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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. 

radiation measurements were made in a 4-5/8-in.-dia hole in the shield as 

the hole was drilled in increments of  1 o r  1/2 ft. 

always placed behind the detectors to simulate a homogeneous shield. ‘2vcraga 

relaxation lengths for gamma rays m & ~ % ~ + - n e w ~ m s  in barytes-heydite 

concrete, of which most of the shield is made, is approximately 13.6 cm, 
increasing gradually from 15.0 cm at a shield thickness of 2 f’t to 14,6 ern 
at a shield thickness of 5 ft. 
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 

vas used to determine the chemical composition, water content, densi”,r, 

compressive streogth, and radioactivity of the shield at tbe various depths. 

!The temperature gradient through the shield was also measured. 

vestigation showed that the chemical properties ard density of the shield 

have not changed appreciably since a similar investigation in 1948, 5u+, its 

compressive strength is lower ( *\ 40% near the reflector-shield icterface). 

In the experimsnt neutron and gamma 

Concrete plugs were 

The fast-neutron relaxation length in the 

- -  
This in- 
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there  were adverse e f fec ts  tiiet, prevented accurate interpretat ion of the 

resu l t s .  The usefulness of  the attenuation measurements made on the SZPO 

shield i s  l imited by tne absence of a chemical analysis of the  concrete, 

especial ly  of t h e  water conten-L. In  the 3rookhaven experimen-L a hole i n  

the sh:ield was plugged. with blocks of concrete to si.mula'te the shield thick- 

nesses, and a l l  measurements were m a &  a t  the Face of the shield using Z. 

collimator. The e f fec ts  of rediat ion streaming worn? the plugs an?. of the 

geometry of the collLmacor cou1.E not be separaLed from other e f fec ts .  I n  

the experiment a t  the tJZZP reactor a t  1Cj e l l e r  the  thema3.-neiitron fl1.m 

throughoat the shield was 3etemine2 by i r rad ia t ing  f o i l s  enbedded ii1 two 

long concrete plugs place? i n  an exi-sting hole .  

the  plugs had m sdverse ef'fect on the resu l t s .  

Again the  s. treming around 

I n  the experiment reporteci on the foll.owj.ng pages radiation in tens i t ies  

r,Jere measured a t  the  '%ot tora ' '  of  the  hole immediately fol1or;ing the  remval  

of  a core dr i l l ing ,  a procedure which. eliminated s-ny stresj-ning around plugs. 

In  addition, each detector was positioned i n  9 hollowed end of a concre-te 

UNC.ASSI'IEC 
O R N L - L R - D W G  16727 

,-ORDINARY ASBESTOS G R t D L i I T E  
YPORTLA~D CONCRETE --, LATTICE 

plug, vhich gave the e f fec t  o r  ernbedcling 

the 2etector i n  a homogeneous shield.  In 

order  t o  avoid introducing wa-ter in to  the 

hole the g r i l l  b i t  vas cooled with air. 

By taking these precautionary m n P P  b aiu 11res 

the recuJ-ting data i s  unbiased by un- 

determinable e f fec ts .  

The three sections of the 7-f t -  

thick ORNL Graphite Reactor s h i d d  are  

shown i n  E g .  1. A 2.3-ern-thick layer  

of asbestos separates the concrcte from 

ihe graphite l a t t i c e .  The i m e r  foot of 

the shield, adjacent tn the  graphite l a t -  

t ice,  and the outer foo t  of the shield 

both consist of or6inary Portland concrete. 

Sandwic>hcd  between these t w o  1 - f t  

5 f t  --[-,it "1 Y- - 1  ~ 14 n ~ 

i / 4 p + i  dr- 2 3 c m  

F g i Cross Section of ORNL Grophite Reoctor Shield 

\ 
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sections i s  a 5-€t  thickness of barytes-haydite concrete cowered w i t h  a 

b i tminous  coating ( IV 0.5 cm th ick)  t o  prevent vater evaporation, The 

barybes (BaSB ) aggregate was added t o  the concrete t o  increase i t s  densi ty  

and the  haydite, which i s  calcined shale, w a s  added t o  increase the  water 

content. 

4 

For t h i s  experiment it was a r b i t r a r i l y  decided t o  specify the shield 

thickness as the distance measured from the  face of the  graphite la2ttice. 

Therefore, each shield thickness reported here includes, i n  additiosr t o  the  

coxrebe, the  layer  of asbestos and the  water-proofing tar coatings, 

also includes the  distance from the  fror,t of the instrument being used t o  

i t s  ceEter of detection.. 

It 

The &-5/$-in.-dia experimental hole w a s  d r i l l e d  through the  sh ie ld  in 

increments of 1 OX' 1/2 ft at; -the center of the south face of +,he reactoy. 

C m a - r a y  and fast-neutron dose r a t e s  and thermal-neutron fluxes were measured 

a f t e r  each incremeatal d r i l l i ng ,  

t ha t  radiat ion leakage down a plug a m u l u s  would be a,lroided. 

concrete sh ie ld  arouad each detector  was  simciated by placing the detector 

in a recession in me end 02 a c lose - f i t t i ng  14-in.-long concrete p1v.g. 

pllrg was made of the s m e  type of concrete as tha t  i n  the  shield at the  

par t ic l l lar  depth a t  which masurements weye being mace. 

gang plug w a s  placed a 5-ftd-Long plug of barytes-haydite concrete %rhea the 

hole was deep enough $0 require it. 

x 
ra ther  thm behind Iplcgs i c  tb.e hole, SG 

A honmgeneous 

m-is 

Behind t h i s  14-ine- 

The b o l e  t h r o m  the oxtside 4 ft of shield was drIlleC in four l-.fi;, 

The <.mer 3 ft of the hale was dr i l l ed  i n  1/2-f t  l n c r  increments- 

giving a t o t a l  of 10 dril.lings. 

mekl_y reactor shctdom. and all attenuation meascrement s were m a d e  cLurlng t l ~ e  

remainder of  the week. In tabulating the r e su l t s  i n  t h i s  report, d a k  l isted 

ucde?' a, given d r l l l i n g  lamher were taken during the  week following t k a t  

*Fast-neuf,ron fluxes were a l so  measured by activatior? of threshold Toils, but 
there is consic2erahle uncertainty i n  the  results. These measurments are 
reported under separate cover i n  0 ~ ~ ~ - ~ - 5 8 - 8 - 1 ,  "Fast-Neutron Flux Measure- 
rriects in the ORWL Graphite Reactor Shield," by T. '6. Blosser e t  a l .  (2958).  

Each d r i l l i n g  w a s  made during the  e ~ n d  

-- 
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par t icu lar  d r i l l i ng .  

w a s  d r i l l e d  so attenuation 6ata  l i s t e d  un2er 'chis dril.l.ing were taken at a 

sh ie ld  thickness of fi., 6 i't. 
face of the shield.  

both before and af ter  some C;ra,phi.te plugs i.n tile i~eighboril~g experimcntd 

holes were replaced with concreLe plugs and the r e su i t s  are lj.ste2 un&r 

DrilILngs 312 and 3B, respectively. 

For example, at  Dr i l l ing  1 the  f i r s t  foot of the hole 

Gri l l ing  0 re fers  t o  date  taken at t h e  outside 

Attenuation riieasurements vere !aa,de af ter  l l r i l l i n g  3 

'The hole f o r  . the  experiment; w a s  d r i l l e d  as near the  c c z t e r  OP tiie so;.ltk? 

face as possible wider the  condit ?.on t ha t  i'c b?. approximstely equi.distan't 

from neighboring experirnental holes. 

TTfle relat-lve posit ions of' these ho les  

t o  t h e  hole driIl.ed i n  t h i s  experiment; 

ar2 shmm i n  X g .  2. 

UNCLASSIF IED 
2 -  01-059 - 0 -  376 

( 3 )  

I The hole w a s  d r i l l e d  with E 

I k-5/8-in. -dia diamond-edged core-type 
\ 29.2 in. 
\ ', / I  

27.7 in 2 4 . i i n .  

I i  '\ 

drill powered by a four-cylinLer 

gzsoline Fkrcules engine and forcer1 
1 ,  

', I i i n t o  the  shield by hy2rauli.c preus-a-e. ' (60) 
1 

e4543-1n - d l a  E Compressed a i r  ra ther  tizafl water was 
+-\PI In \ 

DURING EXPERIMENT lr-9, used t o  cool the  d r i l l  ir, order t o  
\ 1 6 4 n  

20 6 In 
/ 

avoid the introduction of wster i n t o  

tiie snield.  The compressed air provec? 

~ &(6) ~~ t o  be a suf f ic ien t  coolant although 

frequent stop:; t o  a1lo.v the b i t  to cool 
~ 

NOT:: NUMBERS I Y  PARENTHESES R E C E R  TO E X P E R I L ~ E N T A L  HOLE NOS. were necessary when the  ordinary Portland 

concrete w a 5  being d r i l l ed .  No stops 

were necessary when d r i l l i n g  through 
F,g .  2 .  Relative Locot ion of  45/,-in - o i a  Hole w i t h  Respect t o  

A d j a c e n t  Experimental Holes on South Face of O R N L  Graphite Reactor .  tile baryt;es-haydite 

r)ri.lling a foo t  through the or&inary concrete required approximately 1 hr, 

while d r i l l i n g  Lhrough a foot OF barytes-haydite concrete required only 

15 min. A t o t a l  of four d.ianond b i t s  were d u l l e d ,  d-uring the en t i r e  '7 i't 

of ?rilling. 
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Raaioactive dust which was produced during the d r i l l i n g  w a s  collected i n  

a vacuum cleaner system composed of four f i l t e r  bags i n  a vacuum-tight box 

followed hy a Pullman commercial t+ype 1-214-h~ vacuum cleaner. 

leeted i n  a removable f i l t e r  i n  the vacuum cleaner provided representat: Ive con- 

c re te  samples for  chemical. analysis.  

The dust col- 

A new f i l t e r  was  used f o r  each d r i l l i n g *  

After each d r i l l i n g  was  completed, the  concrete core w a s  broken frrm the 

sh ie ld  by a wedge driven between the drill and the core. Fortunately, the  end 

of the  core consis tent ly  broke off  evenly so that  the uncertainty i n  the depth 

of the hole was  l e s s  than a centimeter. The core was  removed and sealed i n  a 

polyethylene bag, and the depth of the  hole from the outer surface was then 

measured. 

measured; a l l  h,ole depths could then be converted t o  sh ie ld  thicknesses, 

Following the  f i n a l  d r i l l i n g  the depbh t o  the  graphite l a t t i c e  was 

The core removed from the outside foot of the  shield (ordinary cor,cret;e) 

i s  shown i n  Fig. 3. The s t e e l  reinforcement rods shown crossing the core 

were the only rods encountered daring the e n t i r e  d r i l l i n g  of the hole. 

In  order t o  avoir? confusion as to which end of the d r i l l e d  hole i s  being 

referred to, the  term ''bottom" o f  the  hole i s  used throughout t h i s  repme in 

re fer r ing  t o  the end of the hole inside the shield, i .e . ,  nearest t he  graphite 

l a t t i c e ,  even though the hole was d r i l l e d  horizontally.  

After each d r i l l i ng ,  except d r i l l i n g s  3y 4, and 7, t he  chemical c o ~ p s i -  

t i o n  of the  concrete was determined by both chemical and spectrographic a m L y m s e  

A spectrographic analysis  of an asbestos sample was also made. 

following physical propert ies  of the concrete cores removed from t h e  hole vere 

determined: water content, density, compressive strength, and radioact ivi ty .  

The temperature gradient throughout the shield was a l so  determined* 

In a d e t i c n ,  tke 

Chemical Composition 

Since the  chemlcal and spectrographic analyses were made from concrete 

dust which was  col lected i n  the  vacuum-cleaner f i l t e r  during each dr i l l ing ,  a 

representative sample of the concrete far  that portion of the shield w a s  ob- 

tained. * A l l  analyses were made by the Analytical Chemistry Division of ORNL. 
1 When poured, the composition of the concrete i n  t h i s  section w a s :  

Cement (Portland, l o w  heat) 16.3 wt4 Barytes aggregate 46-4 w t $  
HaNi t e 27.3 wt$ Water 10.0 w t $  
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The ccmpcslt,Fsn of the haydfte, a porcus calcined shale, kr"s assumed t? be: 

B 
tlr;rou& 4-mesh. screen 
through 100-mesh screen 



T & i e  1. C ? ~ n i c a l  l;naiysis (Dry Basis) or Smples of Csncretz 
frcm the  ORKL Graphite Reactor Shield" 

Composition (wt.%> 
~ 

Dril l ing 1, Dril l ing 2, Dri l l ing 5, Dr i l l ing  6, Dri l l ing 8,  Dri l l ing  9, Dri l l ing  10, 
6 - 7 f t  5 - 6 ft 2 - 3  - 3 ft 2 - 2.5 ft 1 - 1.5 f-t 0.6 - 1 f-t G - 0-6 ft 

E1eneR-t of Shield of Shield of Shield of Shield of' Shield of Shield ol" Shield 

Fe 

Mg 

Ca 

Si  

S 

Al 

Na 

IC 

Ba 

C 

Ii 

0 

1.58 

2.37 
11.31 

33.65 
0.66 

1.57 
0,20 

0.30 

- 
b 

C 

1.14 

2.41 

11.00 

10.24 
0.66 
2.09 
- 

27 00 
- 
b 

C 

1.23 

1.97 
8 .oo 
9.96 

2.47 
0.27 

- 
27 90 

2.20 

0.004 

9.69 
10.54 
0.28 

2.22 

- 
18.20 

3.88 
b 

C 

1.36 

3-35 
8 .O 

10 07 
0.44 
3. 19 
0.17 
0.40 

28.60 

0.71 
b 

c 

1.27 
o .so 
7.75 
35 001 
0.31 

2.58 
0.14 
0.11 

- 
0.82 
b 

C 

1.24 

0.35 
6.88 

33.59 
0,47 

2-73 
0.12 

0.14 
- 

0.73 
b 

c 

a.  Dri l l ings 1, 9, and 10 were i n  Portland concrete; other  d r i l l i n g s  were i n  barytes-haydite concrel;e. 
b .  Too low f o r  analysis. 
c .  Not attaina3le. 



a 
Table 2. Spectrographic Analysis of Samples of Concrete f r o r  ORNL Graphite Reactor Shie ld  

Compositionb ( ~ s )  
D r i l l i n g  1, D r i l l i n g  2, Drilling 5, D r i l l i n g  6, Drilling 8, Drilling 9, D r i l l i n g  10, Asbestos 

L i m i t  of 6 - 7 f t  5 - 6 P t  2 - 2.: ft 1 - 1.5 ft 3.5 - 1 ft 3 - 0.6 ft 
Element Deetectiori O f  Shield Of Shield O f  2 ' 5  Shie ld  - ' fY O f  Shie ld  O f  Shie ld  O f  Shie ld  O f  Shield 

A6 
A1 
AS 
Au 
B 
Ba 
Be 
Bi 
C a  
C d  
co 
Cr 
cu 
Fe 
Ga 
& 
K 
Li 
R3 
&In 
i%Q 
Na 
NI 
Pb 
w 
Pt 
Ru 
S 
Sb 
si 
Sn 
Sr 
Ta 
Ti 
T1 
v 
W 
Zn 
Zr 

0 .@001. 

3.3 
0.004 
3.008 
0 .oe 
0.3005 
0.wx 

0.022 
0.002 
0.0005 

0.003 

1.4 
0.054 

o .06 

0.001 
0.04 
0.002 
0.01 
0 .oooy 
0.009 
0.005 

0 .Or4 

0.003 

0.1 

0.05 
0.004 
0.09 
0.12 
0 .OO& 

B 

E 

D 

E 

a. Drilling8 1, 9, and 10 were i n  Portland concrete; o t h e r  d r i l l i n g s  were i n  barytes-haydi te  concrete. 
b. Legend: 

( - )  appears it indica tes  t h a t  an ana lys i s  was mde for the element but  none was found. 
A, 10 t o  100 wt$; 3, 1 t o  10 he$; C, 0.1 t o  1 wt$; D, 0.01 to 3.1 wtk; E, 0.301 to 0.01 w t $ ;  F, 0.0091 to 0.001 w t $  when a dash 

Wher, no park appears no analysis was made. 
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A t  the  completion of each d r i l l i n g  the  coicrete core removed was im- 

mediately sealed i n  a po1yethhy;lene bag t o  insure t h a t  no change i n  moisture 

content occurred. After suff ic ient  t i m e  had been allowed f o r  decay o f  t he  

radioactivity,  8, small portion of the  core w a s  sawed off  and crushed. m e  

sum of the  combined and uncombined water w a s  then deCvermined by weighing 

the smple before axad after hea$ing it t o  520°C. 

heated t o  gOO°C showed l i t t l e  o r  no fur ther  change i n  weigh+,. 

Several samples which were 

Density 

TIe density of t he  concrete was determined by weighing a portion of the  

core removed during the  d r i l l i n g  and then determining i t s  volume by water 

displacement. The resu l t s  of the  present inves-bigation, together with the  
I 

r e su l t s  from s i m i l a r  measurements made i n  the 19h.8 experiment 

presented i n  Table 3 .  

face of' the reactor.  

are also 

The concrete from the 1948 d r i l l i n g  c m e  from t he  west 

Cornprzs s i v e  Strength 

Results of the  compression tes ts  on the  concrete cores, together with 
1 

the  resu l t s  reported I n  the 1948 investigation, 

The cores were tested according t o  M T M  standards (ASTM C42-49). 

t e s t i n g  machine 1oca"sd a t  khe ORNL Graphite Reactor building was used t o  t e s t  

the Portland concrete sanrples (Drillings 1, 9, and 10) and the last barytes- 

haydite sample (Dri l l ing 8) .  The barytes-baydite core f r o i t i  D r i l l i n g  2 colxdcl. 

not be broken on the 30,000-lb machine. 

ram, it was shattered by a dynamic force Inwer t'wm t h e  s t a t i c  loading (2410 

p s i )  it had previously withstood. In t he  30, O O O - l b  rac'Aince 

haydite cores were tested on. a 120,OGO-lb mac'lzine 75:' E, R. Taylor o f  %he 

Metallurgy Division st the Gaseous Biffusion PD.n%, 

usually large result f o r  Dr i l l ing  5 cotild not be detezmined-, 

w e  also included i n  Table 3.  
A ~ O , O G O - U I  

men i t  %res t e s t e d  on a hydraulic 

other barytes- 

%e ~ ~ ~ E S O Z L  for the m- 

.- 
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Concrete Act ivi ty  

The concrete samples for a c t i v i t y  measurements each weighed z-p~~roxixa-tely 

1 g and. were prepared f r o m  the concrete dust removed during each drilling. 

Since it was not possible t o  measure the  a c t i v i t y  immediately af’ter the 

drilling was completed, the scmple of  dust whs later weighed- and. i r rad . i s ted  

again i n  the hole i n  i t s  original locz,tisn Tor two t o  three &ys. %ims the 

short half- l ived components of the concrete were saturated. when t he  s u q l e  

was again removed from the hole Jus t  prior t o  coimting. 

.given i n  Table 4 and plotted. i n  Fig. 4 as a f’unction of the Cecay t i m e  for 

various shield thicknesses, 

11. ft were too TOW t o  count. 

‘,%e _resnl.ts a,re 

Act ivi t ies  for’this thicknesses greater than 

!JNCMS5!FIED 
2-oi-053-0- 384 

0, -SPECIFIC G4MMA-RCY D 0 S T  RCTF 

0 2 4 6 0 10 I2 14 i6 13 20 22 2 1  2% 28 30 32 54 
DECAY T I M E  ( h r )  

Fig 4 Decay of Activity in the Concrete Samples Removed from ti-e ORNL Graphite Reactor Shield After 
Each Core Drilling 
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Table 4. Decay of Gamma-Ray Ac'iivity in Samples of Concrete 
from the ORNL Graphite Reactor Shi.elda 

b Dose Rate b Dosc Rate 

ergs/gtiS sue Demy 
Tiffle 

O h r )  ( h r )  con c ret e %oncrete 

Drilling 10, No Shield 

9.6 x  LO-^ 30.0 2.91 x 10-1 

Decay 
Time 
( h r )  

7 *73 8.92 x 10-l 50.0 1.2 x 10-1 
6.66 

9.00 8.31-1- x 10-1 60.0 7.66 x 
20 .o 4.66 x 10-1 

D r i l 1 . L n g  8, -1 f t  o f  Shield 

0.20 8.68 x 2 .a8 3.16 x 10-2 
0.30 8.25 10-2 5.08 1.69 x iom2 
0.3 7.92 x bom2 8.08 9.47 10-3 

0.65 7.07 x 10-2 29036 2.19 10-3 

0.48 7.60 x 10.36 7.08 x 10-3 
0.55 7.49 x l O " 2  28.86 2.24 x 10-3 

-_I___ 

Drilling 7, -1.5 f't of Shield 

0.15 9.00 x 10-3 1.69 4.46 x 10-3 
0.35 8.07 10-3 1-99 3.98 x 10-3 
0.75 6.66 x 10-3 32.53 4.94 x 10-4 

4.49 x 10-l+ 1.16 5.49 10-3 73-53 

0.069 1.47 x 5 - 269 1.67 10-5 

1.269 8.18 10-5 7.669 
1 e 669 6.84 x 10-5 8 e 469 5.10 x 

2.869 4.11 x 10-5 10 863 5.33 x 10-6 
3.269 3.46 x 10-5 11.669 2.98 x 10-6 

4 $869 2.12 10-5 

0.216 5.40 x lom7 0 762 5.33 x 1c-7 
0 349 8.97 10-7 1.0.32 9-19 10-7 

8 0.449 8.00 10-7 I. 435 6.90 x w' 

-- 
D r i l l i n g  6, -2.0 ft of Shield - 

0.468 1.15 x 10-4 6.069 1.09 x 10-2 
0.869 9.09 x 6.869 5.88 x IO-: 

6, '(6 x 1 0 - O  
6 

6 2.069 5,80 10-5 9.269 4.83 x 10- 
2.469 4.97 10-5 i o .  069 3.58 x 10- 

3 669 3.17 10-5 1 2  0 469 2.35 x lo-' 
4.069 2.70 x 1.3 e 265 2.'76 x lo-' 
4.469 2.22 x 10-5 1.4.069 2*35 x 1Q-' 

___-- ---.----- 
Drflling 4, -3.0 ft of Shield 

-e.- l_r*-l----... ------ 

0.582 6.88 x 10-7 

a. Drillings 1, 9, and 10 were in Portland concrete; o'thez: d r iUings  

b. Specific gamma-ray dose rate 2.5 cix from cmcrete .  
were i n  barytes-haydi'ce concrete e 



Temperature Gradient Through Shield 

Eleating of the  sh ie ld  resul ted both from heat leakage from the reactor  

core t o  the sh ie ld  and from heat generation i n  the concrete i t s e l f  caused by 

the transmission of radiat ion i n  the  shield.  The temperature gradient i n  

the sh ie ld  was assumed t o  be at a steady s t a t e  after the  reactor  had been 

operat-ing at full power (3500 kw) for f i v e  days. 1% was then measured by 

12 iron-constantan thermocouples embedded along the cent ra l  axis of a close- 

f i t t i n g ,  7-ft-long concrete plug constructed t o  match the  adjacent concrete 

of t h e  shield.  

a tu re  

concrete plug t o  measure the ambient temperature of the inner and outer 

surface of the concrete shield.  

plug w a s  stagnant and therefore  did not appreciably a f f ec t  the resul ts ,  which 

a re  given in Fig. 5 and Table 5. 

Since the reactor  i s  a i r  cooled and the  i n l e t  a i r  temper- 

var ies , .  thermocouples 1 a d  12 were placed on the  ends of the  

The small annular a i r  gap surrounding the 

Table 5. Temperature Gradient Throughout the ORlVL 
Graphite Reactor Shield 

- __ 
0 

Shield Thickness Temperature ( C )  

During 3500-kw 5 h r  A f t e r  10 h r  After 
(f t)  (em> Operat iona Shutdown" Shut do&. 

0 
0.083 
0.125 
0.542 
0.958 
1.4 
2.04 
3.04 
4.04 

6.54 
5-29 

7 .oo 

0 
2.5 
3.8 
16.5 
29.2 
41.9 
62.2 
92 97 

123 
161 
199 
213 

40.0 
37.5 
36.0 
34*7 
32.8 
31.2 
27.5 
24.0 
22.0 
20.3 
19.9 
19.0 

32.1 
333.4 
73.4 
33.9 
72.6 
30.6 
27.8 
24.5 
22.1 
20.2 
19.9 
19.0 

29.2 
70.5 
31.0 
31.2 
30.5 
29.9 
27 97 
24.8 
22.4 
20.2 
20.1 
20.0 

a. ~oorn temperature = 19'~. 
b. Room temperature = 20°C. 
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When the reactor  i s  shut down, the air flow through the  reactor i s  

reduced by 60 t o  70%. 

on the shield temperature, t he  temperature gradient of the shield was again 

measured 5 and 10 h r  after shutdownl The r e su l t s  of these measurements are 

a l so  shown i n  Fig. 5 and Table 5 .  

In  order t o  determine the effect of t h i s  reduction 

IV. RADIATION ATTENUATION MEASuREeJIENTS IN THE SHIELD 

The gamma-ray dose rates, fast-neutron dose rates, and thermal-neutran 

f l u e s  a re  a l l  p lo t ted  together on Fig. 6 and measured as a function af t h e  

thickness of the  ORJYL Graphite Reactor Shield. 

fast-neutron dose r a t e s  a re  both givera i n  ergs per gram of %issue per how, 

and the  thermal-neutron fluxes are presented as n e u t r ~ n s  per  square cen+;imetel- 

per  second. As mentidned preyiously, t h e  shield thicknesses indica-bed 

include the 2.3-cm thickness of asbestos covering the graphite r e f l ec to r  

and the two t-0.5-cm-thlck 

from the  barytes-haydite concrete. I n  same eases the  sh ie ld  thickness 

also includes the distance from the front  face of an inatmnent  t o  its 

center of detection as discussed below. 

The gama-ray dose rates and 

layers  of tar separating the PssYtlmd concrete 

Average relaxation lengths f o r  g m a  rays and fast neutrons i n  

bar,ytes-haydlte concrete were e s t i m t e d  from the  attenuation curves ix l  

Fig* 4 ,  The average g m a - r a y  relaxation length i s  approximately 13.6 cn. 

It e m  be seen from Fig. 6 that the g m a - r a y  relaxation length gradually 

increases w i t h  increasing shield thickness from 13.0 cm a t  a sh ie ld  thick- 

ness of 2 ft to 14.6 cm a t  a shield thickness of 5 f t .  The fast-newtl-oz 

relaxat ion length i n  the barytes-haydite concrete i s  more constmt,  varying 

from 10,O krn t o  10.6 cm across the  barytes-haydite sect ion of the shield,  

The average fast-neutran relaxation length i s  approximately 18.2 

Gamna-Ray Dose Rates 
-_I__.- 

The gamma-ray dose r a t e s  were measured as a func%ion of shield thickness 

by the use of a 50-cc @arbon-wa l l ion iz~ t ion  chamber and gannza-ray sens i t ive  -f i lm 

packets. 

The dose rates resulting from gamma rays streaming down the bole were 

The results of both methods are presented i n  Table 6 and Fig, 7. 
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Table 6, Gama-Ray Dose Rates as a p;pu?..ction of  t b e  Thickuess 
of the 0IsNT-I Graphite Reactor %,S.eLcf. 

a. 
b. 

C .  

I. 

0 
1 
2 
3A 
3B 
4 
5 
6 
'7 
8 
9 
10 

7.06 
6.06 
5.06 
3.99 
3999 
2-99 
2.45 
1.98 
1.45 
1.05 
0.62 
0 

22.5 3 
184~8 
154.4 
121.7 
121.7 
92.3. 
74 9 
60.4 
44.2 
32.1 
18.8 
0 

217 4 
186.9 
156.5 
1.258 
123.8 

93.2 
77 90 
62,5 
46,3 
34.2 
20.9 
2*lC 

. . . . . . . . . . . 
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replaced by the  concrete pl-ugs. Measurements f o r  Dri l l ing  3A, represented 

by the dashed t raverse  cu:Ye i n  Fig" 6, were made before the graphite-iron- 

masonite plugs were remcved> and the measureInen%s f o r  Dr i l l ing  3B were made 

a f t e r  they had been replaced with the  concrete plugs. 

graphite-iron-masonite plugs iaiserted were greater  than those wjth concrete 

plugs by 3% a t  the bottozn of the  hole, iiicreasing t o  about 20$ near tine 

outside of the  hole. 

of 2-1/2 f t )  may have been affected i n  a similar mmer by the temporary 

replacement of the  concrete plugs i n  a nearby experimental hole (Hole 15)  
w i t h  an experimental g r a ~ ~ i t e - l r o n - ~ s o ~ i t ~  plug during a n o m 1  weekly 

shutdown. However, t h i s  experimental plug vas replaced by the concrete 

plugs f o r  the reminder  of the experiment, 

Dose raties with t h e  

Measurements taken during Dr i l l ing  5 (shield thickness 

Personnel Monitoring Film Measurements 
_u__ 

The gamma-ray dose r a t e s  measured by the gama-sensit ive films (supplied 

by the ORNL Health Physics Division) were det,em5ned by comparing the opacity 

of the  films on a densi tcaster  with films wblch had been exposed t o  known 

gma- ray  dose rateGo The f i l m  measurements were l e se  accurate than those 

made with the  ion chaxber, but they were valuable f o r  purposes of comparison. 

DuPont 55'2 dosimeter riLx packets, each o f  k h l c h  contained one DuPont 

"sensi t ive"  f i lm No. 5029 were used t o  measure the dose rates below l y/hr 

(93 er@;s/etissue .hr )  f o r  shield thicknesses f-om 7 to 1.5 P t .  The r e su l t s  

are included i n  Table 6. 

dose r a t e s  f o r  these shield Yricknesses e The res;L.ts v e x  sur-prisingly close 

t o  the  ion chamber measurements even w e l l .  al~ove the  r e g o r b 4  range of Yne 

f i lm ( c 50 r/hr)o 

Irtsensitive f i l m s  F J ~ T  wed  t a  measure t n e  higher 

High-range Eastman rjm f i b s ,  reported t r ~  ??e accurate up tg 1000 r/hr, 

were used f o r  shield tkiclxesses  from 3 to O e 6  T"t. 

these films a re  also given tn Table 6. 
Doses measured wi%h 

When placed i n  the hoXe aL1 film detectors irere followe% by a 14-i.n0- 

long concrete plug coastmcted from the saxe tgge of cancrece as &h&t i n  which 

the  measurements were being made. FOP 'die measurcrnmts ',n the  Portland 

concrete near the  r e f l e e t w  this  114-in. plug was hacked up by a 5- f t  bary-tes- 

haydite concrete plug. 

.. 

.- 



I__--. --- 
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where V i s  the  bucking voltage f o r  the unknown dose. Measurements were 

made using electrometer g r id  resistances of' 10 , 10 , 10 , 10 , and 10 

ohms and the results were averaged t o  give the reported dose. 

7 8 9 1 0  11 U 

6 
The response of the counter w a s  estimated by the following equation: 

Dose Rate ( r /h r )  = 

where 

E = vo l t s  (reference voltage),  
Vo = volume of chambers, cm 3 , 

273 0 - = temperature correction, K, 
TO 

P = CO pressure i n  chamber, inches of Hg, 
2 

1 - = pressure correction, 
29.92 

R = value of variable res i s tor ,  Q ~ S ,  

I = ionization current which w i l l  be produced by 1 r/hr i n  1 cc 

of CO gas at  standard temperature and pressure 2 
-- 1.433 1 0 ~ ~ 3  amp/cc. 

60 
When subs t i tu t ing  the value Vk i n  the equation as determined from the Co 

source, it was found that the chamber gives a lower dose-rate reading than the 

calculated dose r a t e  i n  regions up t o  20 t o  30 mr/hr- 

dose r a t e  the estimated and measured dose rates were within experimental 

s t a t i s t i c s .  

HoweveF, above this 

The posi t ion of the  center of detection of the ion chamber was determined 
8 

by the  method derived by Hungerford, 

radiat ion was 75% collimated and 25% i so t ropic  at  each shield thickness. 

approximate posi t ion of the center of detection f o r  the  ion clamber vas 2.1 

i n  which it was assunled t h a t  t he  gamma 

The 

8. H. E. Hungerford, "Center of Detection Calculations f o r  Neutron Counters 
and Ion Chambers, 'I ORNL-CF-51-5-177 (1951) 



t o  2.2 em from the front  of the outer ease. For the traverse measurements 

a t  a. par t icu lar  shield thickness, the center of detection was assumed t o  be 

equal t o  tha t  cdczilated fo r  the measurement at the  bottom of the  hole. 

Fast-Neutron Dose Rates - 
The fa%t-neut;ron dose rates were measured as a function of shield thick- 

me resultta are presented in ness by means of a proton-recoil dosimeter. 95p0 

Table 8 a d  Fig. 8. 

neutrons streaming down the hole were also determined by taking measurements a t  

various distances back f r o m  t he  bottom of the hole f o r  each shield thicknessd 

As f o r  the  gma-ray measurements, dose rates due to f a s t  

Table 8. Fast-Neutron Dose Rates as a Function of %he 
Thickness of the ORNL Graphite Reactor Shield 

Shield Thicknessa Ef fec t iw  ShfeLd 
Fast-Neutron Dose Rate 

0 
1 
2 
3A 
3B 
4 
5 
6 
7 
8 
7 
10 

7.06 
6.06 
5.06 
3.99 
3.99 
2-99 
2.45 
1.98 
1.45 
1.05 
0.62 
0 

215 0 3 
184.8 
154 4 
121 e 7 
121-7 
91.1 
74.7 
60.4 
44.2 
32 .l 
18.8 
0 

216.8 
186.3 
156 .o 
123.4 
1 2 5 4  
92.9 
76 *7 
62.1 
45.9 
33.8 

1.6 
20.4 

a. 

b. Shield thickness extended t o  include the 0.5-(sm wall thickness and. 

Includes a, 2,3-@m thickness of asbestos ma two -0.5-cm-thiek layers 
of tar. 

0.8- t ; ~  L.l-cm distance from the front wall of the dosimeter t o  its 
center of detection. 

The r e su l t s  of these t raverse  measurements are given i n  Table 9 and are 

9. G. S. Hurst, R,  S. Ritchie, arnd K. Ne Wilson9 "A Count-Rate Method of 

10, @. S. Hurst, "An Absolute Tissue Dosimeter for Fast Neutrons, '' I__.... B r i t ,  J. 
Measut-fng Fast Neutron Tissue Dose, I' _Re.v. _sei. Instr . ,  22, 981 (l95;). 

Radiol. XXVII, Do 318, 353 (1954). 
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represented in Fig. 8 by curves extending to the right of the dose-rate Curve 
f o r  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 t'ne distance from the front to the center of detection of t'ne 

dosimeter ( IL 1 cm). 
Tne 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. 
Drilling 3A can be determined by a comparison with those for Drilling 3, 

in which case the graphite-iron-masonite plugs were replaced with concrete 

plugs. For shield thicknesses less than 3 ft dosimeter measurements were 

made at a reduced reactor power level in order to reduce the g m a  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 fu l l  power. 

The effect on the measiiremeats for 

When placed in the drilled hole, the dosimeter fit snugly into a recess 

in the end of the 14-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 a lso  

fit snugly into a recess in the plug and which was connected to the 

dosimeter by shielded leads passing axially through the plug. 

shjeld thicknesses the plug housing the dosimeter and preamplifier was 

backed by a 5-ft-long barytes-haydite concrete plug. 

and Wilson.' 

5 in. long. Running the len@h 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 

For the smaller 

The dosimeter used was the two-chamber type developed by Hurst, Ritchie, 

It consists of a brass cylinder about 2 in. in diameter and 
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corresponds 5nmolecUlal- composifdon t o  the ethyl-ene gas i n  the chambers, 

ti?pus appmaching a tme Bragg-Gray cavity. 

Since the dosimeter i s  operated as 8 proportional c~tszater, t he  size oP 

the voltage pulse resulting from a neutron-proton co l l i s ion  i s  propo~%.oaal 

ts the amaunt of snergy dissipated i n  the gas. 

The pulse from the dosineter T~EE fed to a prepaplifier (ea-t;h~%f%21m-er)~ 

thm. to m A - l  amplifier, and finally recorded by means of a scaier. 

The response of the  dosimeter t o  gamma rays (Fig. 9) was detemined by 
60 placing the dosimeter in a known gama-ray flux emitted by a Co 

and discrirnlnating at  a level. which excludes the gmm-ray pulses. 

OS tne proton-remil pulses fall beiatr the discrimination level am3 m e  not 

e~dilllted, but this loss  is estimated when extrapolxking the pdse-height  curve 

to zero. 

source md 

T h a ,  5ome 

The response of the dosLmeter ~ C J  neutrons was dete,mined a% t h e  preset 

gma-rag  bias level using a Po-Be somce of howa sLrangii;h, 

s%rength was kno~rn i n  'terns of' neutrons per square centimeter per mcoad, a 
2 

cosl-;rersio.rr factor of 0.114 (ergs/g.hrr / (nc~~rons/om .see) (detemineiE 5y 

conparing the Po-& smrce spectrm with the f i r s t - c o l l i s l o n  dose CUTVF: f a r  

tissue and ethylene 

t e rms  a f  dose w k e Q  In order to cal.ibrate t h e  dmimeter, a p l o t  of the  lag 

camts per minut? versus the pulse-he5 ght sclectar ($I-%) wad c?lnt,aiz!ed 7h7:tk 

%he Po-Be source5 

Since the EOIATCF: 

11. 
) was used to express the dosiri.&er measurement ia 

E e  +,a,ta,l area -mder the integral (PHS) curve, which is proportio;xd. t o  

t h e  Case rate, FB.B estimated by extrapolating the curve to PES eqml. Z B : ~ ,  

%e ur?kn.o%.n?, dose rates were comj?utl;d f'ron $he p x p r k l o n a l i t y ,  

Po-Ea SBIITCC dose rate - 
Aree fol- Po-Be source Area fo r  uliknom dose in sh ie ld  

Y ~ o w w 7  dcse rate 
y_ - - I___ 

To rmlntain a va l id  proportionality bett;ree?= %lie I r n o i ~  aad urzkco~~r: Llow 

ratesp the g a m - r a y  preset  bias le-~eP w a s  not exceeded when the  measi-il-emer;ts 

were nmde in t he  shield,  Trle dosimeter vas calibrated bc-fore each series 

of nieasu.rements 
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F ig . iO .  Thermal . -Neutron Flux in 4 /s - i n . -d ia  5 and 1-in.-dia Holes in the  ORNL 
Graphite Reoctor Shield. A concrete plug was placed between detector and outside face 
of shield. 



The "standard," indjvm f o i l s  used for these measuremcl?ts were cut  with 8 
2 25-zm sectan,dar die frorr! large fsld5wm sheets 5 mils thick,  "Standard'? 

2 gold foL%s were I-Cm sip.it~"es, 5 mils +,hicko R~s f o i l s  were ~ E e t ~ ~ e d  with 

dist i l led water a d  then atb. acetone, a f b r  which they were weighed. 

tims 4n %he weights were l ess  thaa 4$, 
size sf fc i l  which was calibrated in the CBNL Stm8ard Pileo This @a;llbrat'lm 

i s  discussed furt,her below, 

Varia- 
!The tern "stmdard" f o i l  refers t ; ~  the 

Foi l s  were irradiated one at a t h e  by attaching a single f o i l  to the 

end of a concrete plug and i n s e r t i n g  %he plug ink3 a hole. 

p~s tee t ed  fmm foreign ciantmnlnatisn by 20-mfl-th5ck dumknm c e s v e ~ s ~  

cadml7m (lic3vers used in obtafrifng the resonmcc ae&ivat,ion weye 30 mils thick.  

Bare f o i l s  were 

The 

b-zh sldes of %he irradiated fai1s were counted on t w o  Model 0-799 OEWL 

ResulLs obtained from the  two cc~mters gas-flow beta proportional counters 

were averageti 

In order to de%emis?,e %he t heml -neu t r an  streanilag data a S_-inv-dia axial 

hole was dr i l led  in a T-f%-long concrete plug which. was inserted in the original 

4-5/e-2n0-dia hoke. 

the shield,  

end of a L-in,-dia concrete plug khjeh was made Go fit in the axia l 'hGPe of 

the larger concrete pluga The 
l-iri,-dia hole I-akher than the 4-.5/8-ine-dia hole was used for the streaming 

measureaents bath tc; decrease the biological hazard during f o i l  eqosures  m d  

t o  6~c re8se  t h . ~  time necessary to inser t  ani3 withdyaw the f o i l 5  because of the 

grea%er ease In hwtU.ing the sme3jEer plug, The result-s OS the streaming 

measurements are given .in. Table 39 and included on Fig. 10, 

The c ~ m r e t e  ic the plug -mtched %he type cf concre-k in 

Gold Soils, both hare a d  cadmium covered, were attached to the imer 

.- 
'Iilr3s 1-in.-dLa plug was encased in aluminum, 

. I  

Table LP, ThemB-Eeutron Fluxes Along a l-in,-dls Hole 
in  the ONiK Graphite Reactor Shield fo r  Various 

Distances from the B o t t o m  3f %he Hole 
.- 

Distance from 
Bottom of Hole Thermal-Neutrm Flux 
If% ) ( cm)  (neu%rcns/c?m~ 0 secp Cadmim Ratio 



Calculation of t h e  Flux from t h e  F o i l  Measurements 
--_I--- 

A quant i ty  (henceforth referred t o  as an a c t i v i t y )  proportional t o  

t h e  t r u e  saturated f o i l  a c t i v i t y  w a s  calculated f o r  each side of each 

exposed f o i l  from the r e l a t i o n  

where 

A = quant i ty  proportional t o  the  sa tura ted  ac t iv i ty ,  coun-Ls/min, 

k = counter f a c t o r  checked per iodica l ly  during the  presenC 

investigation, 
-1 

h = decay constant, min , 
N = net  counts i n  t i m e  t 

3, 
t = exposure t i m e ,  min, 

t = w a i t  t i m e ,  min, 

t = count t i m e ,  min. 

1 

2 

3 
The calculated a c t i v i t y ,  A, f r each side of the f o i l  w a s  E sraged e 

The a c t i v i t y  resu l t ing  from the  i r r a d i a t i o n  of t h e  bare f o i l  w a s  the  

sum of t h e  a c t i v i t i e s  caused both by thermal neutrons and by resonance 

neutrons, i .e., neutrons of energy grea te r  than thermal. A4ctivation e s s e n t i a l l y  

by resonance neutrons alone w a s  obtained from t h e  cadmium-covered f o i l s .  It 

w a s  necessary t o  multiply the resonance a c t i v i t y  measured using indium f o i l s  by 

1.14 i n  order t o  account f o r  resonance-neutron absorption by the 30-mil-thick 

cadmium  over.^^"^ 
unnecessary s ince i t s  resonance energy (5  ev) i s  considerably higher than 

that  f o r  indium.(l.4 ev).  The sa tura ted  themial a c t i v i t y  fo r  indium f o i l s  

was, therefore,  obtained from the  differences between 'ihe a c t i v i t y  f o r  the 

A s i m i l a r  correct ion f o r  cadmium-covered gold f o i l s  w a s  

12. G. S. Hurst, J. A. Harter, P. N. Hensley, W. A. Mills, M. Slater ,  P. W. 
Reinhardt, "Techniques of Measuring Neutron Spectra w i t h  Thermal Detectmrs - 
Tissue Dose Determination, ' I  &. -. Sei.  I n s t r .  2'7, 153 (1956). 

Cambridge, Mass. (1953). 
13. D. J. Hughes, "Pile Neutron Research, "Addison-Wesley Publishing Co., 



bare fails and 1,14 times the a c t i v i t y  for the eadrnium-covered foils, wfii2-E 

the thermal ac t iv i ty  f o r  the gold foils w a s  dckained s i r q ~ l y  from the ciifference 

between a c t i v i t i e s  of the bare atzd cadmium-covered foils E 

Phenomena such as in te rna l  beta absorption, self-protection, hardening, 

obli.quity, and f lux  depression prevent 'she LEE cf the simple relai;ion for 

the f l u ,  

where Ath i s  the t rue sa tmated  thermal a c t i v i t y  a d  c is the  ~ c r o ~ c o - p ~ ~  

activation cross section. 

may be approximated, they ctm be taken in to  aecs-m-k mel-e accdi-acely by 

"calibrating" standard foils i n .  a known theml -neu t ron  flux. 

proportionali ty factors 'oetlresn the measured acti-J-itY arid t h e  t.be,ma? - ? ~ e ~ ~ - t r o n  

flux, which include the macroscopic cross  seetifm, 2 , as GEXZ 8,s the m r r e c t i o m  

f o r  the phenomena mentioned above, have been determined with the OR&X 

Standard P i l e  for the  gold and indium standard foils used i n  %;he present 

ir;t-estigation and a re  equal to 7.29 and OoS6Z7 f o r  gold mid infif-m, 

respectively, when these foils are  counted in %he beta proportlczai c o i i ~ t e r s  

mentioned above. 

AlGhough eorrectioos fo r  each of these phammnzaa 

Empirical 

13  - -  
It w a s  necessary to make a fur ther  correctio?n f o r  f lux depressLon siace 

. I  

the  standard foil cal ibrat ion w a s  made in a grzphite medium ( 8 x x d a r d  Pi le ;  

and the f o i l s  fo r  the  present inveatigatian were exposed a eor,cre$e medium 

(reactor  shield) and t h e  f l u x  i s  depressed di f fe ren t ly  i n   he two me:d5w~s. 

Tkjis depression was assumed t o  be s i g n E i c a n t  for the i n d i m  foils m n E y  sime 

the gold f a i l s  were so sna22. 

The procedure used t o  determine the re la t ive  flux depresslon by the 

indium f o i l s  i n  concrete and graphite was tb.e same as tha t  m e d  by Kiem and 

Ritchie ' t o  determine the r a t i o  between watxr and graphiten RE the 

thickness OS a fail approaches zero, the f lux depression caused by that  f ~ i i  

146 E. B. Johnson and S. L. Meem, 'DeLeminatian o f  PQWCT of the Bull.; 
Shielding Reactor, Part  I?, " OR&%-2.438, Appendix D (1953) 

15. E. D.. nema andl R.  H. Ri tchie ,  "Prelirrdnary Report on Deteminatrion 
o f  the Thermal Xeutron Flux i n  Water, '' OIQ?L-CP-=51-h-103 (1951) 

14 2. 
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w i l l  approach zero. If the  s p e c i f i c  saturaLed a c t i v i t y  (counts p e r  minute 

per  gram) becomes A i n  the  l i m i t  as t h e  foil t'nickness approaches zero, 

and i f  t h e  specific, saturated a c t i v i t y  of a fS-mi.l.-thick standard f o i l  i s  

represented by A 

depression caused by t h e  presence of the  stavldaril f o i l .  Z"ne r a t i o  o f  the  f l u x  

depression i n  concrete t o  that  3.n graphite, R, can t'nen be ex2ressed as 

0 

t h e  r a t i o  A /A will be proportional t o  t h e  f lux 
5' 0 5  

For convenience, t h i s  m a y  be f u r t h e r  

ex-pessed as R = (A  o /A 1 ) concrete (Al/A5)concrete /i'A*o/Al)graphite (%lA5 'graphite. 

The fac tors  A, /A, were determined experimentally; t h e  fac tors  A_/A, were 

calculated.  
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The f a c t o r s  A /A were detemincd 
1 5  

from the i r r a d i a t i o n s  of indium f o i l s ,  

varying i n  t'nickness from 1 to 5 m i l s ,  i n  

both a graphite mediim (OF@& Standard 

P i le ,  S lo t  3 )  and a concrete medjum ( i n  

bary-tes-haydite concrete, a t  a shield 

thickness of 2-3-/2 Tt). 

proportional t o  the  s p e c i f i c  tnermal 

satLzra,tion a c t i v i t y  of each f o i l  w a s  

determined by i r r a d i a t i n g  both bare and 

cadmium-covered f o i l s .  The experimental 

resulks a r e  l i s ted  i n  Table 12 and t h e  

mensurcld spec i f ic  a c t i v i t i e s  are p l o t t e d  

as a function of the indium f o i l  thick- 

ness i n  Fig. 11. From the two curves, 

the  following r a t i o  vas determined: 

A quant i ty  

It should be noted khat t h e  t r u e  values 

f o r  X /A are not represented by the 

numbers 2.44 and 2.37 since i n t e r n a l  
1 5  
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Tkemal Activities 
and 



The f i n a l  expression used t o  obtain the  thermal-neutron flux from go1.d 

and indium foi l .  a c t i v i t i e s  can then be wr i t ten  as 
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