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ABSTRACT 

Fast-neutron and gamma-ray dose rates within 4-ft-diam, 20-ft-

deep, concrete-lined holes have been measured at the ORNL Tower Shield-

ing Facility. The radiation source was the Tower Shielding Reactor II 

(TSR-II) enclosed in a shield which modified the neutron to gamma-ray 

ratio of the reactor leakage spectrum to more closely resemble that of 

a weapon spectrum. The holes were located at horizontal distances of 

100, 228, and 450 ft from the reactor. From the hole at 100 ft extended 

a reinforced concrete-lined tunnel, 6 ft high, 2 1/2 ft wide, and 20 ft 

long,with its ceiling 10 ft below ground level. The experimental meas-

urements consisted of vertical traverses in the three holes and hori-

zontal traverses in the tunnel. The parameters varied included distance 

from the reactor, the angle of elevation of the reactor with respect to 

the horizontal at the hole, and the material and thickness of the shield 

over the hole. Reactor elevation angles ranged from 15 to 90°. The 

shields over the holes were concrete, iron, and laminated iron and con-

crete slabs. 
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INTROWCTION 

In order to solve some of the problems which face the military and 

civil defense organizations, a thorough understanding must be gained of 

the transport of prompt radiation, particularly of neutrons, through the 

atmosphere and subsequently through shields which are required for hard

ened or radiation-safe installations. An experimental program was under

taken at the Tower Shielding Facility (TSF) to provide measurements of 

the neutron and gamma-ray intensities in a series of configurations which 

represent typical installations, with the TSF reactor utilized as a source 

of radiation. The spectrum leaking from the reactor was somewhat modified 

by a thin shield of lead and water to give a neutron spectrum more typical 

of that from fission weapons. Neutron and gamma-ray intensities were meas

u~red in three rather deep concretP.-lined cylindrical wells. Each well was 

located at a different distance from the reactor and could be covered by 

varim1s arrangements of concrete and iron shields. The well nearest the 

reactor was joined by a horizontal rectangular tunnel which had sufficient 

earth shieluing above it to assure that onJy radiation scattered down the 

well would contribute to the dose in the tunnel. 

Measurements were taken for both shielded and unshielded well con

figurations with the reactor at various altitudes and positlons to simu

late a number of burst configurations. Since a major part of the gamma

ray dose rate in the very high dose-rate time periods immediately after 

a weapon explosion results from neutron interactions with the atmosphere 

and with shielding materials, the TSF experimental information is useful 

for checking the analytical methods for predicting the intensities of the 

gamma rays as well as the neutron dose rates which are produced in these 

configurations. 

EXPERIMENTAL PROORAM 

The TSF, a general view of which is shown in Fig. 1, is described 

in detail elsewherP.. 1 Its distinguishing features are four 315-ft-high 

towers and a reactor (the TSR-II) which can be lifted to heights ranging 

1. L. B. Holland and C. E. Clifford, Description of the Tower Shielding 
Reactor II and Proposed Preliminary Experiments, ORNL-2747 (1959). 

l 



Fig. 1. The ORNL Tower Shielding Facility • 
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from 0 to 200 ft above the ground. The reactor is always positioned in 

the plane between the two towers from which it is suspended. 

The TSR-II itself is a heterogeneous, light-water-moderated and 

-cooled reactor in which the fuel plates are shaped to form a spherical 

core and thus to give a leakage current that is very nearly spherically 

symmetric. For the present work the TSR-II was enclosed in a shield 

identified as COOL-I and shown in Fig. 2. The purpose of the shield was 

to obtain a leakage spectrum having a neutron to gamma-ray ratio more 

closely resembling that of a weapon spectrum. The neutron spectrum emit

ted from the COOL-I shield is shown in Fig. 3. 
A plan of the experimental site is shown in Fig. 4. Three rein

forr.ed concrete-lined holes 4 ft in diameter and 20 ft deep were con

structed at the locations shown, and a rectangular reinforced concrete

lined tunnel was constructed to extend horizontally from Hole No. 1. 

The configuration of Hole No. 1 is shown in Fig. 5 _; the other two holes 

were identical in construction but were without tunnels. The tunnel 

was 6 ft high, 2 1/2 ft wide, and 20 ft long, and its ceiling was 10 

ft below ground level. 

Most of the experimental measurements were taken within Hole No. 

1 and its tunnel, and for these measurements the reactor was maintained 

at a constant 100-ft distance from the center of the top of the hole. 

The parameters varied were the reactor elevation angle, y (the angle 

which a line from the center of the top of the hole to the center of 

the reactor made with the horizontal), and the thicknesses and types 

of shielding covering the hole. T,ypical elevation angles were 15, jO, 

45, 60, and 90° (directly over the hole), although not all angles were 

used with all hole covers. For the data obtained in Hole No. 2 the 

reactor was maintained at an altitude of 228 ft and an elevation angle 

of 45°; for the measurements in Hole No. 3 it was at 450ft and 15°. 

The shields or covers for the holes were of three basic types: 

slabs of ordinary reinforced portland cement concrete frcm 3 to 42 in. 

thick; a 3 1/2-in.-thick slab of iron above concrete slabs of various 

thicknesses; andan iron-concrete-iron sandwich in which the top layer 

was always 3 1/2 in. thick, the middle layer varied in thickness, and 

the bottom layer was either 1 1/2 or 3 1/2 lu. thick. In one ca.oc a.n 

iron-air-iron configuration was used. 
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Fast-neutron and gamma-ray dose rates were measured along the axis 

of each hole and along a horizontal line 27 or 30.5 in. above the floor 

of the tunnel. Dose rates vs detector position were plotted by automatic 

equipment and were confirmed by separate counts taken (usually) at the be

ginning, middle, and end of each traverse and plotted by hand. In analy

zing the data, the plotted curve was adjusted to the hand points, with the 

shape of the autoplot curve retained as much as possible. The detectors 

used were Hurst-type fast-neutron dosimeters and gamma-ray anthracene scin-
2 tillation dosimeters of the type described by Maerker et al. 

RESULTS 

For convenience in presentation and discussion, the results of this 

study have been separated into seven parts. The first and second parts 

respectively consider the fast-neutron dose rates and gamma-ray dose rates 

obtained along the center line of Hole No. 1, and the third is concerned 

with miscellaneous measurements in Hole No. 1. The fourth and fifth parts 

respectively cover the fast-neutron and gamma-ray dose rates obtained with

in the tunnel extending from Hole No. 1. The sixth describes both the 

fast-neutron and the gamma -ray dose rates measured in Hole No. 2, and the 

seventh covers the dose rates measured in Hole No. 3. In the last two 

parts, comparisons also are made with the data from Hole No. l so as to 

point out the effects, if any, caused by the increased distance of Hole 

No. 3 from the radiation source. The types of data obtained are summarized 

in Table 1. 

Fast-Neutron Dose Rates in Hole No. l 

Fast-neutron dose-rate traverses along the center line of Hole No.1 

are shown in Figs. 6 through 10 for elevation angles of 15, 30, 45, 60, 

and 90°, respectively, for various thicknesses of concrete shield over the 

hole. The data are plotted as a function of l/D, the ratio of detector 

depth in the hole to its diameter. The data will be most useful in this 

form, since Blizard et a1.3 have previously demonstrated that, given 

2 . R. E. Maerker et al., In-Air Radiation Measurements in the Vicinity of 
the Tower Shielding Reactor II, ORNL-3288 (1963). 

3. E. P. Blizard et al., ORNL-TM-253 (Aug. 30, 1962) (classified). 



Shield 
Material 

Concrete 

Fe 

Fe-concrete 

Fe-concrete-Fe 

Fe-air-Fe 

Fe-concrete-Fe 

Shield Thickness 
(in.) 

Table 1. Data Plot Locater 

Reactor Elevation 
Angle (deg) 

Figure 
No. 

Fast-Neutron Dose Rate vs £/D; Hole No. 1 

0,3,6,12,18,24,36 
0,3,6,18 
3,6,12,18,24,30 
o,6,12,18,3o 
0,6,12,30 
o,6,12,18,24,36 
0,3,6,18 
o,6,12,18,24,36 
o,6,12,18,3o 

3~ 
3t Fe, 
3~ Fe, 
32 Fe, 

3t Fe, 
3~ Fe, 
3~ Fe, 
3~ Fe, 
32 Fe, 

3~ Fe, 

3t Fe, 
3~ Fe, 
3~ Fe, 
3~ Fe, 
32 Fe, 

3 concrete 
6 concrete 
12 concrete 

3 concrete, 1~ Fe 
6 concrete, 1i Fe 
9 concrete, 1~ Fe 
12 concrete, lt Fe 
15 concrete, l2 Fe 

. . 1 12 aJ.r, 32 Fe 

3 con.:::rete, 3t Fe 
6 con·::: rete, 3- Fe 
9 co~rete, 3~ Fe 
12 concrete, 3t Fe 
15 concrete, 32 Fe 

15 
30 
45 
60 
90 
15 
30 
45 
60 

15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 

6 
7 
8 
9 

io 
11 l 
12 ~ 
13 1 

14 I 
J 

16 

17 
18 
19 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 

Notes 

Figs. 6 through lo4 appear at 
the end of this report 



Table 1. (Cont.) 

Shield Shield Thickness Reactor Elevation Figure 
Material (in.) Angle (deg) No. Notes 

Fast-Neutron 
--

Dose Rate vs £/D; Hole No. 2 

Concrete 0,3,6,i~~l8,24,30 45 80 

Fe 0,1~,5,7 45 82 

Concrete-Fe 15 concrete, 3~ Fe 45 82 

Fe-concrete-Fe 3~ Fe,, ~-~ concrete, 11. Fe 2 45 82 

None 45 84 Shows result .of varying I-' 

radial position of dosim- 0 

eter within Hole 2 

0,6,12,18 45 85 
-Concrete Comparison with Hole 1 data 

Fast-Neutron Dose Rate vs £jD; Hole No. 3 

Concrete 0,3,6,12 1? 95 
0,3,6,12 15 97 Comparison with Hole 1 data 

Fe 0, 1 ~, 3~, 5 , T 15 98 

Fe-concrete-Fe 3t Fe, 6 concrete, lt Fe 15 98 
3- Fe, 6 concrete, 32 Fe 15 9~ 
31 Fe, 15 concrete, 3~ Fe 15 98 With and without 1/4 in. 

boral 

\ 



Table 1. (Cant.) 

Fast-Neutron Dose Rate vs 1~ Reactor Elevation Angle 

None 15 to 85 61 Hole No. l; R/D = 3, 3 • 75 

G&~a-Ray Dose Rate vs £/D; Hole No. l 

Concrete 0,3,6,l2,l8,2lt,30 15 34 
0,3,6,18 30 35 
0,3 ,6 ,18 ,24 ,30 45 36 / 

0,3,6,12,18,30 60 37 
0,6,12,30 90 38 
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Shield 
Material 

Fe 

Fe-concrete 

Fe-concrete-Fe 

Fe-air-Fe 

Fe-concrete-Fe 

Concrete 

Fe 

Concrete-Fe 

Fe-concrete-Fe 

Table 1. (Cant.) 

Shield Thickness 
(in.) 

Reactor Elevation 
Angle (deg) 

Figure 
No. 

Gamma-Ray Dose Rate vs £/D; Hole No. 1 (Cont.) 

3~ 

3-t F~, 
3I Fe, 
32 Fe, 

3I Fe, 
3I Fe, 
3I Fe, 
3I Fe, 
32 Fe, 

3~ Fe, 

3I Fe, 
3f Fe, 
3f Fe, 
32 Fe, 
3~ Fe, 

3 concrete 
6 concrete 
12 eoncrete 

3 concrete, l~ Fe 
6 concrete, 1l Fe 
9 concrete, 11 Fe · 
12 concrete, liFe 
15 concrete, 12 Fe 

12 air: 3~ Fe 

3 concrete, 3~ fe 
6 concrete, 3t Fe 
9 concrete, 32 Fe 
12 concrete, 3~ Fe 
15 concrete, 3~ Fe 

15,45 4o 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 
15,45 

41 
42 
43 
45 
46 
47 
48 
49 
51 
52 
53 
54 
55 
56 

C~a-Ray Dose Rate vs £jD; Hole No. 2 

0,6,12,18,24,30 45 87 

0,1~,5,7 45 89 
15 concrete, 3~ Fe 45 89 
3~ Fe, 15 concrete, 1~ Fe 

Notes 



Shield 
1'-ls.terial 

l'Ione 

Concrete 

Concrete 

Fe 

Fe-concrete-F'e 

Polyethylene-Fe 

Concrete 

Shield Thickness 
(in.) 

Tatle 1. (Cont. ) 

Reactor Ele,~tio~ 
Angle (deg) 

Figure 
No. Notes 

Gamma-Ray Dose Rate vs £/D; Hole No. 2 (Cont.) 

0~6,18,24 

Gamma-Fay Dose Rate vs £/D; Hole No. 3 

0,3,6,12 15 

1~,3~,5,7 15 

3t Fe, 6 concrete, l{ Fe 15 . l 
15 3f Fe, 6 concrete,.32 Fe 

32 Fe, 15 concrete, 3~ Fe 15 

2 polyethylene, 3~ Fe 15 

0,3,6,12 15 

91 

92 

100 

101 

101 
101 
101 

101 

102 

Shows results of varying 
radial position of dosim
eter within Hole No. 2 

Comparison with Hole l data 

With and without l/4-in. 
boral 

Comparison: Hole l vs Hole 
3 
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Shield 
Material 

Concrete 

Fe-concrete 

Fe-concrete-Fe 

Concrete 

Fe 

Concrete 

Fe 

Fe-concrete-Fe 

Shield Thickness 
(in.) 

Table l. (Cont.) 

Reactor Elevation 
Angle (deg) 

Figure 
No. 

· Gamma-Ray Dose Rate vs Shield Thickness 

0 to 35 

3~ Fe, 0-12 concrete 

3I Fe, 0-15 concrete, l~ Fe 
32 Fe, 0-15 concrete, 3~ Fe· 

0 to 30 

0 to 7 

0 to 24 

0 to 12 

15,30,45,60 

15,45 

15,45 
15,45 

45 

45 

45 

15 

0 to 7 15 

3~ Fe, 0-15 concrete,l~-3~ Fe 15,45 

3~ Fe, 0-15 concrete, l~-3~ Fe 15,45 

39 
44 

50 
57 

88} 
90 

93 

103 

lo4 

59 

60 

Notes 

Hole No. 1; £/D = 1,2,3 

Hole No. 2, £/D = 1,2,3 

Comparison: Hole No. 1 vs 
Hole No. 2; £/D = 1,2,3 

Comparison: Hole No. 1 vs 
Hole No. 3; £jD = 1,2,3 

Comparison: Hole No. l vs 
Hole No. 3; £/D = 1,2,3 · 

Thickness plotted in g/cm2 

£jD = 2 

Thickness plotted in g/cm2 

£jD = 3 

. ' 



Shield 
Thickness 

None 

None 

None 

Fe 

Fe-eoncrete 

Shield ThickLess 
(in.) 

R:=actor Elevation 
Angle (deg) 

Figure 
No. 

Gamma-Ray Dose Rate vs y, Reactor Elevation Angle 

15 to 90 62 

Fast-Neutron Dose Hate vs Distance in Tunnel 

15,45 '90, 64 

15,30,45,60,90 65 

l. Fe 2 on Hole l 15,30,45 ,60,90 66 

l Fe on Hole l 15,30,45 ,60,90 67 

l Fe on Hole l 45,90 68 

3 Fe on Hole l 45,90 69} 
3 concrete on Hole l 15,30,45,60 70 

l Fe, 3 concrete on Hole l 60,90 71 

·-

Notes 

Hole No. l; £/D = 3 

Dosimeter at 30.5 and 66.3 
in. from tunnel floor 

Modifications in Hole l and 
tunnel. f-' 

Vl 

Comparison with no-shield 
data 

Modifications in Hole l 
and tunnel 

Brick wall across tunnel 

Comparison with no-shield 
data 



Shield 
Material 

None 

None 

Fe 

Concrete 

Fe-concrete 

' / 

Shield Thi·::!kness 
(in.) 

. ~. : 

Table 1. (Cont.) 

Reactor Elevation 
Angle (deg) 

Gamma-Ray Dose Rate vs Distance in 

15,45,90 

15,30,45,60,90 

l. Fe 2 on Hole 1 15,30,45 ,60,90 

1 Fe on Hole 1 15,30,45 ,60,90 

1 Fe on Hole'-1 45,90 

3 Fe on Hole 1 15,45,90 

3 concrete on Hole 1 15,30,45 ,60,90 

1 Fe, 3 concrete on Hole 1 60,90 

.. 

Figure 
No. Notes 

Tunnel 

72 Dosimeter at 27 and 61 in. 
from tunnel floor 

73 Modifications in Hole 1 and 
tunnel 

74 Comparison with no-shield 
data 

75 Modifications in 
1-' 

Hole 1 and 0'\ 

tunnel 

76 Brick wall across tunnel 

77} Comparison with no-shield 
78 data 

79 Comparison with 3-in. concrete 
data 



Shield 
Material 

?e-concrete-Fe 

Goncret·e 

None 

.,_, 

Shield Thickness 
(in.) 

Table 1. (Cant.) 

Reactor Elevation 
Angle (deg) 

Figure 
No. .Note·s 

Thermal-Neutron Flux vs Distance from Top of Shield 

3~ Fe, 15 concrete, 3~ Fe 

Traverse through 12 in. 

Au and D,y foil data; Hole l 

Also in nearby gravel; Hole 
2 

Thermal-Neutron Flux vs /, Reactor Elevation Angle; Hole l 

15 to 90 63 · £/D = 3, 3.75 



18 

the same source, the direct and reflected doses measured in this experi

ment can be applied to any geometrically similar cylinders having detec

tors placed in geometrically similar positions (that is, at the same £ /D 

positions). Initial study of these data3 had placed the point at which 

the J./D ratio should be zero at the bottom of the shield slab, but it 

now appears that the best fit to simple theory is achieved by placing 

the zero point at ground surface. In other words, the dose rate behaves 

as though the source were spread over the top surface of the shield. In 

using the data of these figures it should be observed that for compact

ness most curves have been displaced by 1, 2, or 3 factors of 10, which 

has been indicated on each curve. 

Analysis of the data plott~d in Figs. 6-10 shovs that the varia

tion in neutron dose rate with depth in the hole can be represented by 

an expression .of the form 

(1) 

-1 -1 -1 where DN is the fast-neutron dose rate in erg ·gt.. ·hr ·w , r is the 
l·SSUe 

radius of the hole, l is the distance from the ground surface to the de-

tector position, and k is a normalizing constant. Such fits are shqWn. in 

Figs. ll through 14. In each case k was chosen by inspection to give 

the best fit to the data. The discrepancies seen at 1/D < l are, of 

course, due to the large contribution of the direct beam from the reactor 

at these shallow depths. 

Fast-neutron dose rates as a function of concrete shield thickness 

are plotted in Fig. 15 for the various elevation angles and three values 
·-

of £/D. The data have been arbitrarily normalized to curves representing 

a relaxation ·length of ll em, which is the relaxation length character

istic of neutrons having energies > 1.5 MeV (ref 4). 

The simplest laminated shields studied in the present work consis

ted of a single 3 l/2-in.-thick iron slab, below which were placed con

crete slabs ranging in thickness from 0 to 12 in. The fast-neutron.dose 

4. R. Aronson and C. N. Klahr, chap 9 in Reactor Handbook, 2d ed., 
vol 3, part B (E. P. Blizard and L. S. Abbott, eds. ), Interscience, 
New York, 1962, p 95. 

... ·. 

• 
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rates measure·d below these shields for reactor elevation angles of 15 

and 45° are shown in Figs. 16 through 19. The data have been cross

plotted in Fig. 20 to show the variation in dose rate with concrete 

thickness. The curves have been fitted by inspection, and show a re

laxation length of roughly 9 em, indicating a considerable softening 

of the neutron energy spectrum in these shields. 

A more complicated version of the laminated shield consisted of 

a 3 1/2-in.-thick top layer of iron followed by a middle layer of con

crete ranging in thickness from 3 to 15 in. and a bottom layer of iron 

1 1/2 in. thick. Measurements obtained below this shield are plotted 

in Figs. 21 through 25. The data are cross-plotted in Fig. 26 as dose 

rate vs concrete thickness, and again curves are drawn by inspection. 

The relaxation length fitting the data appears to be about 8.64 em, 

slightly shorter than that of the two-layer shields discussed above. 

The final arrangement of the laminated slab shield to be tested 

in these experiments consisted of two 3 l/2-in.-thick iron slabs sep

arated, in one case, by 12 in. of' air and in other cases by concrete 

ranging in thickness from 3 to 15 in. Fast-neutron dose rates measured 

beneath these configurations, for reactor elevation angles of 15 and 

45°, are shown in Figs. 27 through 32. These data, plotted as dose rate 

vs concrete thickness, are repeated in Fig. 33, where the curves show a 

relaxation length of 8.13 em, just slightly shorter than that of Fig. 

26. The small difference may be due solely to experimental errors. 

All the data recorded above were obtained on the axis of Hole 

No. 1. The possible effect upon the dose rate of detector displace

ments from this axis was experimentally evaluated. A series of trav

erses was run beneath a 6-in.-thick concrete shield with the detector 

offset radially l and l. 5 ft from the hole axis at angles af 0, 90, and 

180° from a line connecting the hole and the reactor. If any effect 

existed, it was so small as to be hidden in the experimental error, 

since the curves·from these measurements fall upon each other and upon 
/ 

the curve obtained from measurements along the axis. 
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Gamma-Ray Dose Rates in Hole No. l 

Gamma-ray dose-rate measurements obtained in Hole No. l covered 

practically the same configurations as the fast-neutron measurements. 

The dose rates measured below simple concrete shields of various thick

nesses for five different angles of reactor elevation are shown in Figs. 

34 through 38. The dose rates are plotted as a function of £/D, anal

ogous to the presentation of the fast-neutron data and .for the same 

reason~ The data from these curves were fitted by an arbitrary normal

ization to the curves drawn in Fig. 39 to show the variation in the 

gamma-ray dose rate with thickness of concrete. The three curves, 

each representing a particular £/D ratio and thus a particular depth 

in the hole, give a relaxation length of 15.4 em. 

Gamma-ray dose rates below two-layer iron and concrete shields 

are shown in Figs. 40 through 43 for reactor elevation angles of 15 and 

45°. The dose rate as a function of the thickness of concrete below a 

3 l/2-in.-thick iron slab is shown in Fig. 44 for the. two elevation 

angles and three hole depths. At distances of 8 and 12ft (£/D = 2 and 

3·) below the top of the slab the data appear to fit a relaxation length 

of ~18.5 em, about 20% longer than that obtained for all-concrete 

shields. 

Gamma-ray dose rates below shield sandwiches consisting of 3 l/2 

in. of iron, a variable thickness of concre~e, and l l/2 in. of iron 

are shown in Figs. 45 through 49, again for reactor elevation angles of 

15 and 45°. A plot of these data as dose rate vs concrete thickness 

(Fig. 50).yields a relaxation length of about 15.5 em, or approximately 

the same as that observed behind the simple concrete shields. 

The results of the measurements made below two 3 l/2-in.-thick, 

iron slabs separated by air or by various thicknesses of concrete are 

given in Figs. 51 through 56. A plot of these values as a function of 

the concrete thickness, given in Fig. 57, shows so much dispersion in 

the data as to preclude assignment of a sin~le relaxation length to 

this configuration. 

Since much of the gamma-ray dose rate measured below the shields 

stems from thermal-neutron captures in the shield, the behavior of the 
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thermal-neutron flux within the shield is of interest. A plot of the 

thermal. ( subcadmi urn) flux through the shield consisting of 3 1/2 in. 

of iron, 15 in. of concrete~ and 3 1/2 in. of iron is shown in Fig. 58 

for two reactor elevation angles. It should be observed, however, that 

the 30° curve was plotted from gold-foil data, while the 15° curve re

.sulted from dysprosium exposures. Thus the relation of the two curves 

is not necessarily significant. Also shown is the cadmium ratio, that 

is, the ratio of bare-foil activation to cadmium-covered-foil activa

tion, for the 30° gold-foil measurements. 

In Figs. 59 and 60 are shown the variations in dose rates as a 

function of the thickness (in g/cm2 ) of the multilayer shields. It is 

evident from these data that a shield of 3 1/2 in. of iron plus con

crete is comparable, on a g/cm2 basis, with a shield consisting of a 

3 1/2-in. top layer of iron, a layer of concrete, and a 1 1/2-in. 

bottom layer of iron. When the bottom layer is replaced by a 3 1/2-

in. thickness of iron, however, a sharp change in slope is observed, 

as well as a considerable increase in the gamma-ray dose rate at com

parable thicknesses. This is due to the increased production of capture 

gamma re..yR in the lower iron sJ.ab. 

Miscellaneous Gamma-Ray and Neutron Measurements in Hole No. 1 

D1.1ring the analysis of both the gamma-ray and the fast-neutron 

data, attempts were made to determine a correlation between the angle 

of elevation of the reactor and the dose rate observed at a given 

location in the hole. No simple relation was obtained for the data 

obtained below the shields, but data taken in the open hole show a 

smooth and reasonable variation with elevation angle. In Fig. 61 is 

plotted the variation with the elevation angle of the fast-neutron dose 

rate on the hole axis at depths of 12 ft (1;1> = 3) and 15 ft (!/D = 3. 75) 
'• 

from ground level. A reference curve, the dose rate measured 40 in. 

above the top of the hole, is shown for comparison. At a depth of 12 

ft the dosimeter sees the direct beam from the reactor at an elevation 

angle of about 80.5°j at a depth of 15ft the angle is just under 82.5°. 

The curves seem to inflect accordingly. 
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Gamma-ray dose rates measured under essentially the same circum-

stances as the fast-neutron data are shown in Fig. 62J and thermal-· 

neutron fluxes are given in Fig. 63. 

In addition to the data discussed above) a somewhat heterogeneous 

set of measurements were made for Hole No. 1 to more or less explore the 

possibilities of configurations other than those examined in detail. In 
-1 

the foll.owing discussion of these data all dose rates are in ergs·g tissue 
hr-1 ·w-1 . 

The effect of the disposition of iron within a sandwich-type 

shield was explored with a lamination of 3 1/2 in. of ironJ 15 in. of 

concrete) and 1 1/2 in. of iron. When placed so that the thicker iron 

slab was on topJ the fast-neutron dose rate directly behind the shield 

was 4.8 x 10-7. Inverting the configuration so that the thinner iron 

slab was on top increased the fast-neutron dose rate nearly 40%J or to 

6.65 x 10-7. A reverse result was obtainedJ howeverJ when the gamma

ray dose rate was observed: For gamma rays the higher dose rateJ 4.1 x 
-6 10 J occurred when the thicker iron slab was on topj when the thinner 

iron slab faced the beamJ the gamma-ray dose rate was lower by a factor 
. -6 

of nearly 2J or 1.9 x 10 . 

The addition of 1/4 in. of boral on top of a shield consisting 

of two 3 1/2-in.-thick iron slabs separated by 15 in. of concrete re

duced the capture gamma-ray production in the shield considerably. The 

dose rate just beneath the shield without the boral was 1.20 x l0-6J 
. . 4"' -6 whereas with the boral the dose rate was lower by 1 7o, or 1. 05 x 10 . 

When the boral was replaced by a 2-in. thickness of polyethylene) the 

original dose rate was reduced by a factor of about 3J or to 3.80 x 10-7. 

Fast-Neutron Dose Rates in Tunnel 

Fast-neutron dose rates in the tunnel extending from Hole No. 1 

were usually measured along a horizontal line 30.5 in. above the floor 

of the tunnel and midway between its walls.· This height was chosen 

somewhat arbitrarily) however) and in order to evaluate the importance 

of the vertical positioning of the detector) a set of traverses were 

made to compare the dose rate at the 30.5-in. height with that at a 

height of 66.3 in.J the latter being less than 6 in. below the roof of 

\ 

.,. 

,;· 
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the tunnel. The data, obtained with no shield over Hole No. l and at 

reactor elevation angles of 15, 45, and 90°, are shown in Fig. 64. The 

influence of the vertical position of the detector within the tunnel 
0 is seen to be the greatest at a reactor angle of 15 , and to be the 

0 least at 90 . In all cases the dose rate was less along the upper 

traverse. 

The fast-neutron dose rates 30.5 in. above the floor of the 

tunnel with Hole No. l unshielded are repeated in Fig. 65, where they 

are compared with the dose rates observed after the hole was modified 

by construction of a concrete block floor at the same elevation as the 

tunnel floor. The only data in which the addition of the floor seems 

to make a significant difference are those taken with the reactor 

directly over the hole (y = 90°). In this case the increased scatter~ 

ing from the concrete resulted in an increase of approximately 75% in. 

the dose rate within the tunnel. A further modification of the environ

ment, introduced by blocking the tunnel with a concrete wall built 13.1 
ft from the center line of the hole and intended to alter the back

scattering, did not appear to have any observable effect on the fast

neutron dose rate in the tunnel. 

Although Fig. 65 utilizes data obtained after the hole and 

tunnel were modified, the modifications were actually made rather late 

in the experimental program. The measurements that follow~ in which 

various shields were employed on Hole No. 1, were made in the original, 

unmodified confi~uration unless specifically noted otherwise. 

Figure 66 shows the fast-neutron dose rates within the tunnel, 

for various reactor elevation angles, after Hole No. l had been capped 

with a l/2-in.-thick iron slab. When compared with the dose rates 

measured in the tunnel with Hole No. 1 unshielded, these data exhibit 

a curious behavior. For reactor elevation angles of 15, 45, and 60° 

the dose rates measured under the shielded condition are higher than 

those f'or the unshielded condition, but for 30 and 90° they are lower. 

Whether this result is due to unidentified errors in the experimental 

measurements or to an actual physical effect is presently not clear. 
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Ver,y little change in the dose rate in the tunnel was obtained 

by increasing the. thickness of the iron slab over the hole to l in. 

(Fig. 67). The curves for 15, 30, 45, and 60° nearly coincide with 

their counterparts for the l/2-in.-thick iron shield, although the 

curve for 90° is lower by a factor of about 1.5. 

Figure 67 also shows the effect on the dose rate of modifications 
0 of the tunnel-hole environment. In all except the 90 case the modifi-

cations had little or no effect. 0 In the 90 case, addition of a con-

crete floor to the hole increased the dose rate in the tunnel by about 

75%, bringing the dose rate up to about that measured when the shield 

over the hole was l/2-in;-thick iron. As was observed in the open-hole 

data, no effect was produced when the previously described concrete 

wall was added to the tunnel. 

A further modification of.the tunnel conditions was made by con

si:,ructing a low, 8-in.-thick brick wall, first 12 in. highand later 24 

in. high, across the tunnel at a point 49 in. from the hole center line 

(25 in. from the tunnel mouth). The curves are plotted as Fig. 68. 

Neither wall had much effect on the dose. rate when the reactor elevation 

angle was 45°. With the reactor directly above the hole (y = 90b) the 

wall apparently lowered the dose rate in the tunnel by a small amount, 

the higher wall giving the larger decrease. 

Fast-neutron dose rates in the tunnel with and without Hole No. l 

covered by a 3-in.-thick iron shield are shown in Fig. 69 for reactor 

elevation angles of 15, 45, and 90°. The 3-in. thickness produced only 

a small diminution-of the dose rate in the tunnel, except at y = 90°, 

where the dose rate was decreased by a factor of about 4.5. 

Fast-neutron dose rates within the tunnel with a 3-in.-thick con

crete slab capping Hole No. l are compared in Fig. 70 with those result-

ing from the open-hole condition. The results do not differ markedly 

from those shown in Fig. 69, nor does the addition of l in. of iron on 

top of the 3-in.-thick concrete slab seem to have much effect (see 

Fig. 71 ). 

... 
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Gamma-Ray Dose Rates in Tunnel 

In the preceding section it was noted that, principally for con

venience, the fast-neutron dose rates were m;asured along a line 30.5 

in. above the tunnel floor. In the case of gamma rays the convenient 

distance turned out to be 27 in., and so most of the data repo.rted be

low were taken at that height. Again, however, the effect of detector 

vertical positioning was evaluated, with the results shown in Fig. 72 

(no shield over the hole). In this figure gamma-ray dose rates at the 

usual height of 27 in. are compared with rates measured at a height of 

6lin. Since the tunnel is 72 in. high, the latter rates are relatively 

close to the tunnel ceiling (11 in. ). The apparent effect of the 

change in height differed with the horizontal position. In and just 

beyond the hole proper the effect was, logically enough, that of in

creased dose rate with increased height. At a point just inside the 

tunnel mouth, the exact location depending on reactor elevation angle, 

the curves cross, and for the remainder of the tunnel length the dose 

near the tunnel roof is lower and more rapidly decreasing than the 

dose at 27 in. above the floor. 

The gamma-ray dose rates measured in the tunnel at a height of 

27 in. are repeated in Fig. 73, where they are compared with curves re

sulting from the addition of the concrete floor to the hole and from 

the further addition of a concrete wall blocking the tunnel 13.1 ft 

from the center line of the hole (see above). As was the case with 

the neutron data, the floor made little difference until the reactor 

elevation angle reached 90°. In contrast to the neutron data, which 

indicated that the wall in the tunnel had no noticeable effect on the 

dose rate, the gamma-ray dose rate shows a slight but .definite in

crease as the wall is approached. This is due to an increase in the 

capture gamma rays generated in the wall. 

The positioning of a 1/2-in.-thick iron slab over Hole No. 1 

produced a noticeable red11.ct;Lon in the gamma-ray dose rate within the 

tunnel. The measurements shown ip Fig. 74 indicate a 30 to 50% 

reduction in dose for the various reactor positions. 
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In Fig. 75 are shown the gannna-ray dose rates observed in the 

tunnel when a 1-in.-thick iron slab covered the hQle. Also shown are 

the effects, ·for reactor elevation angles of 15, 45, and 90°, of the 
. 0 

addition of the concrete floor to the hole, and for 45 and 90 the 

effects of the concrete wall at 13.1 ft. The same upturn of the data 

at large distances within the tunnel that occurred in the unshielded 

case with the wall added is again seen. 

Another ·variation on the basic hole-tunnel configuration was 

the introduction of the brick wall within the tunnel mouth 49 in. from 

the center line of the hole (see above). Neither the concrete floor 

. in the hole nor the concrete wal~ in the tunpel was in place during 

these measurements, shown in Fig. 76. The 12-in.-high wall produced 

a small reduction in dose rate when the reactor was directly over the 

hole, but produced no effect when the reactor was at 45°. The 24-in.-
. 0 

high wall· resulted in a decreased dose rate for both the 90 and 45 

cases. 

Gamma-ray dose rates measured when a 3-in.-thick iron slab 

covered -the hole are shown in· Fig. 77· In compB:rison with the open

hole data, the dose.rate is reduced a factor of about 4 and is roughly 

the same for all three angles shown. Placing a 3-in.-thick concrete 

slab over the hole reduced the dose rate a factor of about 2 for. the 

7 = 15° case and of about 3 for the 7 = 90° case (Fig. 78). 

The final hole~shield configuration tested in this series con

sisted of a 3-in.-thick concrete slab topped by l in. of iron. The 

curves shown in Fig. 79 indicate that the 60 and 90° data are nearly 

coincident, only a factor of about l.l separating them when the de

tector loses sight of the top of the hole. 

Measurements in Hole No. 2 

As the distance from the source (the TSR-II) to the hole in 

which the detector is positioned is increased, the principal change to 

be expected is a difference in the relative importance of the various 

components of the radiation striking the top of the hole. The relative 

importance of the direct beam from the reactor should be lessened, and 

the contribution due to air-scattered radiation should assume greater 

\./ 
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importance. The total effect of these variations was examined in a 

series of measurements made in Hole No. 2, 228 ft from the reactor, 

at a reactor elevation angle of 45°. At this angle the reactor was 

approximately 161 ft fro~ the ground, more than twice the approximately 

71-ft elevation required for the 45° data from Hole No. 1. 

In Fig. 80 are shown·the fast-neutron dose rates as a function 

of J. /D me·asured below six concrete slabs of various thicknesses, com

pared with ·the dose rate measured in the open hole. From these data 

evolves Fig. 81, showing the fast-neutron dose rate in Hole No. 2 as 

a function of concrete slab thickness. 

Figure 82 shows fast-neutron dose rates in Hole.No. 2 below 

several thicknesses of iron shield, as well as below two composite 

shields of iron and concrete. From a comparison of the composite 

shield data with those for simple concrete slabs (i. e., a comparison 

of Fig. 82 with Fig. 80), it is seen that an advantage exists in the 

use of the composite shields if minimum thickness is a goal. The ad

vantage would be reversed if total weight were the criterion. The in

fonuation for simple iron slabs from Fig. 82 is replotted in Fig. 83 

to show dose rate as a function of iron thickness. The relaxation 

length associated with these data is 13.7 em. 

As was the practice at Hole No. 1, all the measurements of Hole 

No. 2 were made along the center line of the hole. The influence of 

radial position within the hole was investigated by a series of trav

erses within the open hole in which the detector was displaced succes

sively 1 aud 1 1/2 ft in the direction of the reactor and 1 1/2 ft at 

180° from the dir·ection of the reactor. The results are shown in Fig. 

84. A small effect, appreciable only near the top of the hole, was 

most noticeable for the case in which the detector was moved away from 

the reactor direction. 

Fast-neutron dose rates in Hole No. 2 are compared in Fig. 85 

with tl10Be measured in Hole No. 1. In both cases the reactor elevation 

angle was 45°, and the concrete shield thickness was varied. The data 

are cross-plotted to show the fast-neutron dose rates as a function of 

concrete thickne::>:::l in Fig. 86. 

'\ 

\. 
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Gamma-ray dose rates in Hole No. 2 are plotted in Fig. 87 as a 

f'Unction of' £/D for various thicknesses of concrete shield, and in Fig. 

88 as a function of shield thickness. 

Figure 89 presents the results of gamma-ray dose-rate measure

ments in Hole No. 2 below various thicknesses of simple iron slabs and 

below two composite configurations. Curves for the latter two config

.urations strongly emphasize the importance of the iron placement in such 

configurations} since 3 l/2 in. of iron below 15 in. of concrete is more 

effective in lowering the dose rate in the hole than is a total of 5 in. 

of iron and 15 in. of concrete when 3 l/2 in. of the iron is above the -... 
concrete and l l/2 in. is below it. The gamma~ray dose rates below the 

iron slabs alone are plotted in Fig. 90 as a function of the iron 

thickness. 

As was the case with the fast-neutron data in Hole No. 2J the 

effect of shifting the.radial position of the detector was explored for 

the. -gamma-ray dose rate. The resultsJ which are for the case of no 

shield over the holeJ are shown in Fig. 91. 

Gamma-ray dose rates in Hole No. 2 for a reactor angle of 45° · 

and various thicknesses of concrete shields are compared in Fig. 92 

with corresponding data for Hole No. l. The Hole No. l gamma-ray dose 

rateJ normalized by a factor of 0.20J is cross-plotted} along with the 

Hole No. 2 dataJ as a function of concrete thickness in Fig. 93. The 

data for £ /D values of 2 and 3 appear to be fitted by curves represent

ing a relaxation length of 15.0 cmJ but the £ /D = l data for both holes 

seem to be best fitted pya relaxation length of 17.5-cm. 

The only thermal-neutron data obtained at Hole No. 2 were from 

a pair of foil traverses} one though a 12-in.-thick concrete slab and 

the other through the gravel adjacent to the hole. Both gold and dys

prosium foils were used for each traverse} with the gold-foil results 

being uniformly higher than the dysprosium exposures (see Fig. 94): 

Measurements in Hole No. 3 

Hole No. 3J which was 450 ft from the reactor} should be far 

enough from the reactor to bring outJ in comparison"with data from 

Hole No. lJ effects peculiar to increased air-scattered radiation since. 

·• 
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the separation distance is roughly equivalent to l mean free path for 

energetic neutrons in air. The reactor angle of elevation used for the 

Hole No. 3 measurements was 15°, placing the reactor at an elevation of 

about 116 ft. 

The fast-neutron dose rates measured in Hole No. 3 below various 

thicknesses of concrete are shown in Fig. 95, and are replotted as a 

function of concrete thickness in Fig. 96. A direct comparison is made 

in Fig. 97 of the Hole No. 3 dose rates below concrete with s1milar 

measurements in Hole No.· 1. 

Fast-neutron dose rates measured as a function of I. /D in Hole 

No. 3 below various simple iron shields and composite iron-concrete 

shields are shown in Fig. 98. The fast-neutron dose rates below the 

simple iron slFJ.bs are plotted vs iron thickness in Fig. 99. · 

Gamma-ray dose rates in Hole No. 3 are shown in Fig. 100 for 

concrete shields and in Fig. 101 for iron and iron-concrete composite 

shields. In the composite shield measurements a test of the usefulness 

of a. 1/4-in.-thick boral sheet showed that, regardless of its position 

in the composite, the boral had negligible effects in reducing the gamma

ray dose rate in the hole. The effectiveness of an air gap was also 

negligible. 

The gamma-ray dose rates in Hole No. 3 are compared in Fig. 102 

with those in Hole No. l as functions of depth within the hole, and in 

Fig. 103 as functions of concrete thicknE?SS. The gamma-ray dose rates 

in Hole No. 3 below simple iron slabs are plotted in Fig. 104 as func

tions of sl.ab thickness. 

ERRORS 

The assignment of accurate and defensible limits of error to 

t.he work reported o.bove is diffil:Ltlt. Not only are there many sources 

of error, but the magnitude of each source and even the method of esti• 

nJation are not yet firmly determined. The principal sources of error 

are considered to be the error in determining the reactor power, in-· 

accuracy in reacto~ positioning relative to the experiment holes, in

herent errors in instrument calibration, and errors stemming f:rom 
counting statistics. 
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A TSR-II power calibration was made in 1961 at the low nominal 

power of 40 kw. At that time the accuracy with which the power was known 

was given as about :5%· The instrument system which determines power 

levels in the TSR-II is known to have undergone significant nonrandom 

changes, and therefore ~10% deviations in power level are probable. 

The reactor position is determined by a right-triangle procedure 

in which the reactor height is measured with a calibrated wire and the 

angle from horizon to reactor is measured with a surveyor's transit set 

at the detector station. The resulting right triangle is solved for the 

slant distance from the reactor to the location of measurement. In 

principle, this method should give positional accuracy to 1% or less. 

In practice, effects of wind, etc., on the suspended reactor and on the 

calibrated wire may make an error of ±5% a reasonable assignment. Errors 

in carrying out the positioning operation can occur, of course; and Wells, 5 

in an analysis of part of the data of Hole No. 1, has pointed out an 

instance in which this may have occurred. 

Both the anthracene scintillation gamma-ray dosimeters and the 

Hurst-type fast-neutron dosimeters used for the present measurements are 

usually assigned an error of ±5%, justified on the basis of past experi

ence with these counters. 

Some feeling for the counting errors is obtained by an examination 

of the fluctuations sJtown on the original autoplot curves. Based on this 

evidence, counting errors should range between tl and tlo%, depending up

on the particular eXperimental configuration. In a few cases the so-called 

hand points were repeated, with a reproducibility of about :5%· A value 

of ~8% is arbitrarily adopted for counting errors. 

If it can be assumed that the errors described above are random in 

nature, a total error of tl5% results. Simply adding errors results in a 

total error of ~28%. 

5. M. B. Wells, Anal sis of the Measurements of Fast-Neutron Dose Rates 
in Hole No. 1, Research Note No. 3-3, Radiation Research Associates, 
Fort Worth (February 1963). 
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APPLICATIONS AND FUTURE NEEDS 

Portions of the work reported above have already been used success

fully to check the results of two calculational approaches to the weapon 

burst problem: that of Blizard et a1. 3 and, more recently, that of Wells. 5 

Also, Cain6 of ORNL computed dose rates within tunnels and utilized por

tions of the tunnel data. 

Although it is inevitable that some users of the curves will find 

deficiencies in specific areas, it is felt that the 90-odd data plots rep

resent a rather complete investigation of the problem. A few questions of 

fact are left unanswered. In fUture work the validity of the apparent in

tensification effect observed behind thin iron shields should be examined, 

and a detailed study of dose rate as a function of reactor elevation angle 

would be desirable. 

6. V. R. Cain, Calculations of Thermal-Neutron Flux Distributions in 
Concrete-Walled Ducts Using an Albedo Model with Monte Carlo 
Techniques, ORNL-3507 (in press). 
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Fig. 7. Fast-Neutron Dose Rate in Hole No. 1 

as a Function of .£/0 for Various Thicknesses of 

Concrete Shield (y = 30 "). 

Fig. 6. Fast-Neutron Dose Rate in Hole No. 1 

as a Function of .£/0 for Various Thicknesses of 

Concrete Shield (y = 15"). 
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Fig. 8. Fast-Neutron Dose Rate in Hole No. 1 

as a Function of f! D for Various Thicknesses of 

Concrete Shield (y = 45'1. 
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F ig. 22. Fast-Neutron Dose Rate in Hole No. 1 

as a Function of £/D for Shield of 3\ in. of Iron, 
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as a Funct ion of f!D for a Shield of Two 3 ~ - i n . • 
Th ick Iron Slabs Separated by 9 in. of Concrete 

(y = 15 and 45 '). 
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Fig. 34. Gamma-Ray Dose Rate in Hole No. 1 as 

a Function of £/D for Various Thicknesses of Con• 

crete Shield (y = 15~. 
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Fig. 35. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of £/D for Various Thicknesses of 

Concrete Shield (y= 30~. 
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F i g. 37. Gamma-Ray Dose Rote in Hole No. 1 

as a Function of £/D for Various Thicknesses of 
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F ig. 36. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of £/D for Various Thicknesses of 

Concrete Shield (y = 45 ° ). 
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Fig. 38. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of £/D for Various Thicknesses of 

Concrete Shield (y = 90"). 
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F ig. 40. Gamma-Ray Dose Rate in Hole No . 1 

as a Function of £/D for a 3Y
2
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Fig. 42. Gamma-Ray Dose Rate in Hole No. 1 

as a Func ti on of £/D fo r a Shield of 3 \ in. of Iron 

and 6 in. of Concrete (y = 15 and 45 '). 
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Fig. 44. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of the Thickness of Concrete Below 

3 ~ in. of Iron for Various Values of £ / D (y = 15 

and 45~ . 
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Fig. 46. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of £/D for a Shield of 3\ in. of 

Iron, 6 in. of Concrete, and 1 \ in, of Iron {y = 15 

and 45"}. 
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Fig. 54. Gamma-Ray Dose Rate in Hole No. 1 

as a Function of £/D for a Shield of Two 3 \-in.

Thick Iron Slabs Separated by 9 in. of Concrete 

(y = 15 and 45C) . 
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Fig. 80. Fast-Neutron Dose Rate in Hole No. 2 

as a Function of £/D for Various Thicknesses of 

Concrete Shield (y = 45"). 
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Fig . 82. Fast-Neutron Dose Rate in Hole No. 2 

os a Function of £/D for Various Thicknesses of 

Iron and Iron-Concrete Shields (y = 45"). 

.............. 

5 

';< 
·~ .t:; 

"' ~ 2 VI 

~~ ...... 
"' 
~ 
w 10-4 f-
<t 
a: 
w . 
(/) 

0 
0 

z 
5 0 

a: 
f-
::> 
w 
z 
I 

f-
(/) 

li: 
2 

.............. 
............... >- •13.7 em 

UNCLASSIFIED 
ORNL - DWG 63-2178 

............... r--....... .t/0•1 

~ ............... 
-.............. 

~ 
............... 

1---...... -...... .t lo = 2 

......... 
.......... ............ 

............... 
. 

............... 
.tiD =3 

.......... ~ 

................ 

2 3 4 5 6 7 

IRON THICKNESS (in.) 

5 

2 

I w-3 
~ 

I· 
~ 

5 
.t:; 

"' 2 ::> 
VI 

-!!! 
I; 4Q-4 

~ 
w 
!;i 
a: 
w 
(/) 

0 
0 

z 
0 a: 
f-
::> 
w z 
I 

f-
(/) 
<t 
lL 

5 

2 

w-5 

5 

2 

w-s 

5 

2 

w-7 
0 

' '\\ 
"\ 
::s; 

UNCLASSIFIED 
ORNL-DWG 63-2i77 

~ 

~ ( 0 

' ~ "" '11 1""": 
~ ~ s~ 

'n. 'F?ol\i 
"? · 

'n. 'F?ol\i 
......... 

~s - 11). 

co~ 

~s 
CJ?~ 

. ,.~ 
'n. 1-?. -...... ·-....: ~s . 

o,_, ~ ~~-?. , 's . o,_, 
~~~~ 

'1tcf? c:,.t:, 
'·s. 

'n. 
IJ?o,_, 

I 
-

0.5 1.0 1.5 2.0 2.5 3.0 3.5 

.t/0 

Fig . 83. Fast-Neutron Dose Rate in Hole No. 2 

as o Function of the Thickness of an Iron Shield 

for Various Values of £/D (y= 45") . 



• 

F ig. 84. Var iation of Fast-Neutron Dose Rate in 

Hole No. 2 (No Shield) with Radial Detector 

Pas it ion (y = 45') . 
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F ig. 90. Gamma-Ray Dose Rate in Hole No. 2 

as a Function of the Thickness of Iron Shield for 

Various Values of £ / D (y= 45~. 
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Fig. 96. Fast-Neutron Dose Rate in Hole No. 3 

as a Function of the Thickness of Concrete Shield 

for Various Values of £/D (y = 1 S). 
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Fig. 99. Fast-Neutron Dose Rate in Hole No. 3 

as a Function of the Thickness of an Iron Sh ield 

(y = 1 SO). 
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Fig. 102. Compa ri son of Gamma-Ray Dose Rates 

in Hole No. 1 and Hole No. 3 as a Function of £/D 

for Various Thicknesses of Concrete Shield (y = 

1SC) . 
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