0 

5.1 

6.4 

7.0 

9.3 

9.2 



c m  

% E r r o r  

TABLE 5 
F F T F  SHIELD SPECTRA 

cp(u) AT l-kw F. P. POVTER 
(2.63 

49.54 

( l o 9 )  

2.50 

2.26 

2.2 1 

2.05 

1.83 

1.55 

1.56 

1.58 

1.49 

1.18 

1.09 

0.854 

0.736 

0.607 

0.658 

0.608 

0.447 

0.396 

0.379 

c m  

% E r r o r  

0.9 

1.1 

1.0 

1.2 

1.5 

1.6 

1.8 

1.7 

1.9 

2.6 

2.7 

3.3 

4.4 

4.6 

5.3 

5.1 

7.0 

8.2 

10.5 

a t m  CH4 Detector) 

60.94 

' ( ~ ( u )  ( l o 8 )  

10.4 

10.1 

4.47 

8.29 

7.28 

5.53 

5.08 

4.85 

4.79 

4.23 

3.48 

3.54 

2.62 

1.00 

1.84 

1.90 

1.46 

1.24 

0.388 

89.54 

cp(u) ( l o 7 )  

16.5 

15.2 

12.7 

9.93 

7.95 

6.53 

5.97 

5.95 

5.63 

3.57 

2.99 

1.98 

1.21 

1.46 

1.37 

0.911 

0.808 

0.745 

c m  

$ E r r o r  

0.8 

0.9 

0.9 

1.1 

1.3 

1.6 

1.9 

1.9 

2.1 

2.6 

2.5 

2.7 

3.3 

4.4 

5.9 

5.0 

6.4 

7.5 

12.3 

c m  

70 E r r o r  

0.9 

1.0 

1.0 

1.4 

1.9 

2.0 

2.4 

2.2 

2.5 

4.0 

4.1 

6.5 

9.1 

9 .3  

8.5 

12.4 

13.8 

17.2 

142.24 

( ~ ( u )  ( l o 6 )  

10.7 

9.13 

7.21 

5.22 

3.94 

3.15 

2.69 

2.76 

1.83 

0.987 

0.561 

0.473 

0.368 

0.192 

0.332 

0.349 

c m  

% E r r o r  

1.1 

1.4 

. 1.5 

2.1 

2.8 

* 3.1 

3.8 

3.3 

5.0 

9.7 

14.2 

20.5 

23.3 

46.0 

28.0 

31.6 



TABLE 6 
FFTF SHIELD SPECTRA 

cp(u) AT I-kw F .  P .  POWER 
(8.1 atm CH4 Detector) 

cm 

% Error 
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1 2  - 
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1 0  - \ PARAFFIN SIDE AND BACK 
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a FIRST 1 2 . 5  in.  Na SLAB REPLACED WITH 
13 in. LiH (DATA x 1 0 0 )  

8 - \ 
O 0 0 0 

\ 

6 - - 

4 - - 
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- BELOW 8 0  kev - 

4 A - A T 
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Figure  6. Effect of LiH Interrupt  on Neutron ~ ~ k c t r u r n  
in FFTF Radial Shield. 
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DISTANCE FROM FISSION PLATE (cm) 

7 7 4 1 - 5 6 1 6  

DISTANCE FROM 
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Figure  7. Activation in F F T F  Radial Shield 

a. Indium Foil  
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b. Gold Foil  

c. Cobalt Foil  
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Figure  8. Activation in F F T F  Radial Shield 
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1 6 0  

g 1 2 0  - 
, L  
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a 8 0  
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c. Gold Foi ls ,  Posit ion 13, 
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Figure  9. Ver t ica l  T r a v e r s e s  in F F T F  Radial Shield 
(Sheet 1 of 2 )  
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