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ORNL-2195 Erratum

Page iii

Lines 7 and 8 should read as follows:

s e 0000

always placed behind the detectors to simulate a homogeneous shield.

The average relaxation length for gamma rays in barytes-~haydite ......
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ABSTRACT

A study of the nuclear and physical properties of the concrete shield
of the ORNL Graphite Reactor was performed both to determine the radiation
attenuation characteristics of the shield and to discover any effects of
a long-term (12-year) irradiation. In the experiment neutron and gamma
radiation measurements were made in a 4-5/8-in.-dia hole in the shield as
the hole was drilled in increments of 1 or 1/2 ft. Concrete plugs were
always placed behind the detectors to simulate a homogeneous shield,zhﬁverage
relaxation lengths for gamma rays and-Ffest-neubrens in barytes-haydite
concrete, of which most of the shield is made, is approximately 13.6 cm,
increasing gradually from 13.0 cm at a shield thickness of 2 ft to 14.6 cm
at a shield thickness of 5 ft. The fast-neutron relaxation length in the
barytes-haydite concrete varied from 10.0 cm to 10.6 cm, the average being
approximately 10.2 cm. Measurements of the streaming of radiation through
the hole were also made. The concrete dust collected from the drillings
was used to determine the chemical composition, water content, densiiy,
compressive strength, and radiocactivity of the shield at the various depths.
The temperature gradient through the shield was also measured. This in-
vestigation showed that the chemical properties and density of the shield
have not changed appreciably since a similar investigation in 1948, but its

compressive strength is lower (-~ 40% near the reflector-shield irterface).
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INTRCDUCTICN

The numerous factors imvolved in redcbor shield design reguire thail both
experimental and theoretical values of neubtron and gamums~ray abbenuations he
known in order to design an eccnomical radiation-safe shield. Ope of the

cheapest and most commonly used materials for skielding arcund shtetionary

-

bhe shield

m
S

reactors is concrets, and the oldest existing concrete shield i

around the ORNL Graphite Reactor. This shield consists of a 5-T% thickness

of barytes-haydite concrete sandwiched between twd 1-ft thicknesses of ordinary
Portlard concrete. In order to obtain sxperimental dabta from which the shield-

ing prcoperties of the concrshe could be determined and at the same time to
discover any changes in the structural properties of ths concrete which had

served as a shield for several yesars, a study of the nuclear and physical

properties of the concrete around the ORNL Graphite Reactor was undertaken.
The shielding portion of the study included messurements of ths gamma-ray,
fast-neutron, and thermal-neutron intensities in a 4-5/8-in.-dia hole as the
hole was drilled through the shield. The physical arnd chemical properties
of the ghiesld were determined from the concrete removed by the core-type
drill. A&t the time this investigation was perforned {Fevruary - July 1956)
the shield had heen in

Ar investigation similar to the one reported here waz conducted previcusly

lace for 12 yesrs.

3

: . 1,2, . . -
the ORNL Graphite Reactor, ™" bubt it yielded results of limited usefulness
since water was introduced into the hole both to cool and clean the 4rill
bit snd to provide personnsl shielding. The effect of the waler on the

.

measurements could not ke deternined. Similar studiesz were slso carried oub

3

st the BEPO at Harwell, Buogland,” at the Brookhaven Beachor at Brookhsw

, . 4 N s ) . .
National Leboratory, aad alt the JEEP at Kjeller, Norway,” but lo every case

1. T. Rockwell, ITI, "Physical Tests on Core Drillings from the OHN
Reactor Shield, " ORNL-241 {1949},

2, S. W. W. Shor and J. M. Casaidy, "Effect of Water Scaking
Properties of the Cak Ridge Pile Shield, " ORNL-2C3 (19h9

3. J. R. Harrison, &. M. Mills, and D, Bedell, "The Distrib £
Rayvs and Neutrong in the Control Face of the BEPO, " AERE RP/ 160h
SWP/P20 (1955).

ho W. W. Pratt, =t al., "The Attenuation Characteristics of Brookhaven
Concrete, " BNL-145 {(1951).

5. F. Adier and H. K‘epp "Thermal Neutron Distribubion in the Concrste
Shield of JEEP," Nuclecnics 1% No. 2, 72 {1855).

1



there were adverse effects that prevented accurate interpretation of the
results. The usefulness of the attenuation measurements made on the BEPO
shield is limited by the absence of a chemical analysis of the concrete,
especially of the water content. In the Brookhaven experiment a hole in
the shield was plugged with blocks of concrete to simulate the shield thick-
nesses, and all measurements were made at the face of the shield using a
collimator. The elffects of radiation streaming sround the plugs and of the
geometry of the collimastor could not be separated from other effects. In
the experiment at the JEEP reactor at Kjeller the thermal-neutron flux
throughout the shield was determined by irradiating foils eanbedded in two
long concrete plugs placed in an existing hole. Again the streaming around
the plugs had an adverse effect on the results.

In the experiment reported on the following pages radiation intensities
vere measured st the 'bottom" of the hole immediately following the removal
of a core drilling, a procedure which eliminated =ny streaming around plugs.
In addition, each detector was positioned in a2 hollowed end of a concrete

plug, which gave the effect of embedding
UNC_ASSIFIED

ORNL-LR-DWG 16727 {he detector in a homogeneous shield. In

_—— ORDINARY ASBESTOS. GRAPHITE
PORTLAND CONCRETE "~ _ LATTICE,

order to avoid introducing water into the

hole the drill bit was cooled with air.

By taking these precautionary measures

the resulting data is unbiased by un-
- determinable effects.
St s T. DRESCRIPTION OF THE SHIELD
N BARYTES— HAYDITE [
R CONCRETE 5 ’ /
S N R SO ST To 1ol The three sections of the 7-ft-
;&; ‘ ' _;gﬁ ForsTe] . thick ORNL Graphite Reactor shield are
N : - ¢ D,‘-Q,‘v . & ’ .
S Lo petetele shown in fig. 1. A 2.3-cm-thick layer
e B Dl 3 AN
f ' SN B K EREAR of asbestos separates the concrete from
e o ‘ ”7,éf??f’ L the graphite lattice. The inner foot of
e e R
ngjf‘*i”“\g;’”“”;*ﬁj;Jr 7 the shield, adjacent o the graphite lat-
|
-t in Yair - - m . . -
A e moese tice, and the outer foot of the shield
Fig. 1. Cross Section of ORNL Graphite Reactor Shield. both consist of ordinary Portland concrete.

Sandwiched between these two 1-ft



sections is a 5-ft thickness of barytes-haydite concrete covered with a
bituminous coating (~ 0.5 cm thick) to prevent water evaporation. The
barytes (Basou) aggregate was added to the concrete to lpcrease its density
and the haydite, which is calcined shale, was added to increase the water
content.,

For this experiment it was arbitrarily decided to specify the shield
thickness as the distance measured from the face of the graphite lattice.
Therefore, each shield thickness reported here includes, in addition to the
concrete, the layer of asbestos and the water-proofing tar coatings. Tt
also includes the distance from the front of the instrument being used to

its center of detection.
II. EXPERIMENTAL PROCEDURE

The 4-5/8-in.-dia experimental hole was drilled through the shield in
increments of 1 or 1/2 ft at the center of the south face of the reactor.
Gamma-ray and fast-neutron dose rates and thermsl-neutron fluxes were measured
after each incremental drilling;* rather than behind plugs in the hole, sc
that radiation leakage down a plug annulus would be avoided. A homogeneous
corcrete shield around each detector was simulated by placing the detector
in a recession in one end of a close-Titting lh-in.-long concrete plug. This
plug was made of the same type of concrete as that in the shield at the
particular depth at which measurements were being made. Behind this 1h-in.-
long plug was placed a 5-ft-long plug of barytes-haydite concrete when the
hole was deep enough to require it.

The hole through the outside L4 ft of shield was drilled in four i-f%
increments. The inner 3 £t of the hole was drilled in 1/2-ft increments,
giving a total of 10 drillings. Each drilling was made during the wormsl
th

g
remainder of the week. In tabulating the results in this report, data listed

&

weekly resctor shutdown and 21l attenuation measurements were made durin

under a given drilling number were taken during the week following that

*Fast-neutron fluxes were also measured by activation of threshold foils, but
there is considerable uncertainty in the results. These measurements are
reported under separate cover in ORNL-CF-58-8-1, "Fast-Neutron Flux Messure-
ments in the ORNL Graphite Reactor Shield, " by T. V. Blosser et al. (1958).



particular drilling. For example, at Drilling 1 the first foot of the hole
was drilled so attenuation data listed der this drilling were taken at a
shield thickness of ~ 4. Drilling O refers to data taken at the outside
face of the shield. Attenuation measurements were made after Drilling 3
both before and after some graphite plugs in the neighboring experimental
holes were replaced with concrete plugs and the results are listed under
Drillings 3A and 3B, respectively.

) The hole for the experiment was drilled as near the center of the south

face as possible under the condition that it be approximetely eguldistant

from neighboring experimental holes.
UNCLASSIFIED

ETOIOSETOTs e relative positions of these holes

to the hole drilled in this experiment

(3
'"}‘_ are shown in rig. 2.
| (s) ’ LU The hole was drilled with =
| )
qi\\ / /;? L-5/8-in.~dia diamond-edged core-type
29.21in. /
\\ I / drill powered by a four-cylinder
277 in. | 24.21n. . R . -
N / / gasoline Hercules englne and forced
| (60) N / . . . )
. AN / / into the shield by hydraulic pressure.

i T fa
24 in.
—

Se-in.-di . L 1
(=~ 47gmin.-dia HOLE DRILLED  compressed air rather than water was
DURING EXPERIMENT

o6t \\\Eq used to cool the drill in order to
o 4in.

\

(2@é§ﬁ// y \\(gew avoid the introducticn of water into
{

\

\ the shield. The compressed alr proved
,&fﬁ) to be a sufficient coolant although
freguent stops to allow the bit to cool
NOTE: NUMBERS IN PARENTHESES REFER TO EXPERIMENTAL HOLE NOS. were necessary when the ordinary Portland
concrete was peing drilled. No stops

. s N 5 . )
Fig. 2. Relative Location of 4%-in.-gia Hole with Respect to Were necessary wien drﬁlllng thl"OU.Ofl

Adjacent Experimental Holes on South Face of ORNL Graphite Reactor, the softer ‘oaryteSWhaydite concrete.

Drilling a foot through the ordinary concrete required approximately 1 hr,
while drilling through a foot of barytes-haydite concrete required only
15 min. A total of four diamond bits were dulled during the entire 7 It

of érilling.



Radioactive dust which was produced during the drilling was collected in
a vacuum cleaner system composed of four filter bags in a vacuum~-tight box
followed by a Pullman commercial type 1-1/U4hp vacuum cleaner. The dust col-
lected in a removable filter in the vacuum cleaner provided representative con-
crete samples for chemical analysis. A new filter was used for each drilling.

After each drilling was completed; the concrete core was broken from the
shield by a wedge driven between the drill and the core. Fortunately, the end
of the core consistently broke off evenly so that the uncertainty in the depth
of the hole was less than a centimeter. The core was removed and sealed in a
polyethylene bag, and the depth of the hole from the outer surface was then
measured. Following the final drilling the depth to the graphite lattice was
measured; all hole depths could then be converted to shield thicknesses.

The core removed from the outside foot of the shield (ordinary concrete)
is shown in Fig. 3. The steel reinforcement rods shown crossing the core
vere the only rods encountered during the entire drilling of the hole.

In order to avold confusion as to which end of the drilled hole is being
referred to, the term "bottom" of the hole ig used throughout this report in
referring to the erd of the hole inside the shield, i.e., nearest the graphite
lattice, even though the hole waes drilled horizontally.

III. PHYSICAL AND CHEMICAL PROPERTIES OF THE SHIELD

After each drilling, except drilliings 3, 4, and 7, the chemical composi-
tion of the concrete was determined by both chemical and spectrographic analyses.
A spectrographic analysis of an agbestos sample was also made. In additicn, the
following physical properties of the concrete cores removed from the hole were
determined: wabter content, density, compressive strength, and radiocactivity.

The temperature gradient throughout the shield was slso determined.

Chemical Composition

Since the chemical and spectrographic analyses were made from concrete
dust which was collected in the vacuum-cleaner filter during each drilling, a
representative sample of the concrete for that portion of the shield was ob-
tained. All analyses wers made by the Analytiresl Chemistry Division of ORNL.
When poured, the composition of the concrete in this section was:1

Cement (Portland, low heat) 16.3 wt% Barytes aggregate L6.4 wtd
Haydite 27.3 wth Water ‘ wht%



J UNCLASSIFIED )
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Fig. 3. Core Drilled from Outside Foot of ORNL Graphite Reactor Shield. This portion of the shield wes ordin

ary
Portland cement concrete . Steel rods in foreground are reinforce

ment rods encountered in the first foot of drilling .

‘



The composition of the haydlte, a porcus calcined shale, was assumed to be:

Sidp 60 wt% A 8.5 wt%
Alx0C3 16 wt%b Ca 17.0 wth
Cal 2h wth Si 43wt

The barytes aggregate was 96.4% Basou. The BaSOLL consisted of equal parts of

aggregates as follows:

A B
100% through 7/8-in. sereen 100% through 4-mesh screen
5.25% through O-mesh screen 0-5% through 100-mesh screen

Fineness modulus = 5.95 ~ 5.20 Fipneness modulus = 3.33% -~ 2.58

The results of the chemical analyses for each drilling are presented in
Table 1. These analyses were performed on a dry basis. Oxygen not present as
water could not be determined analytically but can be aspproximated by Aif-
ference.

Results of the spectrographic analyses of the consrete samples ars glven
in Table 2, along with a spectrographic analysis of asbestos separating the
graphite lattice from the concrete shield. The original chemical analysis of

the asbestios was unavailsbls.

Water Content

The results of the waber content analyses, also determined by the
Analytical Chemistry Division of ORNL, are presented in Table 3. Duplicate

samples were analyzed for Drilling 10.

Table 3. Water Conbent, Depsity, and Compressive Strength of
Samples of Coucrete from the ORNL Grapbite Reactor Shield

Densgity Compressive 3trength
Shiel Water Content (g/ce) (psi)
Driliing ThleEESu - g, Thig This

No.2 (£t) This Study tudy  1948Y  gtuay 1948b
3 6 - 7 6.7% 2.22 2.2C 1605 1650

2 5« 6 9.96 2.26 2.27 2430 PLH0

3 h - 5 11.9 2.35 2.28 2550 2775

L 3 -4 1 2.3h 2.26 2320 2891
5 2.5 « 3 10.2 2.36 2.17 3970 2980

6 2 . 2.5 13.2 2,3k 2,17 2140 2953

7 1.5 - 2 15.0 2,35 2.16 2050 2765

8 1 - 1.5 13%.5 2.15 1.56 1585 2170

9 0.6 - 1 9.24 2.36 2.21 1610 2676
10 Q0 - 0.6 6.9% 2.54 2,11 1470 2450

a. Driliings 1, 9, and 10 were in Pecrtiand concrete; other drillings wers in
harytes~-haydite concrete.
. Average values from Ref. 1.



Teble 1. Chemical Analysis {Dry Basis)'of Semples of Concrete
from the ORNL Graphite Reactor Shield®

Composition (wt%)

Drilling 1, Drilling 2, Drilling 5, Drilling 6, Driliing 3, Drilling 9, Drilliing 10,
6 - 7 £+ 5 -6 ft 2.3 - 3Ft 2 -2,5ft 1 -1.5ft 0.6-1Ft 0O - 0.6t
Element of Shield of Shield of Shield of Shield of Shield of Shield of Shield

Fe 1.58 1.14 1.23 2.20 1.3%6 1.27 1.24
Mg 2.37 2.4 1.97 0.00k 0.35 9.50 0.35
Ca 11.31 11.00 8.00 9.69 8.0 7.75 6.88
Si 33,65 10.24 9.96 10.54 10.07 35.01 33.59
S 0.66 0.66 0.27 0.28 0.44 0.31 0.47
Al 1.57 2.09 2.47 2.22 3.19 2.58 2.73
Na 0.20 - - - 0.17 0.14 0.12
K 0.30 - - - 0.40 0.11 0.14
Ba, - 27.00 27.90 18.20 28.60 - -

- - - 3.88 0.71 0.82 0.73
E b b b b b b b
O c c c d c c c

a. Drillings 1, 9, and 10 were in Portland concrete; other drillings were ln barytes-haydite concrete.
v, Too low for analysis.
¢, Not attainable.



Table 2, Spectrographic Analysis of Samples of Concrete from ORNL Graphite Reactor Shielda

Compositior;b {wt%)

Drilling 1, Drilling 2, Drilling 5, Drilling 6, Drilling 8, Drilling 9, Drilling 10, Asbestos
Limit of 6 - 715t 56 ft 2.5 - 3 2 - 2,51t 1-1.5%% 0.6 -1 5% G - 0.6 f%
Element tection Of Shield Of Shield Of Shield Of Shield Of Shield 0f Shield 0f Shield
(%)
Ag 0.000% - - - - - - -
Al B B R C-D C B B j
As 0.3 - - - - -
Au 0.00k - - - - - - -
B 0.008 B 5 - B - - -
Ba 0.08 - B A-B B - - -
Be 0.0005 - - - ~ - - - -
Bi 0,001 ~ - - - - - -
Ca A E
Ccd 0.022 - - - - - ~ -
Co 0,002 - - - - -
Cr 0.00C5 B - - - B E B B
Cu E ¥ F P F ¥ ¥ F
Fe c B [ B c C C C
Ga 0,003 - - - -
Hg 0.06 - - - -
K 1.k - - -
L1 0.054 - - - - -
Mg B B C B B B A
Mn c C D D D b D
Mo 0,001 - - - - E
e 0.0k c o - D B D -
Ni 0,002 - E - - B - F
Ph 0.01 - - - - D - - -
Pa ©.0009 -
Pt 0.009 - - - -
Ru 0,005 -
<] c
5b 0,01k - - - -
si A A A B B B
Sn 0.003 - - - - E -
Sr c B B -
Ta 0.1 - - - -
Ti D C T C-D D D -
T1 0.05 - - -
v 0.004 - - - - E - - -
W 0.09 - - - - -
Zn 0.12 - - - - -
Zr 0.008 D - B B -

a. Drillings 1, 9, and 10 were in Portland concrete; other drillings were in barytes-haydite concrete.
b. legend: A, 10 to 100 wt%; B, 1 to 10 wt%; C, 0.1 to 1 wt%b; D, 0.01 to 0.1 wt$; E, 0,001 to 0.01 wt$; F, 0.0001 to 0.001 wt$ when a dash
{-) appears it indicates that an analysis was made for the element but none was found. When no mark appears no analysis was made.
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At the completion of each drilling the concrete core removed was im-
mediately sealed in a polyethylene bag to insure that no change in moisture
content occurred. After sufficient time had been sllowed for decay of the
radioactivity, a small portion of the core was sawed off and crushed. The
sum of the combined and uncombined water was then determined by weighing
the sample before and after heating it to EEOOC. Several samples which were

heated to 9OOOC showed. little or no further change in weight.
Density

The density of the concrete was determirned by weighing a pbrtion of the
core removed during the drilling and then determining its volume by water
displacement. The results of the present investigation, together with the
results from similar measurements made in the 1948 experimentl are also
presented in Table 3. The concrete from the 1948 drilling came from the west

face of the reactor.

Compressive Strength

Results of the compression tests on the concrete cores, together with
the results reported in the 1948 investigation,l are also included in Table 3.
The cores were tested according to ASTM standards (ASTM CLh2-49). A 30,000-1b
testing machine located at the ORNL Graphite Reactor building was used to test
the Portland concrete samples (Drillings 1, 9, and.lo) and the last barytes-~
haydite sample (Drilling 8). The barytes-haydite cors from Drilling 2 could
not be broken on the 30,000-1lb machine. When it was hesbed on a hydraulic
ram, it was shattered by a dynamic force lower than the static loading (2k10
psi) it had previously withstood in the 30,000-1t maciine. All other barytes-
haydite cores were tested on a 120,000-1b machine by E. R. Taylor of the
Metallurgy Division at the Gaseous Diffusion Plant. The resson for the un-

usually large result for Drilling 5 could not be deteruined.



Concrete Activity

1=

o

11

The concrete samples for activity measurements each weighed approximately

and were prepared from the concrete dust removed during each drilling.

Since 1t was not possible to measure the activity immediately after the

drilling was completed, the sample of dust was later weighed and irradiated

again in the hole in its originel locstion for two to three days.

ghort half-lived components of the concrete were

was again removed from the hole just prior to counting.

‘given in Table 4 and plotted in Fig. 4 as a function of the decay time for

various shield thicknesses.

Y Pt were too low te count.

g
/S concreTe )

. —
\ergsS gyissue

)

The results are

Thus the

saturated when the sample

Activities for this thicknesses greater than

LUNCLASS
2-01-058-0--284
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DRILLING 10, - .

v SHIELD THICKNESS = G ft
" (AT REFLECTOR-SHIELD INTERFACE) —

]

|
A
|
t

SAMPLE FROM

e
DRILLING 10 WAS ORDINAR

Y CONCRETE ;.77 R

- T o
DRILLING 8,

~ 1O ft

R

DRILLING 7,

DRILLING 6,
~20H I

=P

....... 0

|

2.5ecm FROM THE CONC

i
-1

FIC GAMMA-RAY DOSE RATi,

RETE.

DECAY TIME (hr)

Fig. 4. Decay of Activity in the Concrete Somples Removed from the ORNL Graphite Reactor Shield After

Each Core Drilling.
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Table 4. Decay of Gamma-Ray Activity in Samples of Concrete
from the ORNL Graphite Reactor Shield®

Dose Rateb Dose Rateb
ey [ T Byygne T DeosY  [°78/Bhyoue T
(hr) Econcrete (hr) &concrete
Drilling 10, No Shield
6.66 9.6 x 10°L1 30.0 2.91 x 10-1
7.73 8.92 x 10-1 50.0 1.2 x 10-1
9.00 8.34 x 10°1 60.0 7.66 x 1072
20.0 4,66 x 1071
Drilling 8, ~1 ft of Shield
0.20 8.68 x 10-° 2.88 3,16 x 1072
0.30 8.25 x 10~7 5.08 1.69 x 1072
0.38 7.92 x 1072 8.08 9.47 x 1072
0.48 7.60 x 1072 10.36 7.08 x 1077
0.55 7.49 x 1072 28.86 2,24 x 103
0.65 7.07 x 10-2 29, 36 £2.19 x 1072
Drilling 7, ~1.5 ft of Sbield
0.15 9.00 x 1072 1.69 L.46 x 10°3
0.35 8.07 x 1072 1.99 3,98 x 1077
0.75 6.66 x 10-2 32,53 .ok x 107k
1.16 5.49 x 1077 3%.5% .49 x 1074
Drilling 6, ~2.0 ft of Shield
0.069 1.47 x 10°% 5.269 1.67 x 1072
0.468 1.15 x 1074 6.069 1.09 x 1072
0.869 9.09 x 10™° 6.869 5.88 x 1072
1.269 8.18 x 1077 7.669 6.76 x 1070
1.669 6.84 x 1072 8.469 5.10 x 107
2.069 5.80 x 1072 9.269 5.83 x 1076
2.469 %.97 x 1072 10.069 3,58 x 10°
2.869 411 x 1079 10.860 3,33 x 10°C
3,269 3,46 x 1072 11.569 2.98 x 1070
3.669 3.17 x 1072 12,469 2,35 x 10~°
1.069 2.70 x 1077 15.260 2.76 x 106
4. 469 2.22 x 1072 14.069 2.%5 x 1070
4 869 2.12 x 1072
Drilling 4, ~3%.0 ft of Shield ,
0.216 5.40 x 10°7 0.762 5.38 x 1077
0.349 8.97 x 1077 1.0%2 5.19 x 1077
0.5449 8.00 x 107/ 1.405 6.90 x 1079
0.582 6.88 x 1071

a. Drillings 1, 9, and 10 were in Portland concrete; other diillings
were in barytes-haydite concrete.
b. Specific gamma-ray dose rate 2.5 cm from concrete.



13

Temperature Gradient Thfough Shield

Heating of the shield resulted both from heat leakage from the reactor
core to the shield and from heat generation in the concrete itsell caused by
the transmission of radiation in the shield. The temperature gradient in
the shield was assumed to be at a steady state after the reactor had been
operating at full power (3500 kw) for five days. It was then measured by
12 iron-constantan thermocouples embedded along the central axis of a close-
fitting, T7-ft-long concrete plug constructed to match the adjacent concrete
of the shield. 8ince the reactor is air cooled and the inlet air temper-
ature varies,. thermocouples 1 and 12 were placed on the ends of the
concrete plug to measure the ambient temperature of the inner and outer
surface of the concrete shield. The small annular air gap surrounding the
plug was staghant and therefore did not appreciably affect the results, which

are given in Fig. 5 and Table 5.

Table 5. Temperature Gradient Throughout the ORNL
Graphite Reactor Shield

Shield Thickness Temperature (°C)
During 3500-kw 5 hr After 10 hr After
(£t) (cm) Operation® Shutdown®  Shutdowr®
0 0 40.0 %2.1 29.2
0.083 2.5 37.5 33.4 30.5
0.125 3.8 36.0 3%5.4 31.0
0.542 16.5 34,7 33.9 31.2
0.958 29.2 32.8 32.6 30.5
1.4 h1.9 31.2 %0.6 29.9
2.0k 62.2 27.5 27.8 27.7
3.0k 92.7 2L.0 24 .5 24 .8
4.0L 123 22.0 22,1 22.h
5.29 161 20.3 20.2 20.2
6.54 199 19.9 19.9 20.1
7.00 213 19.0 19.0 20.0
a. Room temperature = 19QC.
= 20°¢,

b. Room temperature
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When the reactor is shut down, the air flow through the reactor is
reduced by 60 to 70%. In order to determine the effect of this reduction
on the shield temperature, the temperature gradient of the shield was again
measured 5 and 10 hr after shutdown. The results of these measurements are

also shown in Fig. 5 and Table 5.
IV. RADIATION ATTENUATION MEASUREMENTS IN THE SHIELD

The gamma-ray dose rabes, fésf#neutron dose rates, and thermel-neutron
fluxes are all plotted together on Fig. 6 and measured as a function of the
thickness of the ORNL Graphite Reactor Shield. The gamma~ray dose rates and
fast-neutron dose rates are both given in ergs per gram of tissue per hour,
and the thermal~-neutron fluxes are presented as neutrons per square centimeter
per second. As mentioned previously, the shield thicknesses indicated
include the 2.3-cm thickness of asbestos covering the graphite reflector
and the two ~ 0.5-cm-thick  layers of tar separating the Portland concrete
from the barytes~haydite concrete. 1In some cases the shield thickness
also includes the distance from the front face of an instrument to its
center of detection as discussed below.

Average relaxation lengths for gamma rays and fast neutrons in
barytes-haydite concrete were estimated from the atienustion curves in
Fig. 6. The average gamma-ray relaxation length is approximately 13%.6 cm.
Tt can be seen from Fig. 6 that the gamma-ray relaxation length graduslly
increases with increasing shield thickness from 13.0 cm at a shield thick-
ness of 2 ft to 14.6 cm at a shield thickness of 5 ft. The fast-neutron
relaxation length in the barytes~haydite concrete is more constbant, varying
from 10.0 em to 10.6 cm across the barytes-haydite section of the shield.

The average fast-neutron relaxation length is approximately 10.2 cm.

Gamma-Ray Dose Rates

The gamma-ray dose rates were measured as a function of shield thickness
by the use of a 50-cc carbon-wall ionization chamber and gamma-ray sensitive film
packets. The results of both methods are presented in Teble 6 and Fig. 7.

The dose rates resulting from gemma rays sbreaming down the hole wers
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Table 6. GCamma-Ray Dose Rates as a Function of the Thickness

of the ORNL Graphite Reactor Shield

Shield Thickness® Effective Gamma~Ray Dose Rate (ergs/gt, __°hr)
Shield ZEENS
Drilling Thickness? Dupont Eastmen Ton
No. (f£t) (cm) (cm)  Film Film Chamber
0 7.06 215.3 217.4 1.2 x 109 - 8.1 x 107t
1 6.06 184.8 186.9 4,1 x 109 - b5 x 109
2 5,06 154 .4 156.5 3,19 x 10¢ - 4.6 x 10t
A 3,99 121.7 123.8 3.2% x 10° - 3.04 x 102
3B 3,99 121.7 123.8 £2.90 x 10° - 2.94 x 10°
N 2.99 91.1 93.2 3,78 x 10% %.27 x 107 3.25 x 107
5 2.45 4.9 T77.0 9.86 x 10& 1.15 x 1ot 9.53% x 10
6 1.98 60. 4 62.5 3,52 x 10 3,02 x 100 %.12 x 107
7 1.hs Bh.2 46,3 1.45 £ 105 1.1 x 107 1.20 x 107
8 1.05 %0.1 3h.2 - 6.58 x 102 4,05 x 102
9 0.62 18.8 20.9 - 1.66 x 107 1.07 x 10
10 0 0 2.1°¢ - No Meas. 1.90 x 100

a. Includes a 2.3~-cm thickpess of asbestos and two ~0.5~cm-thick layers of tar.

b. Shield thickness extended to include the 2-cm~thick ion chamber wall and the
0.1~ and 0.2~cm distance from the wall to the cenber of detection.

c., In this case the shield did not include the asbestos layer.

determined after each drilling;by‘measuring the dose rates at various distances
vack from the bottom of the hole. These gamma-ray traverse measurements are
presented in Table 7 and are represented in Fig. 7 by the curves extending
to the right of the dose~rate curve for the bottom of the hole.

After the third drilling (shield thickness of 4 £t) it became obvious that
the plugs which were serving as shields in the expeérimental holes adjacent
to the hole beihg drilled were giving risé to a higher camma-ray dose rate
than would be observed in a homogeneous conerete shield (the plugs conasisted of
6 ©t of graphite, 1 ft of iron-masonite). Therefore, after the third dril-
ling, the graphite~iron-masonite plugs were replaced with close-fitting plugs
made of concrete similar to theé ordinary and barytes-haydite eoncrete in the
shield.

were measured both before and after the grephite-iron-masonite plugs were

The dose rates at the bottom of the hocle and the traverse dose rates



Table 7. GCamma-Ray Dose Rates Along a Hole in the ORNL Graphite Reactor Shield
for Various Distances from the Bottom of the Hole®

hr)

_Ray s/ .
Gamma-Ray Dose Rate (erg R

Distance from Drilling 0, Driliing 1, Drilling 2, Drilling 3A, Drilling 3B, Drilling 4, Drilling 5, Drilling 6, Drilling 7, Drilling 8, Drilling 9, Drilling 10,

Bottom of 215.3%-cm 184.8-cm 154, k-cm 121.7=-em 121.7-cm 91.i-cm Th.9-cm 60.4-cn L .2-cm 32,1-cm 18.8-cm No
Hole® (cm) Shield Shield Shield Shield Shield Snield Shield Shicld Shield Shield Shield Shield
2.1 - h.27 x 100 .58 x 101 3.04 x 102 2.94 x 10°  3.25 x 107 9.53 x 103 3.13 x 10%  1.20 x 109 14.05 x 107 - ¢ _
5.1% . - - . - _ - _ - - 1.07 x 10°  1.90 x 106
2.14 8.00 x 10-1 - - - - - - - - - - -
12.1 - - - 2.37 x 102 2.29 x 109 - 6.72 x 107 2.09 x 10 - - - -
12.9 - - - - - - - - - - 5.96 x 107 -
13.0 - - - - - 2.40 x 107 - - - - - -
17.3 - - - - - - 5.18 x 107 - - - - -
22.1 - - - 1.60 x 107 - - - - - - - -
32.1 - - - 1.06 x 102 9.86 x 10% - - - - - - _
32.6 - - - - - - - 6.85 x 107 2.18 x 100 6.64 x 10" - 5.22 x 107
%2.8 - - - - - 9.00 x 102 - - - - - -
Lo.1 - - - 7.5 x 10t - - - - - - - -
43.h - - - - - - - - - - 9.2% x 10% -
47.8 - - - - - - 1.07 x 107 - - - - -
52.1 - - - L.9 x 0% k.9 x 10t - - - - - - -
52.3 - - - - - 3.4 x 107 - - - . - -
62.1 - - - - 3.19 x 10%¥ - - -, - . - -
63.1 - - - - - 2,14 x 102 - 148 % 193 - 1.27 x 1% - 9.11 x 10
63.4 - - - - - - - - 4.45 x 107 - - -
67.1 - - - 3.3%3 x 108 2.82 x 10% - - - - - - .
73.9 - - - - - - - - - - 1.7% x 10% -
77.1 - - - 2.59 x 101 2.16 x 10t - - - - - - -
8.3 - - - - - - 2.99 % 10° - - - . -
82.1 - - - - - 9.72 x 10t - - - - - -
87.1 - - - - 1.85 x 10t - - - - - - -,
93.5 - - - - - - - 4,58 x 102 - - - 1.36 x 10
93.6 - - - - 1.49 x 101 6.89 x 10F - - - 3,70 x 107 . _
95.% - - - - - - - - 1.31 x 103 - _ -
10k. 3 - - - - - - - - - - 5.75 x 107 -
108.8 - - - - - - 1.10 x 10° - - - - -
109.1 - - - - - 4.85 x 10° - - ] - - -
12,0 - - - - - - - 2.06 x 107 - 1.63 x 10° - 6.57 x 107
12k.1 - - - - - 5.3 x 10 - - - - - -
125.8 - - - - - - - - 5.89 x 102 - - -
134.8 - - - - - - - - - - 2.52 x 107 -
139.3 - - - - - - 5.61 x 10+ - 5 - - - -
154.0 - - - - - - - 1.32 x 10 - - . -
154.5 - - - - - - - - - 8.60 x 10° - 2.8% x 107
165.5 - - - - - - - - - - 1.50 x 103 -
169.8 R - - - - - - - - 6.88 x 10° - -
171.2 - - - - - - - - 2.99 x 10° - - -
182.9 - - - - - - - - - - - 1.66 x 107
183.9 - - - - - - - - - 5.71 x 10° - -
199.4 - - - - - - - - - - - 1.30 x 107

a. TIncludes the 2-cm-thick ion chamber wall and the 0.1- to 0.2-cm-thick distance from tne wall to the center of detection.

o 8'[-
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replaced by the concrete plugs. Measurements for Drilling 3A, represented
by the dashed traverse curve in Fig. 6, were mede before the graphite~-iron-
masonite plugs were remcved, and the measurements for Drilling 3B were made
after they had been replaced with the concrete plugs. Dose rates with the
graphite-iron-masonite plugs inserted were greater than those with concrete
plugs by 3% at the bottom of the hole, increasing to about 20% near the
outside of the hole. Measurements taken during Drilling 5 (shield thickness
of 2-1/2 ft) may have been affected in a similar manner by the temporary
replacement of the concrete plugs in a nearby experimental hole (Hole 15)
with an experimental graphite-liron-masonite plug during a normal weekly
shutdown. However, this experimental plug was replaced by the concrete

plugs for the remainder of the experiment.

Personnel Monitoring Film Measurements

The gamma-ray dose rates measured by the gamma-sensitive films (supplied
by the ORNL Health Physics Division) were determined by comparing the opacity
of the films on a densitcmeter with films which had been exposed to known
gama-ray dose rates. The {ilm measurements were less accurate than those
made with the lon chamber; but they were valuable for purposes of comparison.

DuPont 552 dosimeter film packets, each of which contained one DuPont
"sensitive" film No. 502, were used to measure the dose rates below 1 r/hr
(93 ergs/gtissue-hr) for shield thicknesses from 7 to 1.5 £t. The results
are included in Table 6. Insensitive Tilms were used to measure the higher
dose rates for these shield thicknesses. The results were surprisingly close
to the ion chamber measurements even well above the reported range of the
film ( <« 50 r/hr).

High~range Eastman 5308 films, reported to be accurate up to 1000 r/hr,
were used for shield thicknesses from 3 to 0.6 ft. Doses measured with
these films are also given in Table 6.

When placed in the hole all film detectors were followed by a lb-in.-
long concrete plug constructed from the same Lype of concrete as thet in which
the measurements were being made. For the measurements in the Portland
concrete near the reflector this 14-in. plug was backed up by a 5-£t barytes-

haydite concrete plug.



Tonization Chamber Measurements

The 50-c¢ ionization chramber, which has been described,elsewhere,6 was
used to measurs dose rabes at 1 shield thicknesses, although for the final
measurement, that 1s, the measurement at the reflector-shield interface, it
was necessary to reduce the reactor power to 50 kw so that the observed dose
rate would still ve within the opersting range of the instrument. This
final measurement was normalized to full power by the ratio of the saturated
activities of gold foils (1 cm? by 5 mils thick) expcsed at both power levels.

When placed in the hole, the ion chamber occupied a space equal to the
diameter of the hole and 4 in. long. The concrete plugs described above
were placed immediately behind the chamber and electricsl leads to the ion
chamber were passed through an axial bole in each plug.

The ionization chamber was comnnected to a modified Q826 electrometer'
and was operated at room temperature with a 10-psi carbon dioxide gas preg-
sure. Under these conditions a pobential of 570 volts between the collecting
electrode and ground was sufficient tc assure operation of the chawber in the
ionization region Tor all gamma-ray dose rales measured.

The gamma~vTay dose rate was proportional to the isnization current which
filowed through the variable megohm grid resistor of the iloput electrometer
triode. The resulting grid voltage produced an unbalanece in sn electrometer
bridge circuilt which was then exactly canrelled hy a known bucking voitage
to give & nuwll condition on a galvanometer.

The gamma-~ray dose rete was determined from the reference bucking
volt@ge by calibrating the ion chamber with a known gammsa~ray dose rate.

A Cobo source for which the dose rate was kuown (to within i5%) wes placed
at seversl distances from the ion chamber, and the bucking voltiage, Vk,
was recorded. The dose ét the chamber, Dk’ was calculated using inverse
square attenuatioa. The unknown dose in the shield, Du’ was then determined

from the proportionality,

P D
Vu Vk

6. L. H. Baliweg, J. L. Meem, "A Standard Gamma Ray Tonization Chamber for
Shielding Measurements, " OKNL-1028 (1951).

7. F. M. Glass, "A Simple Low Drift Electrometer,” MNucleonies 10, No. &,
36 (1952} T
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where V is the bucking voltage for the unknown dose. Measurements were
8 9 lOlO 11

made us1ng electrometer grid resistances of lO7 10, 107, and 10
ohms and the results were averaged to give the reported dose.
The response of the counter was estimated by the following equation:

B

P 273
W, (29.92) (To )R

Dose Rate (r/hr) =

where
E = volts (reference voltage),
V_ = volume of chambers, cmj,
—%Ié = temperature correction, OK;
o)
P = 002 pressure in chamber, inches of Hg,
1 _ .
55.95 © pressure correction,

R = value of variable resistor, ohms,
I = ionization current which will be produced by 1 r/hr in 1 cc
of CO, gas at standard temperature and pressure

2 ~13

= 1.438 x 10 amp/cc.

When substituting the wvalue Vk in the equation as determined from the 0060

source, it was found that the chamber gives a lower dose-rate reading than the
calculated dose rate in regions up to 20 to 30 mr/hr. However, above this
dose rate the estimated and measured dose rates were within experimentsl
statistics.

The position of the center of detection of the ion chamber was determined
by the method derived by Hungerford,8 in which it was assumed that the gamma
radiation was 75% collimated and 25% isotropic at each shield thickness.. The

gpproximate position of the center of detection for the ion chamber was 2.1

8. H. BE. Hungerford, "Center of Detection Calculations for Neutron Counters
and Ton Chambers, " ORNL-CF-51-5-177 (1951).



to 2.2 cm from the front of the outer case.
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For the traverse measurements

at a particular shield thickness, the center of debection was assumed to be
equal to that calculated for the measurement at the bottom of the heole.

Pagt-Neutron Dose Rates

The fast-neutron dose rates were measured as a function of shield thick-~

ness by means of a proton-recoil dosimeter.

Table 8 and Fig. 8.

9,10

The results are presented in

As for the gamma-ray measurements, dose rates due to fast

neutrons streaming down the hole were also determined by teking measurements at

various distances back from the bottom of the hole for each shield thickness.

Table 8.

Fast-Neutron Dogse Bates as s Function of the

Thickness of the ORNL Graphite Reactor Shield

Shield Tbicknessa

Effective Shield

Drilling Thicknessb Fast-Neutron Dose Rate

No. (ft) (cm) (cm) (ergs/gtissue»hr)
0 7.06 215.3% 216.8 Not detectable
1 6.06 184.8 186.3 Not detectable
2 5.06 1544 156.0 7.7 x 1073

25 3.99 121.7 123.4 1.93 x 107

%3 3,99 121.7 123.b 2.12 x 1071

n 2.99 91.1 92.9 412 x 109

5 2.45 4.9 76.7 2.06 x 10t

6 1.98 60. k4 62.1 6.17 x 10t

7 1.L5 4,2 45,9 3,55 x 10°

8 1.05 32.1 23,8 1.50 x 107

9 0.62 18.8 20.4 2.49 x 103
10 0 0 1.6 1.78 x 10

a. Includes a 2.3-cm thickness of asbestos and two ~0.5-cm-thick layers

of tar.

b. Shield thickness extended to include the O,S»QmAwall thickness and
0.8~ to 1.l-cm distance from the front wall of the dosimeter to its

center of detection.

The results of these traverse measurements are given in Table 9 and are

9. G. 8. Hurst; R. 8. Ritchile, and H. N. Wilson,
Measuring Fast Neutron Tissue Dose, " Rev. Sci. Instr., 22, 981 (1951).

10, G. 8. Hurst, "An Absolute Tissue Dosimeter for Fast Neutrons," Brit. J.
Radiol. XXVII, No. 318, 353 (1954).

"A Count~Rate Method of
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Table 9. Fast-Neutron Dose Rates Along s Hole in the ORNL Graphite Reactor Shield
for Various Distences from the Bobtom of the Hole®

st-Neutron Do Rat ergs/g +hr
Fa, se Rate { GR/htissue )

Distance from Drilling 0, Drilling 1, Drilling 2, Drilling %A, Drilling 3B, Drilling 4, Drilling 5, Drilling 6, Drilling 7, Drilling 8, Drilling 9, Drilling 10,

Bottom of 215, 3-cm 18L.8-cm 15k.becm 121.7-cm 121.7-cm 91.l-cm 7h.9-cm 60 b-cn by Pmcm 32.1-cm 18.3-cm No
Hole® {cm) Shield Shield Shield Shield Shield Shield snield Shield Shield Shield Shield shield

1.6 - - 7.7 x 1070 - - - - - - - 2.49 x 103 1.78 x 10"

1.7 - - - 1.9% x 10-1  2.12 x 10°1 - - 6.17 x 100 %.55 x 102 1.40 x 107 - -

1.8 - - - - - 4,10 2.06 x 10% - - - - -
11.7 - - - 1.21 x 107 1.7 x 1071 - - - - - - _
1.8 - - - 9.11 x 1072 - - - - - - - -
22.1 - - - - 5.86 x 1072 - - - - - - -
5.7 - - - k.23 x 1072 - - - - - - - -
32.1 - - - - - - - - - - 6.97 x 10° -
3.2 - - - - - - - - 4.20 x 108 2.36 x 102 - 4.11 x 109
3.3 - - - - - 1.07 5.67 9.98 - - - -
41,7 - - - 2.73 x 1672 2,79 x 1072 - - - - - - -
51.7 - - - 1.73 x 1072 - - - - - - - _
61.7 - - - 1.13 x 107¢ - - - - - - - -
62.6 - - - - - - - - - - 1.16 x 10° -
62.7 - - - - - - - 2.56 9.39 3.12 x 10° - 5.53 x 102
£2.8 - - - - - 2.9% x 107t - - - - - -
81.% - - - - - 3.49 x 1071 - - - - -
93.0 - - - - - - - - - - 3.17 x 10t -
95.1 - - - - - - - 8,78 x 1071 3,62 1.05 x 10+ - 2.22 x 102
93.% - - - - - 1.25 x 1071 - - - - -

111.9 - - - - - - 1.70 x 107% - - - - .
12%.5 - - - - - - - - - - 1.39 x 10t -
123.6 - - - - - - - 4.31 x 107% 1.57 5.67 - 1.15 x 109
123.8 - - - - - 8.%0 x 102 - - - - - -
126.6 - - - - - 8.23 x 1072 - - - - - -
lh2.h - - - - - - 2.18 x 1071 - - - - -
154.0 . - - - - - - - - - 1.09 x 10° -
154.1 - - - - - - - - 8.50 x 1071 3.76 - 7.0 x 10%
156.5 - - - - - - - 2.50 x 1071 - - - -
180.0 - - - - - - - - - 2.60 - -
184.5 - - - - - - - - - - 6.90 L.hs x 10°
197.9 - - - - - - - - - - 6.22 -
210.5% - - - - - - - - - - - %,0h x 10+

a. Includes the O.5-cm-thick dosimeter wall and the 0.8- to l.l-cm distance from the wall 40 the center of detection.
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represented in Fig. 8 by curves extending to the right of the dose-rate curve
for the bottom of the hole. Shield thicknesses again include, in addition to
the concrete, the 2.3-cm-thick layer of asbestos, the water-proofing tar
coatings, and the distance from the front to the center of detection of the
dosimeter (A 1 cm).

The presence of the graphite-iron-masonite plugs referred to previously
also affected the fast-neutron measurements for Drillings 3A and 5, as
indicated by the dashed lines in Fig. 8. The effect on the measurements for
Drilling 3A can be determined by a comparison with those for Drilling B,
in which case the graphite-iron-masonite plugs were replaced with concrete
plugs. For shield thicknesses less than 3 ft dosimeter measureuments were
made at a reduced reactor power level in order to reduce the gamma radiation,
so that gamma-ray (pile-up) pulses would not alter the response of the counter.
The results were normalized to full power by determining the ratio of the
saturation activities of standard gold foils irradiated both at the reduced and
at full power.

When placed in the drilled hole, the dosimeter fit snugly into a recess
in the end of the 1ll-in.-long Portland or barytes-haydite concrete plug, the
recess being exactly as deep as the length of the dosimeter. At the outer
end of the concrete plug was the preamplifier (cathode follower) which also
fit snugly into a recess in the plug and which was connected to the
dosimeter by shielded leads passing axially through the plug. For the smaller
shield thicknesses the plug housing the dosimeter and preamplifier was
backed by a S5-ft-long barytes-haydite concrete plug.

The dosimeter used was the two-chamber type developed by Hurst, Ritchie,
and Wilson.9 It consists of a brass cylinder about 2 in. in diameter and
5 in. long. Running the length of the axis of the cylinder is a 0.002-in.-
dia stainless steel wire, maintained at a positive potential of approximately
2000 volts above the grounded cylinder. The cylinder is divided into two
chambers of equal volume to improve the sensitivity of the counter. Each
chamber contains ethylene gas at atmospheric pressure. The inner surface of

the cylinder is lined with a 1/8-in.-thick coating of polyethylene which
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corresponds in melecular composition to the ethylene gas in the chambers,
thus appreaching a true Bragg-Gray cavity.

Since the dosimeter is operated as a proportional counter, the size of
the volitage pulse resulting from a neutron-proton collision is proportional
to the amount of energy dissipated in the gas.

The pulse from the dosimeter was fed to a preamplifier (cathod follower),
then to an A~1 amplifier, and Tinally recorded by means of a scaler.

The respounse of the dosimeter to gemma rays (Fig. 9) was determined by
placing the dosimeter in a known gamme-ray flux emitted by a 0060 source and
and discriminating at a level which excludes the gamma-ray pulses. Thus, some
of the proton-reccil pulses fall below the discrimination level and ars not
counted, dut this loss is estimated when extrapolating the pulse~height curve
TO ZEro.

The response of the dosimeter to neutrons was determined at the preset
‘gamma~ray blas level using a Po~Be source of known strength. Since the source
strength was known in terms of neutrons per sgquare centimeter per second, a
conversion factor of 0.17L (ergs/gehr)/(neutrons/cmg-sec) (determined by
comparing the Po-Be source spectrum with the first-collision dose curve for
tissue and ethylenell) was used to express the dosimeber measurement in
terms of dose rate. In order to calibrate the dvosimeter, a plot of the log
counts per minute versus the pulse-height selector {PHS) was obtaired with
the Po-Be source.

The total area under the integral (PHS) curve, which is proportional to
the dose rate, was estimated by extrapolating the curve to PHS equal zero.
The unknown dogse rates were computed from the proportionality,

Po-Be source dose rate Unknown dose rate
Ares for Po-Be source Area for unknown dose in shield

To meintain a valid proportionality between the krown and unknown dose
rates, the gamma-ray preset bilas level was not exceeded when the measurements
were made in the shield. The dosimeter was calibrated before each series

of measurements.

1i. T. V. Blosser, "Applied Nuc. Phys. Div. Ann. Rep., Sept. 10, 1956, "
ORNL-2081, p. 151.
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The position of the center of detzction of the fast-neutron dosimetesr
was determined by the methed derived by Hungerfordae The assumpticons used
for these calculations were the same asg those for the ion chamber center-of-
detection calculations. The wall thickness of the dosimeter is 0.5 om and
the distance from the front of the counter to the center of detection varied
from 0.8 to 1.1 cm.

Thermal-Neutron Flux Measurementsz

Foil Measurements

The thermal-nsutron flux at each drilling depth was calculated fram the
activities of bare and cadmium-covered gold and indium folils exposed at the
bottom of the hole. Gold foils were used for measursments at shield thick-
nesses of legs than L ft, while the indium foils were used for thicknesses from
7 to 1-1/2 ft. The resulting thermal-neutron fluxes are presented in Table 10
and plotted as a functlon of the shield thickness in Figs. 6 and 10. Also in-
cluded in Table 10 are cadmium ratics measured for both gold and indium foils.

Teble 10. Thermal-Neutron Fiuxes and Cadmlium Ratios as a
Function of the Thickness of the ORBNL Graphite Reactor

Thermal-Neubtron Flux

Shield Thickness (reutrons/cm®.sec) Cadmium Ratic
Drilling , : ‘ Gold Indium Gold Indium
No. = (ft) ~ {cm) " Foils Foils Foils Feils
0 7.06 215.3 - 1.88 x 10° - 9.43
1 6.06 - 184.8 - 1.78 x 10° - 1k, 3
2 5.06 15h.4 - 0.578x 10° - 9.21
%A 3,99 S 121,77 7.L3 x 102 6.0%3 x 10° - €.9k
B 3,99  121.7  6.26 2 10°  5.85 x 10f 51.75 . 7.%0
b 2.99 9.l 1,75 x 10%  1.66 x 10 8.00 13,1
5 2,45 4.9 1.1% x 102 1.10 x 102‘ 12.50 12.0
6 1.98 0.k 1.38 x 100 1.51x10%  3wBo 8.6
7 1.45 Bh,2 5,27 x 100 5.71 x 107 34.95 63.2
8 1.05 32,1 7.47 x 108 - 187.5 -
9 0.62 18.8  5.17 x 107 - 197.5 -
10 0 0 b, b7 x 100 - 174.1 -

The values of the thermalsneutron fluxes for Drillings 3A and 3B as measured
by gold foils are not as accuraﬁe as those measzured by the indium foils bhe
cauge the cadmium-covered gold foil activity was only slightly above back-
ground. The increase in the thermal-neutron flux near the outside of the

shield is believed to Be caused by the normal thermal-neutron background oubtside
the shield.
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The "standard" indium foils used for these measurements were cut with a
25wem2 rectangular die from large indium sheets 5 mils thick. "Standard”
gold foils were lmcm? sgquares, 5 mils thick. The foils were cleaned with
distilled water and then with acetcone, after which they were weighed. Varia-
tions in the weights were less than 4%. The term "standard” foil refers to the
size of foil which was calibrated in the ORNL Standard Pile. This calibration
ig discussed further below.

Foils were irradiated one at a time by attaching a single foil to the
end of a concrete plug and jnserting the plug into a hole. Bare foils were
protected from foreign contamination by 20-mil-thick aluminum covers. The
cadmium covers used in obtaining the resonance activation were 30 mils thick.

~ Both sides of the irradiated foils were counted on two Model 0-799 ORNL
gas-flow beta proportional counters. Results obtained from the two counters
ware averaged.

In order to determine the thermal-neutron streaming data a l-in.-dia axial
hele was drilled in a T-ft-long concrete plug which was inserted in the original
4o5/8-in.-dia hole. The concrete in the plug matched the type of concrete in
the shield. Gold foils, both bare and cadmium covered, were attached to the inner
end of & l-in.-dia concrete plug which was made to fit in the axial hole of
the larger concrete plug. This l-in.-dias plug was encased in aluminum. The
l-in.-dia hole rather than the 4-5/8-in.-dis hole was used for the streaming
measurements both to decrease the biological hazard during foll exposures and
to decresse the time necessary to insert and withdraw the folls because of the
greater ease in handling the smaliler plug. The results of the streaming
measurements are given in Table 11 and included on Fig. 10.

Table 11. Thermal~Neutron Fluxes Along a l-in.-dis Hole

in the OBRNL Graphite Reactor Shield for Various
Distances from the Bottom of the Hole

Distance from

" Bottom of Heole . Thermal~Neutron Flux
(£t) {cm) {neutrons/cm®-sec) Cadmium Ratio
0 0 L.h7 x 1010 174
0.5 15.2 8.71 x 10 , 15%
1.0 30.5 1.67 x 102 7.4
1.75 5%, 3 1.64 x 108 o7
2.5 76.2 1.66 x 102 127
b5 137 3.97 x 107 127
5.5 168 2,30 x 10 140
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Calculation of the Flux from the Foil Measurements

A quantity (henceforth referred to as an activity) proportional to
the true saturated foll activity was calculated for each side of each
exposed foil from the relation

VA 1 1
A= kAN N Xt Y
1 - :

where

A = quantity proportional to the saturated activity, counts/min,

k = counter factor checked periodically during the present
investigation,

A = decay constant, min'l,

N = net counts in time t5,

tl = exposure time, min,

t2 = wait time, min,

t5 = count time, min.

The calculated activity, A, for each side of the folil was averaged.

The activity resulting from the irradiation of the bare foil was the
sum of the activities caused both by thermal neutrons and by resonance
neutrons, i.e., neutrons of energy greater than thermal. Activation essentially
by resonance neutrons alone was obtained from the cadmium-covered foils. It
was necessary to multiply the resonance activity measured using indium foils by
1.1k in order to account for resonance-neutron absorption by the 30~-mil-thick

12,13 A similar correction for cadmium~covered gold foils was

cadmium cover.
unnecessary since its resonance energy (5 ev) is comsiderably higher than
that for indium.(l.4 ev). The saturated thermal activity for indium foils

was, therefore, obtained from the differences between the activity for the

12. G. S. Hurst, J. A. Harter, P. N. Hensley, W. A. Mills, M. Slater, P. W.
Reinhardt, "Techniques of Measuring Neutron Spectra with Thermal Detectors -
Tissue Dose Determination,” Rev. Sci. Instr. 27, 153 (19%6).

13. D. J. Hughes, '"Pile Neutron Research, " Addison-Wesley Publishing Co.,
Cambridge, Mass. (1953).
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bare foils and 1.14% times the activity for the cadmium-covered foils, while

the thermal activity for the gold foils was obtained simply from the difference

between activities of the bare and cadmium-covered foils. ‘
Phenomena such as internal beta absorption, self-protection, hardening,

obliguity, and flux depression prevent the use of the simple relation for

the Tlux, |

Pin = An/S

where Ath is the true saturated thermal activity and 2 is the macroscopic
activation cross section. Although corractions for each of thess phenomena
may be approximated, they can be taken into account more accurately by
"calibrating” standard foils in a known thermal-neutron flux. Empirical
proportionality factors between the measured activity and the thermal-nsutron
flux, which include the macroscopic cross secktion, & , as well as the correcticns
for the phenomena mentioned above, have been determined with the ORNL
tandard Pile for the gold and indium standard foilsg used in the present
investigation and are equal to 3.29 and 0.0617 for gold and indium,
respectively, when these foils are counted in the beta proporticnal counters
mentioned abovea15

It was necessary to make a further correction for flux depression since
the standard foil calibration was made in a graphite medium (Standard Pile}
and the feoils for the present investigation were expeosed in a concrete medium
(reactor shield) and the flux is depressed differently in the two mediums.
This depression wds assumed to be significant for the indium foils only since
the gold folils were so small. ,

The procedure used to determine the relative flux depression by the
indium foils in conerete and graphite was the same as that used by Kiema and
R:i.‘cchiej"lt’l5 to determine the ratio between water and graphite. As the

thickness of a foil approachés zero, the flux depression caused by that foil

1% E. B, Johnson and J. L. Meem;, 'Determination of Power of the Bulk
Shielding Reactor, Part II," CRNL-1433, Appendix D {1953).
15. E. D. Xlema and R. H. Ritchie, '"Preliminary Report on Determination
» of the Thermal Neutrcn Flux in Water," ORNI~CF-51-L-103 (1951).
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will approach zero. If the specific saturated activity (counts per minute
per gram) becomes AO in the limit as the foil thickness approaches zero,
and if the specific saturated activity of a S5~mil-thick standard foil is

represented by A_, the ratio AO/A5 will be proportional to the flux

5)

depression caused by the presence of the standard foil. The ratioc of the flux

depresgion in concrete to that in graphite, R, can then be expressed as
R = (8/45) /(A/A5)

expressed as R = (Ao/Al)

For convenience, this may be further

concrete graphite’

I
A

‘O/Al)graphite (Al/A5)graphite'
The factors Al/A5 were determined experimentally; the factors AO/A1 were
calculated.

concrete (Al/AB)concrete/(

The factors Al/A5 were determined
from the irradiations of indium foils,
UNCLASSIFIED

eso-ess-o-3e - VArying in thickness from 1 to 5 mils, in

both a graphite medium (ORNL Standard

2.0 7

i
| ;
i ;
i CONCRETE MEDIUM
\ b
Y

Pile, Slot 3) and a concrete medium (in
barytes-haydite concrete, at a shield

thickness of 2-1/2 ft). A quantity

proportional to the specific thermal

saturation activity of each folil was

determined by irradiating both bare and

\Q:::f cadmium-covered foils. The experimental
| GRAPHITE MEDIUM

‘:i::::& results are listed in Table 12 and the

measured specific activities are plotted

MEASURED SPECIFIC ACTIVITY {arbitrary units)

os - - as a function of the indium foil thick-

negs in Fig. 1i. From the two curves,

‘ | the following ratio was determined:
777777 | (Al/A5)
0 [ 2 3 4 s 6 (Al/A

INDIUM FOIL THICKNESS {mits)

concrete _ 2.4k

557 = 1.03

5’graphite
Fig 14. Specific Thermal- Neutron Activi'y of Indium Foils a5 @ Function of the
Foil Thickness.

It should be noted that the true values

for AI/A are not represented by the

>

numbers 2.44% and 2.3%7 since internsl
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Table 12, Measured Saturated and Specific Thermal Activities
of Indium Folls 1z Concrete and
Graphite Mediums

Measured Saturated Activity Specific Acf1v1ty
Foil Foll {counts/min) (counts min~1/g)
Thickness Welght In in In In
(mils) () Concrete Graphite Concrete Graphite
6 " 7 5 6 2 )‘:’
5.147 2.%36863 1.73%6 x 10 1.53%6 x 107 7.275 x 10 6.4% x 10
o 1.763 x 102 - 7.388 x log N
3.985 1.8460 1,580 x 10/ 476 x 107 8 559 x 100  8.00 x 10
2.0h47 0.9483%  1.282 x 10 1 133 x 1oi 1.352 x 107 1.195 x 107
1.259 0.5828 9.77 x 10°  8.5L x 10 1.676 x 167 1.465 x 107

beta absorption, self protection, ete. have not been taken into account.
However, in the ratic of the two above numbers, the effects of these phenomens
do cancel out.

The validity of extrapslating the curves in Fig. 11 to zero thickness is
questlonable s0 & theoretical metbod for determining the ratios A.O/A1 developad
by Skyrmelé'was used. Skyrme's method is based on transport theory and applies
to plane feils of findte radius. Nuclesr constants for the conerete were
determined from the chemical analysis and water content for Drilling 5 (sh¢eld
thickness of 2-1/2 to 3 £t) giver in Tables 1 and 3. The factors AO/Al

determined by Skyrme's method are

(AO/A1\Cpn“f€t9 1.034
{A JA = Toopr - 0013
[o) l’graphite '

The ratio of flux depressisn by a standard indium folil in concrete to

that in graphite is, therefore,

ﬁ(A/

R \A

)Cﬁn@?etﬁ = (1.0%)(1.013) = 1.0k
graphite

5

16. T. H. R. Skyrme, MS-91 {Cisssified).
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The final expression used to obtain the thermal-neutron flux from gold

and indium foil activities can then be written as

I

¢thAu = 329 (ABare - ACdmcovered)

)

il

¢th1n 0.0617 (1.04) (ABare - 1.1k Ana-covered
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