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SHIELD DESIGN METHODS FOR ARGONAUT-TYPE REACTORS 

by 

John Fagan 

ABSTRACT 

The methods used in calculating the shielding for 
Argonaut-type r e a c t o r s a r e descr ibed. The shield designs 
for the Argonaut-I Reactor , now operated by the In te rna
tional School of Nuclear Science and Engineering at Argonne 
National Laboratory, and the Argonaut Reactor , which was 
displayed at the Second United Nations International Confer
ence on the Peaceful Uses of Atomic Energy, Geneva, 1958, 
were investigated. The methods used appeared to be s a t i s 
factory within the anticipated l imits of accuracy . 

INTRODUCTION 

There a r e a lmost as many approaches to the shielding of s tat ionary 
nuclear r eac to r s as there a r e people in the bus iness . This situation is a 
resu l t of severa l things. One is sure ly the newness of this field, but p rob 
ably more inaportant is the fact that the r equ i rement s of accuracy a r e not 
very str ingent in many cases . If one notes that th ree inches of iron, nine 
inches of high-densi ty concrete , or 1 foot of ord inary concrete change the 
dose ra te at the outside of a shield by a factor of approximately 10, then it 
is easy to see why many people advocate simply adding this amount to the 
outside of a shield s t ruc tu re which may a l ready be 6, 10, or even 15 feet 
thick. Upon accepting such a philosophy with rej[ard to the engineering d e 
sign of a nuclear r eac to r shield, the objective then becomes to produce a 
method which will p redic t simply and rapidly the radiat ion dose r a t e s to 
within, let us say, a factor of two. 

This r epor t p resen t s a method which shows possibi l i t ies of doing 
just that sor t of job. The approach is one in which shielding design data 
may be obtained within a reasonable length of t ime by means of hand calcu
lations (and obviously much more rapidly if a digital computer is used). An 
at tempt has been made to p resen t as completely as possible the computa
tional schemes and the neces sa ry assumptions as they apply to the Argonaut 
sys tem. Limited experiraental data have been obtained, and a comparison 
of the exper imenta l and measu red values of the dose z-ates is given in the 
final section of this repor t . 



Two s imi lar shield designs were investigated: that for the 
Argonaut l(l>2) and that for the Argonaut-G,(3) built for the United States 
display in the 1958 Geneva Conference. 

The Argonaut-type r e a c t o r s a re heterogeneous thermal r eac to r s 
designed to operate at a maximum intermit tent power of 1 0 kw. The 
Argonaut was designed as an inexpensive, but highly flexible, low-power 
reac tor for univers i ty r e s e a r c h and instruct ion. In order that these low-
power r e a c t o r s might be shielded inexpensively, ordinary concrete blocks, 
both with and without iron slugs in the mix ture , were selected. In addition, 
boral sheets and laminated Masonite and iron were used to obtain the max
imum shielding where space was l imi ted. 

In all cases the calculations were made for the most pess imis t i c 
case of a one-s lab loading on the side of the core nea res t the direct ion of 
the shielding being calculated. The calculations were normal ized to a 10-kw 
thermal power level for both r e a c t o r s , which gave an average the rmal neu
t ron flux in the core of 10^^ n/(cm^)(sec) . 

A schemat ic descript ion of the shields is given in F igures 1 and 2 to 
show a c ros s section of the m a t e r i a l s and distances used in shielding the 
r e a c t o r s in the direct ion of the four centerl ine calculat ions. A view of the 
Argonaut I is given in Figure 3. 



SHIELD DESCRIPTION FOR THE GENEVA ARGONAUT 

WATER TANK 

CORE 

GRAPHITE 

30.48 cm 
K—-—> 

HjO 

245 .9 ca 

NOTE: 1.27 cm THICK 
IRON WALLS AT 
EITHER END OF 
WATER. 

SIDE OF REACTOR 

CORE 

GRAPHITE 

30.48 cm 

ORDINARY 
CONCRETE 

45.72 cm 

HEAVY 
CONCRETE 

45.72 cm 

ORDINARY CONCRETE 

91.44 cm 

THERMAL COLUMN 

CORE 

GRAPHITE 

30.48 cm 

GRAPHITE 

152.4 cm 

HEAVY CONCRETE 

91.44 cm 

TOP OF REACTOR 

CORE 

H2O 

BO. 4 8 cm 
> • 

HEAVY 
ICOHCRETE 

30.48 cm 
• « > 

UMINATED 
MASONITE AND 

IRON 
60.96 cm 

FIGURE I 
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SHIELD DESCRIPTION FOR ARGONAUT-

WATER TANK 

CORE 

GRAPHITE 

30.48 cm 

HjO 

177.2 cm 

NOTE: t.27 cm THICK 
IRON WALLS ON 
BOTH ENDS OF 
TANK. 

SIDE OF REACTOR 

CORE 

GRAPHITE 

30.48 cm 

ORDINARY CONCRETE 

182.88 

THERMAL COLUMN 

CORE 

GRAPHITE 

30.48 cm 
<. >-

GRAPHITE 

152.4 
/ 

20.96 
<—H 

UMINATED MASONITE 
AND IRON 

TOP OF REACTOR 

CORE 

HgO 

30.48 cm 
<. > 

HEAVY 
CONCRETE 

30.48 
< > 

LAMINATED 
MASONITE 
AND IRON 

45.72 cm 
< >J 

FIGURE 2 



REACTOR TANK 
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ORDfNARY 
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SHIELDING 
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COLUMN 

HIGH DENSITY CONCRETE 
SHIELD PLUG 

THERMAL COLUMN 

STRUCTURAL 
ASSEMBLY 

FIG 3 

CUTAWAY M O D E L OF ARGONAUT R E A C T O R 



N O M E N C L A T U R E 

A - A v e r a g e a t o m i c weigh t 

a - D i s t a n c e f r o m ou t s ide of c o r e to po in t of e v a l u a t i o n 

, /3 ,7 - Buck l ing c o n s t a n t s 

B - Bui ldup f a c t o r 

b - N u m b e r of m e a n f r ee p a t h s 

j3 - Buck l ing in the h o r i z o n t a l d i r e c t i o n 

C - C o r r e c t i o n f a c t o r 

D - Diffusion coef f ic ien t 

D - T h e r m a l diffusion coef f ic ien t 

h - Height 

K , /c - C o n s t a n t in diffusion e q u a t i o n 

L - Diffusion l eng th 

X. - 1/2 >^, m e a n f r e e pa th (trcunsport) 

M - A p a r a m e t e r 

jU - G a m m a - r a y a t t e n u a t i o n coef f ic ien t 

V - /c/jU 

0 - Flux 

Q2 - N e u t r o n o r g a m m a - r a y s o u r c e p e r uni t a r e a and t inne, 
n or 7 / ( c m ^ ) ( s e c ) 

Q3 - N e u t r o n or g a m m a - r a y s o u r c e p e r uni t volunne and t i m e , 
n or 7 / ( c m ^ ) ( s e c ) 

R - Rad iu s 

p - Dens i t y , g m / c m ^ 

2 - M a c r o s c o p i c c r o s s s e c t i o n for a b s o r p t i o n 

2 • - Slope of f a s t n e u t r o n f lux in r e g i o n i 

2 - M a c r o s c o p i c f a s t r e m o v a l c r o s s s e c t i o n r -̂  

2 - M a c r o s c o p i c c r o s s s e c t i o n for s c a t t e r i n g 

2^ j . - M a c r o s c o p i c t r a n s p o r t c r o s s s e c t i o n 

Vj_ - Vo lume f r a c t i o n of c o m p o n e n t i 

X - D i s t a n c e 

Z - S e l f - a b s o r p t i o n d i s t a n c e 

Z - A v e r a g e a t o m i c n u m b e r 



METHODS OF CALCULATION 

An investigation of the fission p r o c e s s shows that there a re many 
par t i c les given off when a nucleus is cracked. Among these a re the fission 
f ragments , alpha pa r t i c l e s , e lec t rons , pos i t rons , deuterons , t r i tons , neutrons , 
neutrinos and gamma r a y s . All of the charged pa r t i c l e s and fission f rag
ments can be neglected immediately because of thei r very short ranges 
compared to those of the neutron, neutr ino, and gamma ray. Of these three 
neutral pa r t i c l e s , the effect of the neutrino is negligible because of its ex
t remely long range. The average neutrino pas se s through a distance equal 
to the d iamete rs of 10® s t a r s the size of our sun before interact ing with 
ma t t e r . Therefore , the pa r t i c l e s of concern in shielding are the neutron 
and the gamma ray. 

All the neutrons a r e a d i rec t r e su l t of f ission and consequently a re 
born in the core of the r eac to r . The gamma rays a re produced in severa l 
ways. P rompt fission gamma rays a re emit ted at the instant of fission and 
thus also are all born in the core . Equi l ibr ium fission product gamma rays 
a re also born in the core of the r eac to r . However, they a re not given off 
at the instant that fission occurs , since they resu l t from the decay of fission 
products . The equil ibrium fission product gamma rays can be t r ea ted in 
exactly the same manner as a re the prompt fission gamma rays since they 
reach an equil ibrium value after the r eac to r has been in operat ion for a 
short t ime. A third source of gamma r a y s , capture gamma r a y s , c a r r y 
off a port ion of the kinetic energy of the neutron when it is captured or 
absorbed in a mate r ia l and thus a re born throughout the shield. 

The f i r s t considerat ion in the model proposed herein^ ' is to de
termine the neutron distr ibutions throughout the shield. At this point 
severa l assumptions a re made . F i r s t , a modified one-group approach is 
used to obtain the distr ibution of the rmal neutrons in the shield. In this 
model the diffusion equation is solved with a source t e r m which r ep re sen t s 
the slowing down of fast neutrons into the the rma l group. The the rmal 
source t e r m is the loss of neutrons from the fast or uncoUided neutron 
flux. The uncollided flux is found in general by integrat ing a point kernel 
over the source volume, making use of the removal c ro s s section to 
attenuate the flux through the intervening m a t e r i a l . ' ' ' The actual in
tegrat ions have been shown frequently in the l i t e r a tu r e and the resul t ing 
equations for the appropr ia te geometr ies were obtained from Rockwell.^ ' 

The calculation of the prompt f ission product and the equi l ibr ium 
fission product g a m m a - r a y fluxes at the outside of the shield is accomplished 
in much the same manner as that of the uncollided neutron flux except that 
the total attenuation coefficient for gamma rays rep laces the removal c r o s s 
section and an appropr ia te buildup factor is used. 



After having t rea ted all of the sources of radiation from the core 
in the manner descr ibed above, the problem of determining the g a m m a - r a y 
flux due to capture gamma rays must be handled. The shield is effectively 
broken into regions which contain only one ma te r i a l and in which the ther 
mal neutron flux can be approximated by a single exponential attenuation. 
The kernel approach is again used with the appropriate attenuation coeffi
cients and buildup factors to obtain the gamma- ray flux at the outside of 
each region. The flux at the outside of each of these regions is then t rea ted 
as a plane source and attenuated through the remainder of the shield to get 
the flux at the outside of the shield. The distr ibution in energy of the gamma 
rays is taken into account by approximating the t rue energy spect rum by a 
line spect rum which groups the gamma rays into d i sc re te segments with 
average energ ies . 

The details of the calculat ions as they apply to the Argonauts a re 
presen ted below, beginning with the uncollided neutron flux calculat ions, 
continuing through the capture g a m m a - r a y calculat ions, and including the 
conversion of fluxes to dose r a t e s and the summing of the dose r a t e s at 
var ious energies to get the total predicted dose ra te at the outside of the 
shield. Samples of each type of calculation a r e shown, including the sources 
of the constants used. 

Constants 

Obtaining the constants to use in a shielding problena such as is 
being t rea ted here p resen t s many difficulties. The s imples t approach pos 
sible was used to obtain unknown m a t e r i a l constants. A s imi lar ma te r i a l 
with known constants was found and these constants were at t r ibuted to the 
ma te r i a l in question. The the rma l neutron constants for the e lements and 
for water were taken from Nucleonics Data Sheet No. 8.('^) The removal 
c r o s s sections for fast neutrons were obtained from Chapman and Storrs .W/ 
The constants for the core , heavy concre te , and the laminated Masonite and 
iron region were calculated by weighting the component ma te r i a l constants 
by their respect ive fractions and summing to get the regional constant (see 
Table I). The ord inary concrete was found to be s imi la r to type 03 con
cretely) and the constants for the la t te r were used. The g a m m a - r a y at ten
uation coefficients were those of Grods te in . l ' ) The buildup factors for all 
m a t e r i a l s , except Masonite, were taken from ANL-580o(8) and NYO-3075,(9) 
the assumption being made that the buildup for graphite could be approxi
mated by the buildup for aluminum. The average atomic number, "Z, for the 
Masonite and i ron mixture was found to be s imi la r to that of aluminum; 
therefore , the values of buildup for aluminum were used for that ma te r i a l 
a lso . 



Table I 

NUCLEAR CONSTANTS F O R MATERIALS USED 

M a t e r i a l 

Wate r 

A l u m i n u m 

Graph i t e 

O r d i n a r y 
C o n c r e t e 

H e avy 
C o n c r e t e 

C o r e 

U r a n i u m 

I ron 

Mason i t e 

H o m o g e n i z e d 
Mason i t e and 
I ron 

2 r ( c m - i ) 

0.0977 

0.0790 

0.0602 

0.0860 

0.102 

0.0792 

0.168 

0.150 

0.130 

0.140 

Ds(cm) 

0.164 

5.52 

0.778 

0.558 

0.698 

-

1.27 

0.617 

0.943 

L (cm) 

2.73 

20.0 

54.4 

7.87 

3.94 

-

-

-

-

/c(cm"^) 

0.366 

0.050 

0.0184 

0.127 

0.254 

-

-

-

-

S a ( c m - ^ ) 

0.022 

0.014 

2.6 x lO"-* 

8.95 X 10-3 

0.0600 

0.0752 

-

0.192 

0.0154 

0.104 

Sample Ca lcu la t ion of C o n s t a n t s for M i x t u r e s 

The Mason i t e was a s s u m e d to have a dens i t y of 1.3 g m / c m ^ . I ts 
c o m p o s i t i o n was t aken as 0.078 g m / c m ^ of h y d r o g e n , it be ing a s s u m e d 
tha t the r e m a i n d e r was a p p r o x i m a t e l y one-ha l f c a r b o n and one-ha l f oxygen, 
tha t i s , t h e r e a r e O.6II g m / c m ^ of c a r b o n and O.6II g m / c m ^ of oxygen. 
A c c o r d i n g l y , the a t o m i c c o m p o s i t i o n was c a l c u l a t e d to be 

0 .078 /1 .008 = 0.077 g m - a t o m / c m ^ = 4.64 x l O ^ a t o m s / c m ^ h y d r o g e n ; 

0 .611/12 = 0.0509 g m - a t o m / c m ^ = 3.07 x 10 ^ a t o m s / c m ^ c a r b o n ; and 

0 .611/1 6 = 0.0382 g m - a t o m / c m ^ = 2.30 x l O ^ a t o m s / c m ^ oxygen. 

The c o n s t a n t s for Mason i t e w e r e then c a l c u l a t e d f r o m the equa t ion 

^ s = VH(^S)J^ + Vc(^s)^ + Vo(^s) 



Thus 

( ^ S ) M = (0-0464)(7.0) + (0.0307)(4.8) + (0.023)(4.2) 

= 0.325 + 0.147 + 0.0966 = 0.568 cm"^ 

Then 

^^^ ^ ( ^ ^ ) ( l . 2 A j = (0.568)[l-(2/3)(l3)] ^ ^'^^^^ 

where A is the average atomic weight. Then 

D = \:c/^ = 1.85/3 = 0.617 cm 

and 

= (0.0464 X 10^^)(0.33 x 10"^^) + (0.0307)(0.0032) + (0.0230)(0) 

= 0.0153 + 0.000098 = 0.0154 cm - 1 

Fas t Neutron Flux. 

The concept of the fast removal c ross section(l * '̂11) was used to 
calculate the attenuation of fast neutrons through the shield. The fast neu
tron fluxes through the three horizontal directions of the reactor (that i s , 
the concrete side, the thermal column, and the water tank) were computed 
as the flux from a finite cylindrical source. (̂  2) The size of the cylinder 
was determined by the diameter of the outside tank of the annular fuel 
region and the height of the fuel p la tes . The source strength of a one-slab 
fuel loading operating at 1 0 kw was attributed to the whole cylinder. 

The use of the whole cylinder as a source to represent the t rue 
fuel region, which was only about one-quar ter of a 6-in. thick annulus, 
seemed at f i rs t questionable. Therefore, additional calculations for the 
contribution to the flux in the shield of the central region and the par t of 
the annulus where there is no fuel were made. The central region con
tributed only about 10 per cent of the flux at any point in the shield and thus 
could be neglected. The contribution of the remaining th ree -qua r t e r s of 
the annulus was also found to be negligible. When making calculations of 
the fast neutron flux in the direction of the water tank, the Bulk Shielding 
Faci l i ty Pure Water Data Work Sheetl-'--'/ was used. The f irst few 



cen t imete rs of the region outside the core were not handled as in the Bulk 
Shielding Faci l i ty , since this region in the water tank data r ep resen ted the 
high thermal iza t ion of the f ission neutrons , and in the Argonaut r eac to r s 
the neutrons had a l ready passed through one foot of graphite modera to r . 

Fo r the calculation of the fast neutron flux through the top of the 
r eac to r , the fuel region was quite reasonably r ep resen ted by three sma l l e r 
cyl inders placed side by side in the annular fuel region. The s izes of the 
cyl inders were determined by the heights of the fuel e lements and the total 
volume of the fuel region. F o r purposes of calculation, the cyl inders were 
replaced by discs at the top of the cyl inders .'^^) The a r e a source t e r m 
for the discs was obtained by calculating the flux at the surface of an infinite 
ha l f -space . This was a pes s imis t i c represen ta t ion of the flux at the top 
surface of the cyl inders . The flux throughout the shield was then evaluated 
for the f i rs t five mean free paths by determining the contribution of the 
three discs on the center l ine of the cent ra l disc. Beyond the five mean 
free paths , the contribution from each of the discs was essent ia l ly the s ame , 
and so the contribution from the cent ra l disc was evaluated and multiplied 
by three . 

Sample Calculations of Fas t Neutron Flux 

The fast neutron flux distr ibution through the graphite in the d i r ec 
tion of the water tank is given by 

where 

Q3 - average fast neutron source in the core,n/(cm3)(sec) 

RQ = radius of a s sumed core cylinder 

Z - se l f -absorpt ion distance 

m = p a r a m e t e r used in determining Z 

bi = a(2j..)gj.^pj^-^g 

a = distance from outside of core to point of evaluation 

b2 =bi + (2r)co- ,e (Z) 

h = height of core = 60.96 cm 

F(0,b2) is as given in TID-7004, p 348 (ref. 14). 



The above equa t ion w a s eva lua t ed in the t a b u l a r f o r m shown be low to ob
t a in the fas t n e u t r o n flux d i s t r i b u t i o n : 

a, a + Ro, ( ^ r ) c o r e ^ i^/^)i^r)core 
cm cm (a + RQ) a/Rg m bi ( l /m) (Z j . ) co reZ cm'^ 

0 45.7 3.62 0 0.80 0 2.32 0.0990 

30.5 76.2 6.03 0.667 1.07 1.83 1.97 0.0743 

F(9,b2) Q3R0 
Z, a + Z, h / 2 a + Z ' 2 ' 
cm cm ( 2 i . ) c o r e ^ ^2 a + Z 9 F(0,b2) c m " ' nf / (cm)(sec) 

23.4 23.4 1.59 1.86 1.18 49-7 0.100 4 . 2 7 x 1 0 " ^ 1.36 x l O ' ^ 

26.5 57 2.10 3.93 0.511 27.1 7 . 6 x 1 0 " ^ 1 . 3 3 x 1 0 " * 1.36 x l O ' ^ 

rLf/(cm^)(sec) 

5.81 x 10'° 

1.81 X 10 ' 

a, cm 

0 

30.5 

The Bulk Shie lding F a c i l i t y Data w e r e u s e d to d e t e r m i n e the f a s t 
n e u t r o n d i s t r i b u t i o n in the w a t e r tank: 

0(a) = 1.18 X 10^ (02/^1) 

f r o m v a l u e s of 

X = d i s t ance f r o m inne r i n t e r f a c e of r e g i o n to point of eva lua t ion 

0(a) = fas t n e u t r o n flux in w a t e r t ank eva lua t ed at a c m f r o m 
r e a c t o r c o r e 

01 = fas t n e u t r o n flux p e r uni t p o w e r on da ta shee t at 30 c m f rom 
beginn ing of w a t e r = 9-0 x 10^ n / (cm^) ( sec ) (wa t t ) 

02 = fas t n e u t r o n flux p e r uni t p o w e r on da ta shee t at x + 30 c m 
f r o m beginning of w a t e r . 

below: 
Th i s c a l c u l a t i o n was c a r r i e d out aga in in a t a b u l a r f o r m as shown 

02 at X + 30, 02/'Ai f rom 0(a) , 
+ 30, cm n/(cm^)(sec)(wat t ) Data Sheet nf/(cm^)(sec) X, cm a, c m x 

0 

100 

31.8 

131 

30 

130 

9.0 X 10^ 1 1 . 1 8 x 1 0 ' 

2 . 7 x 1 0 " ^ 3 . 0 x 1 0 " ^ 3 . 5 4 x 1 0 ^ 



Fast neutron flux in direction of top of reactor. 

The calculation of the source per unit area is as follows 

Q2[n/(cm^)(sec)] -^MH^}^)i^E^^o) - § ^ [n/(cm^)(sec)] 
2Zr [cm-^] '^^ s 

1.30 X 10̂ ° 
= 8.22 X 10̂ ° n/(cm^)(sec) 

2(0.0792) 

where E2(0) is the exponential integral of the second order. 

The equation expressing the fast neutron flux from single disc. A, 
on centerline of that disc is as follows: 

*A(^) =-^[Ei(bi) - Ei(bi sece)] 

This was evaluated in tabular form to obtain the flux through the top of the 
reactor, as shown below, where 6 is the angle subtended by the source and 
El is the exponential integral of the first order. 

a xi X2 /iixi jJ-zXz bi Rp /a 6 sec 0 bi sec 

5 5.0 0 0.489 0 0.489 1-97 63.1 2.21 1.08 

40 30.5 9-52 2.98 0.971 3.95 0.246 13.8 1.03 4.07 

Ei(bi) -
Ei(bi) Ei(bi sec 0) Ei(bi sec 0) 0^(a), n/(cm')(sec) 

0.57 0.200 0.37 1.52 x 10̂ ° 

4.0x10"^ 3.5x10--^ 5.0x10"* 2.06x10'^ 

The equation expressing the fast neutron flux from two discs, B, 
on either side of the center disc is as follows: 

^ (a ) =^f^[Ei(bi) - Ei(bi sec 0)] [C(d/Ro, a/Ro, ^Ro)] 

where 

C = correction factor for evaluation off centerline of disc 

/-t = average attenuation coefficient in shield 

d = radius of disc. 



Evaluation was done in tabular form as shown below: 

a/Ro ai, cm d/Ro M, cm"'' /TRQ C xi X2 MiXj M2X2 bi 

0.25 2.46 2.0 0.0977 O.96I 0.050 2.46 0 0.240 0 0.240 

Ro/a = a rc tan 6 sec 0 bi sec 0 Ei(bi) Ei(bi sec 0 ) 

4.0 4.12 0.990 1.0 0.23 

Ei(bi)-Ei(bi sec 0) '^B(a). n/(cm^)(sec) 

0.77 3.17 x 10' 

Therefore , the flux as a function of a is 

0F(a) = 0^(a) + 2 0B(a) 

Evaluating at a = 20 cm, 

0^(20) = 0^(20) + 2 0 B ( 2 O ) =̂  6.16 X 10^ + 3.2 x 10^ = 9.36 x 10^ n/(cm^)(sec) 

Thermal Neutron Flux 

A one-group diffusion equation with the source t e r m defined to be 
the loss from the fast group was used to evaluate the thermal neutron d i s 
tr ibution. The fast neutron flux was descr ibed in the previous section and 
the loss from that group, which would be the negative divergence of the fast 
neutron cur ren t , can be approximated by the product of the removal c ross 
section and the fast neutron flux at any point. Thus, the equation to be solved 
is 

D s ^ 0 s ( x ) - 2 a 0 s ( x ) + 2 r 0 f ( x ) = 0 

Assuming a single exponential form of the fast flux 0f(x) in each region 
and solving in infinite slab geometry yields 

0g(x) = A e ^ ^ + B e - ^ ^ + C e ' ^ ^ x 



w h e r e 

K ' = ^ a / D s 

C = 2 ^ 0 f (O) /D3(K2-2^^) 

2 = s lope of 0£ on a s e m i l o g p lo t 

and A and B a r e a r b i t r a r y c o n s t a n t s to be d e t e r m i n e d by the b o u n d a r y 
c o n d i t i o n s . The b o u n d a r y cond i t i ons u s e d in e v a l u a t i n g A and B for each 
r e g i o n in the t h e r m a l n e u t r o n equa t ions w e r e : f i r s t , the va lue of the flux 
at the i n s ide of the i n n e r m o s t r e g i o n ; s e c o n d , m a t c h i n g the f l u x , 0 , at the 
i n t e r f a c e b e t w e e n r e g i o n s ; t h i r d , m a t c h i n g the c u r r e n t , J , a t t he i n t e r f a c e 
b e t w e e n r e g i o n s ; and fou r th , spec i fy ing the f lux to be z e r o e i t h e r at inf ini ty 
o r at the e x t r a p o l a t e d d i s t a n c e in the o u t e r m o s t r e g i o n . The t h e r m a l 
n e u t r o n f luxes in the w a t e r t ank for e a c h r e a c t o r and the s ide of the 
A r g o n a u t I r e a c t o r w e r e c a l c u l a t e d in the m a n n e r d e s c r i b e d above . 

In the c a s e of the t h e r m a l c o l u m n s for bo th r e a c t o r s , it was fel t 
tha t the a p p r o x i m a t i o n g iven by infini te s l ab g e o m e t r y cou ld be i m p r o v e d 
by a buck l ing c o r r e c t i o n which was u s e d to accoun t for the l o s s of n e u t r o n s 
due to l e a k a g e t h r o u g h the s i d e s . ' ^ ° / The c o r r e c t i o n which w a s app l i ed 
c a n be d e r i v e d f r o m the diffusion equa t i on in a n o n m u l t i p l y i n g m e d i u m . 
The so lu t ion of the diffusion equa t ion 

V ' 0th + K'"0th = O 

in C a r t e s i a n c o o r d i n a t e s y i e lded 

0^j^(x,y,z) = E F G cos ( ax )cos ( i 3y ) e''^ ^ 

(having a l r e a d y app l i ed the b o u n d a r y cond i t ion of the flux going to z e r o a t 
inf ini ty) . 

C o n s i d e r i n g the c e n t e r l i n e flux, 

0(z) = E F G e~^'^ 

w h e r e 7^ = K^ + a + jB ,̂ wh ich can be s e e n f r o m the equa t i on ob t a ined by 
s e p a r a t i n g the v a r i a b l e s ; 

x" v" z" 
— + J ^ + .—= + K^ = a^ + iŜ  - 7^ + K^ = 0 

X y z 



Therefore , 

0(z) = EFG e-(K' + a ' + ^ ' ) ' ' z _ 

Now, examine the infinite slab solution for one region with flux 
going to zero at infinity: 

0(x) = A e - ' ' ^ + Ce"^^"" 

In a region with no source from the fast group, the constant C equals zero 
and the second t e r m is eliminated. Therefore , the flux equation is 

0 = Ae" '^^ 

and, by compar ison with the attenuation in finite geometry when there is 
no source t e r m , 

K: = (K^ + a^ + jS2) 

Since K^ equals 2 a / D t h ' ^̂  can be seen that the increase in the attenuation 
coefficient can be calculated from the buckling constants . This resu l t is 
extrapolated to replace K by (K2 + a2 + |S2) in the sum Ae'^^ + Be" '^^ 

- 2 x 
-f Ce -"̂  , since the modification applies only to the leakage and the leak
age loss should be independent of whether a source or nonsource region is 
considered. 

The same sor t of analysis can be made for cylindrical geometry , 
and it can be shown that K should be increased by a , the buckling in the 
radia l direct ion. This cor rec t ion was nnade in one of the t r i a l methods 
used for the top of the reac tor and is descr ibed below. 

In the case of severa l reg ions , the calculation of the the rmal neutron 
flux becomes quite cumbersome due to the large numbers of unknowns 
which must be determined. Therefore , machine calculations were used in 
severa l of the computat ions. The IBM-704 p r o g r a m RE-34(1'7) which was 
used solves the diffusion equation with a source t e r m defined to be the 
product of the fast neutron flux and the removal c r o s s section. In the 
machine calculat ions , a point-by-point source t e r m was used; there fore , 
an analytical descr ipt ion of the fast flux was not neces sa ry as it was for 
the hand computation. Also, the machine calculation could be done in slab, 
cyl indrical , or spher ica l geometry , whereas the hand computation was 
l imited to slab geometry . (Note: A compar ison was made and it was found 
that the difference between the slab and cyl indrical calculations was neg
ligible for the configuration used in these problems. ) 



Again, as for the fast flux, the top of the reac tor p resen ted a very 
different picture than the horizontal direct ions for calculating the the rmal 
neutron fluxes. Three t r i a l methods were evaluated to determine the bes t 
approach. F i r s t , a spher ica l problem was solved for a source region of 
the same volume as the one-s lab fuel region. Second, an infinite slab ca l 
culation with the p roper power density was made . It was hoped that these 
two problems would define the l imits and would s traddle the thi rd approach, 
which made use of the buckling cor rec t ion for cyl indr ical geometry , as 
descr ibed in the the rmal column calcula t ions . The determinat ion of the 
buckling for the top of the r eac to r was much more difficult than for the 
the rmal column, since it was not c lea r over what region to determine the 
buckling constants . It was a s sumed that the flux went to zero at the out
side of a cylinder whose size was that of the core section of the reac tor . 
When the resu l t s from the three methods were compared, it was found 
that the fluxes from the spher ica l and the cyl indrical methods were a lmost 
identical, while the evaluation using the buckling cor rec t ion gave a not ice
ably smal le r the rmal neutron flux. Therefore , it was decided that the 
method of calculating the buckling was too a r b i t r a r y . The spher ical resu l t s 
were selected, since they were only slightly l e s s than the infinite slab 
solution, which was known to be too la rge . 

Sample Calculation of Thermal Neutron Flux 

The the rmal neutron flux calculations in the direct ion of the side of 
the reac tor for Argonaut- I a r e shown below. 

The fast neutron flux in the reflector and shield regions can be r e p 
resented by single exponentials with respect ive slopes of 2gj.a,phite and 

concrete-

7 , n , 1 2 . 5 4 X 10^ 
2.303 log r-r-z r—YQ 

^graphi te = (5 . ^5) "" -̂ = (-0.115) log (0.123) =+0.105 c m " ' 

^ c o n c r e t e = (JW^ ^^ (0.0126) log (1.29 x 1 0«) 

= + 0.102 cm"^ 

The the rmal flux in the graphite region is 

0i(x) = Ai e '̂  + Bj e ^ + Cj e ^ 

where subscr ipt 1 re fe r s to that region and 

2i 0fi (0) (0.105)(3.51xl0i°) ,, . 
^^ = D^s(/c2_22) = (0.778)(-l .07x10-^)-= - ^ - ^ ^ " ^ ^ n/(cm^)(sec) . 



T h e r e f o r e , 

.̂  / \ A (o.0184)x , _, - (o.0184)x , . . . . . n - -(o.l05)x 
0 i ( x ) = Aj e + Bj e - ( 4 . 4 4 x 1 0 ' )e 

T h e t h e r m a l f lux i n t h e c o n c r e t e r e g i o n i s 

/C2X /Czx 
02(x) = A 2 e ' ^ ^ " + B 2 e '^^^ + C2 e 

- 2 2 X 

w h e r e s u b s c r i p t 2 r e f e r e s to t h a t r e g i o n a n d 

^' ^^- ^'^ _ ( 0 - 1 0 2 ) ( l . 7 9 x l 0 ^ ) _ 3 , 4 ^ j o H , / ( , ^ 2 ) ( 3 e c ) 
D 2 s ( / c i - 2 l ) " ( 0 . 5 5 8 ) ( 0 . 0 0 5 7 1 ) 5 . 7 4 x 1 0 n / ( c m ) ( s e c ) C2 = 

T h e r e f o r e , 

^ / \ . (o.l27)x , „ -(0.127)x , ,^ ^ , , „11 \ -(0.102)x 
02(x ) = A2 e + B2 e + ( 5 . 7 4 X 1 0 ' ' ) e 

T h e b o u n d a r y c o n d i t i o n s a r e 

1. 01 (x) 

2 . 0 i ( x ) 

3 . J i ( x ) 

4 . 02(x) 

x=o 
1.014 X 10^ ' n / c m ^ ) ( s e c ) 

X=30.48 

X=30 48 

0 E ( X ) 

= J 2 ( X ) 

x=o 

x=o 

0 . 

A p p l y i n g b o u n d a r y c o n d i t i o n 4 , 

+ 00 - 00 , , - 00 

A2 e + B2 e + (5 .74 x 10 '^ ) e = 0 . 

T h e r e f o r e A2 = 0 a n d 

^ / N - ( 0 . 1 2 7 ) x / 11 , - ( o . l 0 2 ) x 

02(x) = B2 e ^ ' + ( 5 . 7 4 x l 0 " ) e ' . 
A p p l y i n g b o u n d a r y c o n d i t i o n 1, 

A. / \ A 0 , ^ -° /, , . n ^ i n -0 = 1-014 X 10^^ n / c m ^ ) ( s e 
0 i ( x ) = A i e" + Bi e - ( 4 . 4 4 x 1 0 ' ' ) e ^ 

x - o 
A p p l y i n g b o u n d a r y c o n d i t i o n 2 , 

(o.0184)(30.5) , „ 
Ai e + B j e 

(o.oi84)(30.5) . ( 4 . 4 4 ^ i o " ) e ' ^ ° - ' ° ' ^ ^ ' ° - ' ^ 

o r 

= B 2 e ° + (5 .74 X 1 0 " ) e ° 

1.75 Ai + 0 .571 B J - B2 = 5 .92 X 1 O" n / ( c m ^ ) ( s e c ) 



Applying b o u n d a r y condi t ion 3, 

, d0 i (x) 
d x 

= + (D2/D1) 
d02(x) 

X=30.48 d x x=o 

o r 

d0i (x) 

dx 
(0.0184) Ai e(°-°^8^)^ - 0.0154 Bj e-(°-°i8^)^ 

+ (4.44 X 10^i)(0.105) e-(°-i°5)x 

= (0.127) B2 e-(°-i27)x _ (o . i20) (5 .74 x lo'^)e-(°-^2o)x 

Eva lua t ing and equat ing the c u r r e n t s , 

(0.0322) Ai - (0.0105) Bi +(0 .0911) B2 = -4 .39 x 10^ n / ( cm2) ( sec ) . 

Solving the t h r e e s i m u l t a n e o u s equa t ions f r o m b o u n d a r y cond i t ions 1, 2 and 
3 by m e a n s of d e t e r m i n a n t s y i e lds 

Ai = -8 .40 X 10^° n / ( cm^) ( s ec ) 

Bi = 6.29 X 10^^ n / ( cm^) ( sec ) 

B2 = -3 .83 X 10^' n / ( cm^) ( sec ) 

T h e r e f o r e , the t h e r m a l flux for A r g o n a u t I in e a c h r e g i o n t h r o u g h the s ide 
of the r e a c t o r a r e 

0i(x) = ( -8 .40 X 10^°) e(°-°^«^)^ + (6.29 x l O " ) e-(°-°^«^)^ 

-(4.44 x 10^1) e-(°-i°5)^ 

02(x) = - (3 .83X 10^1) e - ( ° - i " ) x ^ (5_^4 ^ ^QU^ e-(o.i02)x 

The eva lua t ion of the t h e r m a l flux in the G r a p h i t e Region is sho-wn in 
t a b u l a r f o r m below: 

a, c m 

0 
30.5 

/ex 

0 
0.561 

Ae'^x^ 

n / ( c m )(sec) 

B e 

Lx 

0 
3.20 

-/Cx 

1 
1.75 

•/cx .-z, x 

1 
0.571 

1 
0.0408 

- > " , 

n / ( c m )(sec) n / ( cm^) ( sec ) n / ( cm^) ( sec ) 

8.40 X 10^° 6.29 X 10^^ 
1.47 X 10 11 3.59 X 10 11 

4.44 X 10^^ 
1.81 X 10^° 

1.01 X 10^^ 
1.94 X 10^^ 



The thermal neutron flux calculations for the thermal column and the 
third method of calculating the thermal neutron flux for the top of the reac
tor differ from the previous calculation only in that each K is corrected 
appropriately for the buckling. 

The calculation of the buckling correction for the thermal column 
is shown below: 

0.71 Xtr = (0.71) 3 Dth = (0.7l)(3)(0.558) = 1.19 cm 

Horizontal buckling, /3: 

iS = ir/Zh where b = (1.52/2) + 1.19 = 77.2 cm 

(6 = 7r/2(77.4) = 0.0203 cm"^ 

Vertical buckling, a: 

a = 7r/2a where a = 124/2 + 1.2 = 63.2 cm 

a = 7T/2(63.2) = 0.0250 cm"^ 

Therefore 

K =̂/ĉ ' + â  + jŜ  = 0.000338 + 0.000625 + 0.000412 = 1.38 x 10"^ cm"^ . 

Prompt and Delayed Gamma Rays: 

The prompt fission gamma rays were calculated using the same 
geometrical approximations as the fast neutrons with the addition of a 
buildup to account for the scattering of the gamma rays. The source for 
the gamma-ray calculations was determined by use of the equilibrium fis
sion product and prompt fission line-spectrum distributions as found in 
ANL-5800. (18) 

Sample Calculation of Prompt and Fission Product Gammas 

The calculations of the pronnpt and fission product gamma-ray 
fluxes are identical to the methods used for fast neutrons with the excep
tion of the addition of appropriate buildup factors. Therefore, they are 
not shown in detail here. 

Capture Gamma Rays; 

The dose rates at the outside of the shield due to the capture 
gamma rays were calculated using the line-spectrum approximation of 
the energy distribution of the gamma rays from capture as found in the 



R e a c t o r Shielding Des ign Manual . ' l -2) The c a p t u r e g a m m a - r a y c a l c u l a t i o n s 
w e r e done for infinite s lab g e o m e t r y and for an exponen t i a l t h e r m a l flux in 
s e v e r a l r e g i o n s th roughou t the sh ie ld . The c o n t r i b u t i o n f rom each r e g i o n 
w a s then a t t e n u a t e d t h r o u g h t h e r e m a i n d e r of the sh ie ld to p r e d i c t the 
dose a t the o u t s i d e . Since in s o m e c a s e s a m a c h i n e c a l c u l a t i o n for the 
t h e r m a l flux had b e e n done , so tha t an a n a l y t i c a l e x p r e s s i o n for the t h e r m a l 
flux w a s not a v a i l a b l e , the sh ie ld was t h e r e f o r e c o n s i d e r e d to be b r o k e n 
up into r e g i o n s w h e r e the t h e r m a l flux could be a p p r o x i m a t e d by a s ingle 
exponen t ia l ( i . e . , a s t r a i g h t l ine on a s e m i l o g plot ) . 

Sample Ca l cu l a t i on of C a p t u r e G a m m a Rays 

The c a l c u l a t i o n of the dose at the ou t s ide of the r e f l e c t o r due to 
2 - M e v c a p t u r e g a m m a r a y s f r o m the g r a p h i t e r e f l e c t o r is shown be low. 
Since the equa t ions a v a i l a b l e ( l 1) for c a p t u r e g a m m a - r a y ca l cu l a t i on a r e 
in t e r m s of the d i s t a n c e i n c r e a s i n g f r o m the poin t of eva lua t ion to the point 
of o r i g i n of the p a r t i c l e , the t h e r m a l flux equa t ions m u s t unde rgo a change 
in v a r i a b l e s so tha t the d i s t ance v a r i a b l e , " t" i n c r e a s e s f rom the ou t s ide 
to the ins ide of e a c h r eg ion ( w h e r e a s the d i s t a n c e x had i n c r e a s e d in the 
oppos i t e d i r e c t i o n ) . Since e a c h t e r m of the t h e r m a l flux equa t ion is a s ingle 
exponen t i a l , the c o r r e s p o n d i n g t e r m of the new equa t ion is modi f ied by 
changing the s ign of the exponen t ia l , and the cons t an t is ob ta ined by e v a l 
ua t ing the t e r m at the o u t e r edge of the r eg ion . 

0s = - ( 1 . 3 7 X 1 0 ^ 1 ) e + ( ° - ° i 8 ^ ) ^ + ( 6 . 8 2 4 X 1 0 " ) e-(°-°i«^)^ 

= ( 4 . 4 4 x 1 0 " ) e-(°-i°5)^ 

The f i r s t t e r m , -1 .27 x l o " e°-°^^^^, when eva lua t ed a t x = 30.5 c m , g ives 
- (1 .37 x lO" ) e+(°-5^^) = -2 40 x 1 o " 7 / ( c m ^ ) ( s e c ) . The new f i r s t t e r m is 
then -(2 .40 x 10 ) e"^°'° ^ ' . T r e a t e d in the s a m e m a n n e r , the second t e r m , 
(6.82 x lO" ) e-(o-oi84)^, b e c o m e s (3.89 x l o " ) e+(°-°i84)t^ ^^d the t h i r d t e r m , 
- (4 .44 X l O " ) e-(°-i°5)x^ b e c o m e s - (2 .09 x 10^°) e+(o-Oio5)t. Thus 

0^(t) = - (2.40 X 1 0 " ) e-(°-°^«^)t + (3.894 x l o " ) e(°-"«^)t 

- (2.09 X 10^°) e+(°-i°5)t 

F i r s t Exponen t i a l T e r m : 

Vi = -0 .250 = /Cj 

Q3 r -/Cit' 
Ei (Mst ' ) - n ( l - V i ) + • " ' 

-/Ci - / i s 

E l [ ( + / i s t ' ) ( l - ^ i ) ] )• . f o r v < 1 

^ ( - / C i - Ms)t ' _ ^ 
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0.^ = f | j ^ ^ ^ p ^ {(0.571 )(0.040) - (+0.230) +(0.206)(-0.935) - (0.0187)} 

and 

01 = 5.09xlO^{o.0228 - 0 . 2 3 0 - 0 . 1 9 2 -0 .01 87} =-2.1 3 x 1 0^ 7/(cm2)(sec). 

Second Exponential T e r m : 

V2 = +0.259 = /C2/M 

0 ^ = | j ^ ^ ^ { ( l . 7 5 ) ( 0 . 0 4 0 ) . ( -0 .300)+( .0 .350)(-0 .800)-(0 .088)} 

= (8.25x10^) {0.0701 +0.300 + 0.279 - 0.088} =+4.63x10^ 7 / 

(cm^)(sec). 

Third Exponential T e r m : 

V3 = + 1 . 4 8 = /Cj/jU 

7 " 7 ^ Y ^ { 2 4 . 5 ( 0 . 0 4 0 ) - ( 0 . 7 3 8 ) + (3.09)(l .82)+2.0} 

= (7.76x10^) {0.981 +0.738 + 5 .61+2 .0} = -7 .24x l0 ' ' 7 / ( cm^) ( sec ) . 

0 

Thus 

Q 
$ 

33 f +/C2t' 

7 2 ^ r ^^ 

+ Ei [Mst'(^2-1)] 

{^i^t')-£n {v2-i) + 
'<^2-^s 

('C2-Ms)t 
e - 1 

for V > 1 

Therefore the dose at the outside of the graphite from the capture in the 
graphite is 0 (total) = 1.79 x 1 0^ 7/(cm^)(sec) . 



CALCULATED RESULTS 

The resu l t s cited in Tables II and III include the calculated gamma-
ray dose r a t e s , the fast neutron fluxes, and the the rmal neutron fluxes at 
the outside of the reac tor shields on the core center l ine, along with a 
breakdown of the major contribution to the gaxnma-ray dose r a t e s . In 
addition, the centerl ine fast* and thermal neutron fluxes a re shown in 
Figures 4, 5, 6 and 7 throughout the four shield direct ions of each reac tor . 

Table II 

GAMMA-RAY DOSE RATES AND NEUTRON FLUXES AT THE OUTSIDE 
OF THE BIOLOGICAL SHIELD OF THE GENEVA ARGONAUT 

Direction 

Thermal column 

Side of Reactor 

Top of Reactor 

•Water Tank 

Source of 
Gamma Rays 

Graphite capture 
Heavy concrete capture 
Heavy concrete capture 

Other 

Total 

Ordinary concrete capture 
Heavy concrete capture 
Heavy concrete capture 
Ordinary concrete capture 

Other 

Total 

Heavy concrete capture 
Heavy concrete capture 
Heavy concrete capture 
Laminated'^) capture 

Other 

Total 

Core fission 
Inside tank(b) capture 
Inside tank(b) capture 

Other 

Total 

Gamma- ray 
Energy, Mev 

5 
6 
8 

6 
6 
8 
8 

4 
6 
8 
8 

-

4 
6 
8 

r / h r 

0 002 
0 007 
0 013 
0 001 

0 023 

0 024 
0 004 
0 012 
0 009 
0 003 

0 052 

0 003 
0 012 
0 020 
0 006 
0 022 

0 063 

1 0 
14 2 
75 5 

5 3 

96 0 

0f. 
n/{cm^)(sec) 

4 93 X 10"' 

7 27 X 10° 

8 87 X lO" 

5 00 X 10"^ 

* s , 
n/(cm^)(sec) 

5 82 X 10"' 

3 12 X lO' 

1 93 X 10^ 

I 01 X 10"' 

^ 'Refers to Masonite and iron 

(o)Refers to mside wall of water tank 

*Note that the fast group is defined to be the removal - theory flux. 



Table III 

GAMMA-RAY DOSE RATES AND NEUTRON FLUXES AT THE OUTSIDE OF 
THE BIOLOGICAL SHIELD OF ARGONAUT-I 

Direction 

Thermal column: 

Side of Reactor: 

Top of Reactor: 

Water Tank: 

Source of 
Gamma Rays 

Graphite capture 
Graphite capture 

Other 

Total 

Concrete capture 
Concrete capture 
Concrete capture 

Other 

Total 

Water capture 
Core fission 
Heavy concrete capture 
Heavy concrete capture 
Core fission 
Heavy concrete capture 
Laminated!^) capture 

Other 

Total 

Core fission 
Inside tankv") capture 
Graphite capture 
Core fission 
Inside tank!"/ capture 
Inside tank(°) capture 

Other 

Total 

Gamma- ray 
Energy, Mev 

2 
5 

-

4 
6 
8 

" 

2 
4 
4 
6 
6 
8 
8 

-

4 
4 
5 
6 
6 
8 

* 7 ' r / h r 

0.05 
2.40 
0.12 

2.57 

0.023 
0.138 
0.068 
0.005 

0.234 

0.056 
0.100 
0.022 
0.073 
0.027 
0.126 
0.064 
0.080 

0.548 

3.6 
9.5 
4 .3 
1.3 

37.8 
176 

1.5 

234.0 

0f. 
n/(cm^)(sec) 

1.0 X 10^ 

1.4 X lo ' 

1,7 X 10^ 

1.6 X 10° 

0 s . 
n/(cm )(sec) 

1.7 X 10^ 

8.5 X lO' 

3.1 X 10^ 

3.6 X 10° 

\^ 'Refers to Masonite and iron region 

^"/Refers to inside wall of water tank 
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EXPERIMENTAL RESULTS 

Although the Argonaut- I r eac to r has been operating for m o r e than 
t-wo y e a r s , no complete shield survey has been made at a kno-wn po-wer 
level and -with the core in all th ree posit ions for -which the calculat ions 
•were done. This -was p r imar i l y due to the difficulty in obtaining an accu
ra te po-wer cal ibrat ion at the lov/ po-wer levels of normal operat ion. The 
power cal ibrat ion which has been used for this r epor t was calculated from 
the the rmal neutron flux distr ibution in the core , since not enough energy 
is r e leased to obtain accura te m e a s u r e m e n t s of the heating rate for the core . 
Therefore , the m e a s u r e m e n t s that have been made cannot be re la ted to the 
power with any be t te r accuracy than a factor of 1.5. In addition, al l of the 
surveys that have been repor ted were done for a one-s lab loading on the 
side of the annulus nea re s t the the rmal column. Therefore , the geomet r i 
cal a r r angement in which the m e a s u r e d resu l t s were obtained cor responds 
to the calculated situations only in the the rmal column and top shield di
rect ions. Another cor rec t ion should have been made to compare the r e 
sults in the direct ion of the water tank since, for normal operat ion, slabs 
of iron were placed in the water tank. The same cor rec t ions which apply 
to the Argonaut- I m e a s u r e m e n t s mus t also be made to the Geneva-Argonaut 
measu remen t s before they can be compared v/ i th the calculated resu l t s for 
that r eac to r . 

In spite of these l imitat ions in the exper imental m e a s u r e m e n t s , it 
was felt that the inclusion of the most accura te r e su l t s available was e s 
sential to the usefulness of this repor t . Therefore , in Table IV and V a r e 
shown m e a s u r e d dose r a t e s , fast neutron fluxes, and the rmal neutron fluxes 
at the outside of the biological shield on the core center l ine . 

Table IV 

MEASURED RESULTS FOR ARGONAUT-l(^) 

D i r e c t i o n 

T h e r m a l C o l u m n 
Side Shie ld 
Top Shie ld 
W a t e r Tank(b) 

r / h r 

5.65 
0.043 
0.522 
0.234 

*f, 
n / ( c m ^ ) ( s e c ) 

1.22 X lO'' 
1.36 X 10^ 
6.00 X 10^ 
2.72 X 10^ 

^ s , 
n / ( c m ^ ) ( s e c ) 

6.52 X 10^ 
1.65 X 10^ 
1.96 X 10^ 
7.83 X 10^ 

\ 'Measuremen t s made with one-s lab loading on 
the rma l column side. 

(oJMeasured with 7 in. of iron at outside of water 
tank. 



Table V 

MEASURED RESULTS FOR THE GENEVA A R G O N A U T ( ^ ) 

Direction 

Thermal Column 
Side Shield 
Top Shield(^) 
Water Tank(c) 

0 7, 
m r / h r 

15 
38 

<250 
14 

0f. 
n/(cm2)(sec) 

0 
0 

<300 
0 

0s • 
n/(cm2)(sec) 

0 
0 

<300 
0 

Zero readings in the table to be in te rpre ted as 
essent ia l ly zero at •~'500 wat ts . 

v'-'/Top shield readings known to be high due to 
s t reaming fronn a crack. 

'^/Reading made with 8 in. of iron dis t r ibuted in tank. 



CONCLUSION 

The Argonaut shields were never completed for 10-kw operation; 
these shields were to be added after a period of operat ion. The type of 
operation for whichthe Argonaut was used, namely, for routine, low-power 
training, never requi red the additional shielding to be placed. This study 
was conducted to l ea rn what amount of additional shielding would be n e c e s 
sary, or what the maximum operating level could be. The maximum allow
able average the rmal flux in the core for operat ion of the Argonaut-I (this 
a s sumes a one-s lab loading on the the rmal column side) such that the 
dose ra te at the outside of the biological shield would not exceed 7.5 m r / h r 
would be approximately 1 x 10^ n/(cm^)(sec). The comparable flux for 
the Geneva Argonaut Reactor would be approximately 2x10^° n/(cm^)(sec). 
Here 1x10^^ n/(cm^)(sec) = 1 0 kw for a one-s lab loading. 

The second resu l t which it was hoped could be obtained for this 
study was an es t imate of the overal l accuracy of the methods used in this 
analysis . Fo r this purpose a compar ison has been made of the calculated 
g a m m a - r a y dose r a t e s with those m e a s u r e d values which most accura te ly 
fit the geometry and assumptions made in the calculat ions . The gamma-
ray dose ra tes at the outside of the biological shield were used in this 
analysis for severa l r e a sons . F i r s t , the accuracy of the gamnaa-ray 
measu remen t s was be t te r than that of the neutron fluxes; second, the 
gamma- ray dose r a t e s were the determining factor as far as the shield 
thickness was concerned; and third, the the rmal neutron flux distr ibut ions 
were reflected in the g a m m a - r a y values since the major portion of the 
dose was due to capture gamma rays . 

The resu l t s from Table VI show that the calculated resu l t s were 
pess imis t i c by something l e s s than a factor of two, except in the case of 
the the rmal column of the Argonaut-I . Several facts indicate that the 
calculated r e su l t s in that direct ion a r e quest ionable. These data seem 
to be in e r r o r due to the facts that the calculated resu l t was l e s s than 
the measu red dose ra te and the nnethods used were such that a p e s s i 
mist ic es t imate should definitely have resul ted. Since the graphite used 

Table VI 

COMPARABLE MEASURED AND CALCULATED RESULTS 
FOR THE ARGONAUT REACTORS 

Direct ion 

Thermal Column, Argonaut-I 
Thermal Column, Geneva Argonaut 
Top Shield, Argonaut - I 

Calculated 
m r / h r 

2600 
23 

550 

Measured 
m r / h r 

5600 
15 

520 



in the thermal column of Argonaut- I was obtained from CP-2 , a good 
explanation of the discrepancy is that the impuri t ies in the graphite of the 
thermal column n:iade a significant contribution to the capture gamma- ray 
source . This explanation is upheld by a chemical analysis of s imi lar 
graphite (also from CP-2) , which showed significant amounts of vanadium 
(300-400 ppm), calcium (150 ppm), silicon (50 ppm), sodium (20-30 ppm), 
and iron (10-15 ppm) in addition to minute quantities of many other e l e 
ments . The presence of these impuri t ies in the graphite will obviously 
have a dual effect on the r e su l t s . The thermal flux will be decreased due 
to the increased absorption; however, the capture g a m m a - r a y sources will 
be increased. The actual change in the thermal flux due to the increased 
absorption should not be l a rge , since a constant buckling correc t ion r e p 
resen t s a significant portion of the loss of neutrons in the thermal column. 
The increased capture ra te will provide a significant contribution to the 
dose rate at the outside of the shield since the capture in some of the im
pur i t ies yields gamma rays of notably higher energy than the capture in 
graphite. Thus, the calculations do provide slightly pess imis t i c resu l t s 
in all the comparable cases frorn which shield th icknesses can be 
predicted adequately. 
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