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ABSTRACT

The neutron attenuation of magnetite concrete is measured after

heating the concrete to 100 C, 200 C, and 300 C. The experimentally

determined relaxation lengths are compared to the value calculated from

the concrete composition. Transverse streaming effects and temperature

distributions are reported.
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THE EFFECT OF TEMPERATURE ON THE NEUTRON

ATTENUATION OF MAGNETITE CONCRETE

INTRODUCTION

The present work is a continuation of the program to determine the

attenuation properties of concretes operated at elevated temperatures.

The attenuation properties of the unheated concretes have been reported in

HW-36370(1), and the tests at higher temperatures for two other concretes

are reported in HW-54656.(2) The program is intended to establish the

attenuation properties of concrete shields which are penetrated by high

temperature coolant tubes. Since insulation of the shield would be expensive,

it is desirable to consider allowing the shield to operate at a temperature

near that of the coolant, and specify the thickness required as determined

from this series of experiments.

SUMMARY

The neutron attenuation of magnetite concrete is reduced because

of the water loss occurring at high temperatures, indicating that a shield

designed for this service must be thicker than would be expected from room

temperature measurements.

The fast neutron attenuation curve deviates from a pure exponential

at shield thicknesses greater than 28 inches. This can be partially explained

by the form of the attenuation function for an isotropic plane source, but the

remaining deviation must be attributed to spectral hardening in the outer

region of the shield. The "fast removal theory" using effective removal

cross sections determined at Oak Ridge(3) adequately predicts the attenua-

tion of fast neutrons in the concrete, with the exception of the spectral

hardening effect in the outer portion of the shield. The experimental and

calculated relaxation lengths agree within four per cent, which is the best

that can be expected considering the difficulty in determining the concrete

composition accurately.
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The effect of neutron streaming up the edges of the test well is

investigated for both fast and slow neutrons. The fast neutron traverses

are not seriously affected by the streaming. However, the thermal neutron

traverses show large streaming effects in the outer layers. These effects

appear near the edges of the outer layers, but foils irradiated in the central

region of these layers are probably not affected, since no large deviations

appear in the attenuation curve.

Thermocouple readings taken during the tests indicate that all parts

of the test well are below 91 C during irradiation.

METHODS

The methods used in the earlier tests are discussed by Bunch and

Tomlinson(1, 2, 4, 5) and will be summarized below. In the later experiments

the procedures were modified to provide increased reliability and sensitivity.

The vertical shield test wells are two openings in the top shield of

the reactor, 3 feet square at the bottom, increasing in steps to 3-1/2 feet

square at the top. The wells are approximately 3-1/4 feet from the last

row of process tubes, with the graphite reflector and iron thermal shield

in between. The wells are four feet deep, allowing study of an attenuation

range of 105 to 108 for fast neutrons, depending on the properties of the

test shield used. A hoist is provided to remove test slabs from the well

and replace them, but all other operations are manual.

The shield test material is formed in slabs to fit the steps in the well

with a small clearance allowed for ease of removal. The magnetite concrete

was poured in eleven slabs with the bottom one 7-1/2 inches thick and the

rest 4 inches thick. Steel channel was used around the edges to prevent

chipping and provide a firm anchor for the hoist. Two slots are cast in the

top of each slab, crossing in the center, to provide space for strips of wood

or metal carrying neutron-detecting foils. A single slot is cast in the center

of the bottom side of the bottom slab. Foils of sulphur, gold, and cadmium-

covered gold are loaded in the carrier strips and irradiated for several weeks

before removal for counting.
UNCLASSIFIED
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Gold foils, bare and cadmium-covered, are used to detect thermal

and epithermal neutrons. Two sizes are used, 7/8-inch and 1/4-inch

diameter (both 6 mils thick), to allow a wide detection range and still allow

counting without waiting too long for decay. The S32(n, p) P32 threshold

reaction is used to detect fast neutrons. Sulphur powder is pressed into

discs 7/8-inch diameter and 3/32-inch thick which are then handled in the

same manner as the gold foils. In more recent tests much larger sulphur

pellets were used following the Oak Ridge technique. (6) These pellets weigh

15 to 20 grams instead of about 1. 4 grams and are cast instead of pressed.

The pellets are burned after irradiation to reduce self-absorption of the P3 2

betas, increasing the resulting counting rate by 10-20 times, depending on

the size of the pellet. The tests at Oak Ridge indicate over 95 per cent

retention of the P32 during the burning. It is also possible to burn even

larger foils or several foils in the same planchet to increase the sensitivity

still further.

The foils from the earlier tests were counted with shielded end-

window Geiger counters and corrected for foil size, decay, irradiation time,

counter efficiency, and background. (4) Recently the counting room has been

converted to continuous-flow, thin-window proportional counters with lower

background and increased efficiency for beta counting. An automatic sample

changer' is used for some of the runs.

Standardization of the gold foils is provided by irradiation of several

foils in positions of known flux in the Hanford Standard Pile , and counting

the foils in the same manner as the test foils. No standardization of'the

sulphur foils is available at the present time.

A stack of lucite plates with gold foils between is used on top of the

concrete slabs to obtain an approximation to the energy of the leakage

neutrons coming through the test shield. Oleson(8) discusses the determina-

tion of average neutron energy by means of foil traverses through paraffin

slabs. In general, such a traverse shows a peak near the front face of the

paraffin and an exponential decrease farther in. The position of the peak
* Nuclear - Chicago Model C110B
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and the subsequent relaxation length provide a rough measure of the average

energy of the incident neutrons. This lucite stack (called the "lucite integra.-

tor") was surrounded by at least eight inches of paraffin to reduce effects

from general background. In later tests, the temperature at the surface of

the well became too high for paraffin, so the background shield was replaced

by concrete blocks. The integrator is about 10 inches thick and generally

shows background effects only in the last inch or two.

The concrete is heated in an oven about 6 ft. x 6 ft. x 7 ft. for the

high temperature attenuation tests. The slabs are placed in the oven with

spacers between to allow circulation, and heated for several weeks. Thermo-

static controls maintain a constant temperature in the oven, and a fan

provides air circulation and removes gases evolved from the concrete.

After heating, the slabs are weighed on a large platform scale and returned

to the test well.

CONCRETE COMPOSITION

The initial composition of the concrete was previously reported( 1)

and is quoted in Table I. The composition at each heating step was deter-

mined by assuming that all weight loss was water. Previous studies(2)

showed that the evolved gases were essentially all water, although traces

of other gases were detected. The weight changes and resulting densities

from Table II were converted to water losses as recorded in Table I.

Corrections for the iron frames were made for the density reported in

Reference 1 and are not affected by the heating steps. The weights of

individual slabs are taken to 2 pounds, but fluctuations in scale calibra-

tion and ambient humidity subject the water loss estimates to considerable

uncertainty. The weight change at each heating step is known only within

25 per cent, determined from the reproducibility of weighings between

heating steps.

UNCLASSIFIED
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The uncertainty in water content makes it necessary to use the

experimental data. primarily for design purposes, taking precautions to

keep the water content at least as high as in the experimental samples.

These uncertainties make an analysis in fundamental terms difficult, but

the data are useful in design since a concrete ca.n be specified for

construction which matches or exceeds the attenuation of the test samples.

ATTENUATION CURVES

Curves of relative neutron flux as a. function of position in the test

shield are obtained by plotting the saturated activities of the foils. These

curves are normalized from one experiment to the next at seven inches

from the thermal shield to avoid interface effects at the thermal-biological

shield boundary. Figures 1, 2, and 3 are the attenuation curves for sulphur,

cadmium-covered gold, and bare gold detectors, respectively. The relative

flux values are listed in Table III.

The fast neutron traverses follow the attenuation function derived

in the Appendix except for a slight concavity near the thermal shield and

the points beyond 31 inches for the 300 C case. The concavity near the

thermal shield is due to a. change in the fast neutron spectrum above the

sulphur threshold (about 3 Mev). Attenuation in the iron is primarily due

to inelastic scattering with an approximately constant cross section above

3 Mev, resulting in a uniform depletion of the fast neutron spectrum.

Essentially all of the inelastically scattered neutrons lose enough energy

to be below the sulphur threshold. Then in the concrete considerable

elastic scattering occurs, resulting in small energy loss and leaving the

neutrons with energy above the sulphur threshold. As a result the spectrum

changes with a. buildup of neutrons just above the sulphur threshold as

compared to the higher energy (5-10 Mev) "source" neutrons. The spectrum

then includes a larger proportion of 3 or 4 Mev neutrons relative to the

5-10 Mev neutrons which actually determine penetration. In a few inches an

equilibrium fast spectrum characteristic of the concrete is reached and the

traverse follows the specified attenuation function for the next 24 inches.

UNCLASSIFIED
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Beyond 32 inches the points for the 300 C case are slightly high

indicating a spectral hardening effect. In this experiment the sulphur

burning technique was used for the first time and imperfect techniques

allowed errors shown by the scatter of the points beyond 32 inches.

In subsequent tests(9 ' 10, 11), the techniques were refined and the spec-

tral hardening effect was better defined. This hardening is a typical effect

in an hydrogenous shield, due to the decrease in the hydrogen cross section

with increasing energy. Other elemental cross sections also decrease with

increasing energy, but none as drastically as hydrogen.

The fast neutron removal cross section of the concrete is calculated

from the elemental removal cross sections listed in Reference 3. Table I

contains the values of the cross sections and shows the change in the calcu-

lated value with each heating step. The attenuation function derived in the

appendix is used to determine the calculated relaxation lengths from the

removal cross section of Table I. The experimental relazation length is

the slope of the fast neutron traverse at 35 cm from the thermal shield.

The comparison is shown in Table IV along with the percentage differences

for each temperature. The agreement is probably as good as can be

expected considering the uncertain value for water content of the concrete.

It is also possible that the hydrogen removal cross section is a function

of water content, since the hydrogen concentration affects the fast neutron

spectrum. Consideration of this variation in the hydrogen cross section

is not warranted in the present investigation, since the concrete composi-

tion is not known precisely enough to define the variation. However, it

might be possible to study this effect by using test shields of well known

compositions (e. g. iron-water mixtures), and studying the removal cross

section as a function of hydrogen content.

The cadmium-covered gold traverse, determined by neutron capture

in the 5-ev gold resonance, is a measure of the intermediate neutron group.

The slowing down spectrum of neutrons below fission spectrum energies does
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not change drastically through the shield, so a measurement at a single

energy is a fair measure of the remainder of the slowing down spectrum.

Although the intermediate leakage increases more than the fast neutron

leakage with increasing temperature, the fast neutrons still dominate the

biological dose outside the shield.(1, 2) The primary effect of the interme-

diate leakage occurs if moderating materials (such as water pipes) are in

place at the outside of the shield. In such a situation the intermediates

could thermalize in the water and then activate the piping materials. This

problem can be studied by means of the lucite integrator used on the bare

gold traverse. The lucite acts much the same as water in a pipe adjacent

to the shield, and the maximum flux in the integrator represents the maxi-

mum activating flux which would be found in an exterior moderator of

approximately the same hydrogen density as lucite. In the present experi-

ment, as in previous ones (2), the maximum foil activity in the lucite is only

20-30 per cent higher than the foil activity at the outside of the concrete.

This indicates that for the temperatures studied the intermediate neutron

activation problem can be predicted by adding the flux rise in the integrator

to the thermal flux expected at the edge of the well. The relatively small

flux rise indicates that the problem is not serious and that piping activation

can be predicted from the thermal flux at the edge of the shield with a

20-30 per cent correction for intermediate neutrons at the higher concrete

operating temperatures.

Both bare and cadmium-covered gold traverses show about the same

behavior, with their shape concave downward near the thermal shield and

the relaxation length increasing gradually thereafter. The concave appear-

ance is due to thermal flux depression and intermediate neutron penetration

in the iron thermal shield. The thermal flux at the interface is depressed by

absorption in the iron, and the intermediates thermalize in the concrete

giving rise to a relatively high thermal flux for several inches in the concrete.

Beyond this region the intermediate neutrons are moderated and absorbed

UNCLASSIFIED
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more rapidly than the fast neutrons, so the slow neutron relaxation length

asymptotically approaches the fast neutron relaxation length in the outer

region of the shield. This is the typical behavior of the "removal" type of

attenuation usually assumed in hydrogenous media, where the slowing down

and absorption is a rapidly convergent process after the fast neutron makes

its first interaction. If the neutron loses enough energy, the increased

hydrogen cross section at lower energeis makes successive scatterings

more probable, resulting in moderation and absorption fairly close to the

point of first interaction.

The lower energy neutron leakage increases more than the fast

neutron leakage at higher temperatures due to the hydrogen loss as water is

driven off. The moderating effect of the larger hydrogen cross section at

lower energies is gradually lost as water is removed, resulting in more

leakage at low energies where the cross section is high relative to the high

energies where the cross section is lower.

The distribution of neutrons in the integrator is considered in the

manner of Oleson(8 , who derives a rough estimate of the neutron energy

incident upon a hydrogenous material based upon the position of the peak

of the traverse and the relaxation length beyond the peak. This analysis

applied to the present traverse yields an average energy of below 100 key.

This method is not expected to yield precise values for average energy,

but merely an idea of the energy region containing most of the leakage

neutron flux. This energy average is based on flux and should not be

confused with the biological dose represented by the leakage neutrons,

which is still dominated by the fast neutron component.

HORIZONTAL TRAVERSES

The foil-bearing strips placed on each layer permit horizontal

traverses to be taken by placing several foils in each strip. Up to 20 foils

may be used in strips placed in both horizontal directions (front-to-rear

UNCLASSIFIED
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and side-to-side). Traverses plotted from these foil activities then disclose

and investigate undesirable flux gradients existing near the central region

of the well where foil activities are used for attenuation curves.

The original design of the wells was intended to provide a close

approximation to an infinite plane source in order to allow a reasonably

simple analysis of the data. Deviations from this situation are revealed

by the horizontal traverses which should be completely flat in the ideal

situation. One deviation occurs due to the location of the wells in front of

of the center of the reactor so that the cosine variation in the reactor flux

gives rise to a small flux gradient front-to-rear. This effect has been

analyzed(12) in terms of an equivalent slant penetration geometry transform-

ation to show that the effect is negligible. Other possible distorting effects

are: streaming out of the test specimen into the surrounding shield of higher

attenuation, streaming up the steel liner and air gap at the edges of the

wells, and streaming up rod channels near the back of the wells. All of

these effects are found away from the center of the wells, but they do not

affect attenuation curves in the center of the wells as long as the traverses

are flat near the center, indicating that the size of the well has provided an

adequate "buffer" against these effects.

Figure 4 shows a set of horizontal traverses taken with sulphur foils.

Layer 1 is adjacent to the thermal shield and Layer 10 is eight inches from

the outside of the shield. Leakage from the well into the surrounding shield

is present but not serious. Neutron streaming up the edges of the well does

not appear, probably because such neutrons must scatter, possibly several

times, before reaching the detectors, thus reducing their energy below the

sulphur threshold. The small curvature of the traverse near the center of

the well indicate that the test specimen is large enough to be effectively

infinite in terms of the attenuation curve derived from this test facility.

Figure 5 shows the horizontal traverses with the gold resonance

detector. The lower layers show concavity due to leakage out of the well.
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The streaming effect is largest at the rear of the well where streaming up

the rod channels also contributes. The streaming increases with distance

through the shield, so that in the last traverse (Layer 12), no reasonably

undisturbed region remains. However, this layer is already distorted by

the presence of a cadmium-paraffin background shield (the integrator was

not used in this experiment), and is thus no longer representative of an

infinite medium traverse.

TEMPERATURE MEASUREMENTS

Temperature traverses were taken with thermocouples to improve

the understanding of the environment in the wells. Table V shows the

results of the most detailed traverse taken. Several other measurements

showed the same behavior and indicated that the temperatures continue to

rise for the first three or four weeks of reactor operation before reaching

equilibrium. Measurements in the center of each layer are recorded in a

separate column for ease of interpretation. Thermocouples not placed in

the center were located two inches from the edge of the slabs with the

exception of the last layer where they were in contact with the steel liner of

the well.

Several factors are affected by the temperature in the wells, includ-

ing 1) operating temperature of concrete which has not been heated; 2) integ-

rity of sulphur discs used in the wells (melting point approximately 115 C);

3) integrity of paraffin blocks used on top of the wells as a background shield.

The temperature near the bottom is considerably higher than the curing

temperature of the concrete (20 - 30 C) and indicates that unheated concretes

may lose water during the test. This effect has been confiryned for ordinary

concrete (see Reference 9) where the lower layers showed thermal neutron

flux increasing with time. The highest temperature is still below the melt-

ing point of sulphur so these foils may be safely used. The temperature at

the rear of the outer layer is high enough to melt paraffin, so the background

shield of paraffin blocks was replaced by concrete blocks.
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The temperature data are not usable to study heat generation in the

concrete, since the test specimen is not isolated from either the thermal

shield or the surrounding bulk shield. Heat interchanged with surrounding

materials is sufficient to mask any effects due to nuclear heat generation in

the test concrete.
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TABLE I

CONCRETE COMPOSITION AND REMOVAL CROSS SECTION

Removal Cross
Section (E R) of

Element Element, cm 2 /gm

Unheated
Concen- ER
tration

gm/cc cm-1

0. 00903

0.04758

0. 00550

0. 00370

0.00510

0.03150

100 C
Concen- ER
tration
gm/cc cm-1

0. 0128

1. 261

0. 184

0. 129

0. 220

1.460

0.00771

0.04691

0.00550

0.00370

0.00510

0.03150

200 C
Concen- ER
tration

gm/cc cm 1

0.0106 0.00638

1.243 0.04624

0.184 0.00550

0.129 0.00370

0.220 0.00510

1.460 0.03150

300 C
Concen- ER
tr ation
gm/cc cm-

0.0061

1.208

0. 184

0. 129

0.220

1.460

0. 00368

0. 04494

0. 00550

0. 00370

0.00510

0.03150

Density (gm/cc)

Total ER (cm 1 )

Relaxation Length, X (cm.)
(Experimental)

1/ (cm-1 )

C1

H

0

Mg-Al

Si

Ca

Fe

0. 602

0. 0372

0. 030

0. 029

0. 023

0.0216

0.015

1.279

0. 184

0. 129

0.220

1.460

z
En

3.273. 29

0. 1024

8.75

0.114

3.25 3.21

0. 1004

9.52

0. 105

0. 0984

9.75

0. 103

0. 0944

10. 1

0. 0990

Cx,
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CONCRETE

TABLE II

SLAB WEIGHTS IN POUNDS

After 100 C,
Heating

1155

670

717

723

685

749

772

809

812

854

863

8809

3.27

After 200 C
Heating

1150

670

720

720

680

748

770

805

803

820

850

8736

3.25

After 300 C
Heating

1120

660

710

705

670

740

760

790

795

830

845

8625

3.21

The correction for iron frames and calculation of the original density

are discussed in Reference 2.
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Slab No.

1

2

3

4

5

6

7

8

9

10

11

Total

p gm/cc

Unheated

1153

682

717

716

677

755

777

815

818

862

864

8836

3.29

HW-58497



TABLE III

RELATIVE NEUTRON FLUXES IN MAGNETITE CONCRETE
Neutrons/ cm -sec

Traverses at different energies are not normalized to each other or standardized to absolute fluxes.

Traverses at different temperatures are normalized at 7 inches from the thermal shield.

Distance from
Thermal shield

in inches

0
7

11
15
19
23
27
31
35
39
43
47

Integrator
47 1/2
48
48 1/2
49
49 1/2
50
50 1/2
51
51 1/2
52
52 1/2
53
53 1/2
54
54 1/2
55
55 1/2
56
56 1/2
57

1.i
8.
3.:
8.,
2.
4.1
1.
2.,
1.!
5.1
1.
5.

4.!
4.'
4.
3.,
2.
1.
1.
1.
1.
9.
7.
8.
5.
4.
2.

THERMAL FLUX
100 C 200 C 300 C

0 _ 8.52x10 1. 01 _1
71x101 8.71x10 1 8.71x10

1

21x10_ 4. 19x10 7. 06x10_~
41x102 1. 26x10- 2 2. 40x10- 2Ox10 3 3.60x10- 3 7.81x10- 2
04x103  9.58x10- 3 2.57x10- 3
Ox10 _4 2.42x104 8.86x10-3
52x10_4 6.58x10_4 2.34x10_ 4
23x105 1. 83x10- 5 7. 01x10-4
68x10-5 5.22x10-5 1.19x10-5
96x10-6 1. 67x10- 6 5. 72x10- 5
15x10 3.35x10 3.66x10

-6 -6 -5
90x10- 6 4. 05x10- 6 4. 11x10- 5
91x10-6 3.91x10-6 3.63x10-5
54x10-6 3.20x10-6 2.81x10-5
41x10 6 3.17x10 6 2.42x10 5
78x10 -62.39x10 62.06x10-5
80x10-6 2.02x10- 6 1.87x10- 564x10-6 1.46x10-6 1.61x10-5
66x10- 6 1.04x10_ 7 1.24x10- 6
13x107  8. 35x10_ 7 8. 02x10- 6
9x10_ 7  9. 09x10_ 7 5.43x10- 6
7x10_ 7  7.49x10_ 7 3.71x10- 6
5x10_ 7  8.85x10_ 7 3.05x10- 6
2x10 7  7.40x10- 6 2. 29x10 6
8x10 7  1. 14x10- 6 2. 15x10- 6
4x10 1.24x10 2.46x10

2.82x10- 6

3. 15x10~
2. 79x10- 6

2. 09x10-6
1. 73x10

U nheated

2. 63
2.79x10_
4. 65x10_3
6. 45x10_ 4
9.30x10_4
1. 61x10-5
3.76x10-6
9. 79x10
3. 12x1076
9. 3x10
2. 08x10- 8
6. 29x10

RESONANCE FLUX

8.
2.
9.
2.
5.
1.
4,
1.
3.
1.
3,
6,

100c

1.0
2.79x10_
8. 25x10 2
1. 68x10- 3
3.22x10_4
6.33x10_4
1. 22x10- 5
2. 83x10 -6
6. 83x10- 6
2. 15x10
7. 49x10_ 7
3.92x10

200 C 300 C

.65x10 6. 14x10
1

.79x10 2.79x10'

.25x10 2  
1.09x10_

.44x10-3 4.34x10-2

.74x10-3 1.43x10-3

.42x10_ 4 4.24x10_4

.22x10_4 1.11x10_4

.55x10
5 2.99x10-

5.41x10-6 8.63x10-5
.08x10 6 2.49x10 6
.45x10_ 7 7.50x10 6
.26x10 1.40x10

Unheated

7. 2x10
1. 16x102
3. 73x10 2

1. 19x10 3
3.42x10-3
1. 11x10 4
2.90x10 4
1. 29x10

FAST FLUX
100

1.0 -1
1. 16x10 2
3. 95x10 2
1.31x10- 3
4.71x10- 3
1. 55x10_4
5. 59x10

unheated

2.22 -l
8.71x10 1
1.36x10 2
2.Ox10
2.95x10_4
4.88x10-5
9. 33x10- 5
2. 36x10-6
6. 66x10-6
1. 97510 _7
7. 25x10_ 7

1. 12x10 7

zy
l 1

r/

'-4

LII

00

200 C
6. 37x10

1

1. 16x10
1

4. 17x10 2
1.44x10-3
5. 15x10- 3
1. 81x10_4
6.02x10_4
2. 36x10 5
9. 22x10-5

300 C

5. 22x10 1
1. 16x10
4. 25x10 2
1. 51x10 3
5.45x10 3
1.99x10_4
7.64x10_4
2. 96x10_ 4
1. 31x10 5
4. 44x10-5
1. 32x10_ 6
9.34x10

zi
l 1

HI
CJ"
00

CG
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TABLE IV

COMPARISON OF EXPERIMENTAL AND CALCULATED RELAXATION

LENGTHS FOR MAGNETITE CONCRETE

Temperature

Unheated

100 C

200 C

300 C

Relaxation Length
Calculated Experimental

9.01 cm 8.75 cm

9. 18

9.37

9.76

9. 52

9.75

10. 1

Difference

+ 2.9%

- 3.6

- 3.9

- 3.4

UNCLASSIFIED
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TABLE V

TEMPERATURE READINGS - DR SHIELD TEST WELL

Distance from
Thermal Shield

(inches)

0
0
0

7
11
15
19
23
27
31
35

39
39
39

43
43
43
43
43

47
47
47
47
47

Location
on Slab

Front
Center
Rear

Center
Center
Center
Center
Center
Center
Center
Center

Front
Center
Rear

Front
Center
Rear
Right
Left

1/2
1/2
1/2
1/2
1/2
1/2
1/2
1/2

1/2
1/2
1/2

1/2
1/2
1/2
1/2
1/2

1/2
1/2
1/2
1/2
1/2

Temperature 0 C

63
74

91

70
70
67
64
61
54
50
50

44
41

58

36

49
43
43

34

53
40
39

Extreme Front*
Center
Extreme Rear*
Extreme Right
Extreme Left*

* In contact with steel lining of test well instead of in contact with concrete.

Readings in the center of each layer are tabulated in a separate column
for ease of interpretation.
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3000C

200 C
Unhe ate d

100 C

-

10 20 30
Inches from Thermal Shield

FIGURE 1

Fast Neutron Flux in Magnetite Concrete
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FIGURE 4

Horizontal Traverses in Magnetite Concrete Heated to 300 C
Sulphur Detector
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APPENDIX

DERIVATION OF ATTENUATION FUNCTION

For the case of exponential attenuation, the geometrical transforma.-

tions are displayed in Rockwell( 1 3 ) as well as other standard references.

The point source attenuation is described by

S -Et
4r r2 e

where 0 is the neutron flux at the detector, S is the source strength, r is

the source to detector distance, , is the removal cross section of an inter-

posed slab shield, and t is the thickness of the slab shield.

The transformation to a plane isotropic source is made by integrating

over an infinite plane, yielding:

_=-E 1 (Et)

where E 1 is the exponential integral defined by
00 e -y

EE1 (x) = $dy
x

and S is now interpreted as source strength per unit area.

For large values of E t, the integral may be approximated by:
-x

E 1 (x)~ e x

with the validity of the approximation indicated by the inequality:

-x -x
e e

x E (x>x+1

For the present situation the source is the last row of process tubes

located 100 cm from the bottom of the test well. The attenuation of the

UNCLASSIFIED
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graphite reflector and iron thermal shield must be included in the Et term.

The flux is then:

S e( t)c e-( t)Fe e-(lat)s

2 (Et)c + (rt)Fe + (.Et)s

e-( t)c e -( t )Fe is absorbed into a normalization constant C, and (Et)c

+ (Et)Fe is calculated from the dimensions and removal cross sections of

graphite and iron(3) to be 8. 67.

The resulting flux is
-Et

= C 8.67 +Et

where t is now the concrete thickness measured from the bottom of the

well]and E is the removal cross section for the concrete.

An experimental removal cross section can be derived from the

measured relaxation length x by equating:

d0 _

and solving for 2 . This is done at 35 cm from the thermal shield where the

specified attenuation function accurately describes the experimental points.

Outside of this range, slight deviations occur due to changes in the neutron

energy spectrum.
-f ~t

C is determined from 8 67 t = -t/x evaluated at t = 35 cm.
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