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ABSTRACT 

The Small Lat t ice Exper iment (SLE) is a technique for measur ing 
kM and other infini te-medium lat t ice p a r a m e t e r s using much l e s s tes t 
fuel than is requi red for equivalent c r i t ica l or exponential exper iments . 
The theore t ica l basis for applying such an exper iment to ep i thermal la t ­
t ices is d i scussed , an analysis of spec t ra l mismatch e r r o r is given, and 
the facility for the m e a s u r e m e n t s is descr ibed . SLE m e a s u r e m e n t s a r e 
compared to those in an equivalent c r i t i ca l assennbly to tes t the validity 
of the technique. In an epi thermal la t t ice of 4.02%-enriched UOz fuel 
rods having a nonmode ra to r - t o -mode ra to r volume ra t io of 1.0 and mod­
era ted by a D 2 0 - H 2 0 mixture containing 7 0% DzO, values of kOT , <f>m/c|)f, 
625, and p28 ag ree within s ta t i s t i ca l e r r o r s (0.5 to 1%). The SLE tech­
nique was a l so used to m e a s u r e these p a r a m e t e r s in two s imi l a r epi­
the rmal la t t ices containing (U-235-Th0 2) fuel rods (Nrpj/N25 = 15). 
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1. INTRODUCTION 

The smal l lat t ice exper iment (SLE) is a method of measur ing k 
and other infinite medium latt ice p a r a m e t e r s , such as cj> /<j>, , and 5Z5, 
and p28 , using much less tes t fuel than is requi red for equivalent c r i t ­
ical or exponential exper imen t s . The p rocedures developed here r e p ­
resen t an extension to ep i thermal sys tems of the original Phys ica l Con­
stant Tes t Reactor (PCTR)1 technique for the rmal r eac to r s tud ies . Sim­
ilar thermal reac to r measu remen t s have also been made in the Pawling 
Lat t ice Tes t Rig (PLATR). 2 

The facility in which these exper iments a r e per formed is a t h r ee -
region c r i t i ca l a s sembly . The cen t ra l test region, containing the medium 
of fuel and modera tor to be studied, is surrounded by a buffer region 
having s imi la r but not neces sa r i l y identical nuclear p r o p e r t i e s . The 
outer d r iver region is loaded with sufficient fuel of any convenient type 
to make the ent i re assembly c r i t i ca l . If the nuclear p rope r t i e s of the 
buffer region can be adjusted such that an asymptotic neutron spect rum 
is es tabl ished throughout the tes t region, then the lat t ice p a r a m e t e r s of 
the tes t region can be m e a s u r e d by s tandard techniques. F u t h e r m o r e , 
the k of the tes t region medium can be der ived from the quantity of 
poison that reduces the k to unity. This condition occurs when the 
react ivi ty difference between the poisoned test region and a void (k --
1. 00) is z e r o . 

Although the validity of the smal l lat t ice exper iment technique for 
the rmal a s sembl i e s has been firmly establ ished as a resu l t of extensive 
PCTR and PLATR exper ience , the SLE extension to ep i thermal sys t ems 
involves additional cons idera t ions and r equ i r e s confirmation. There fo re , 
the objective of the p rogram descr ibed he re was twofold: (1) to develop 
a more general theory of the technique applicable to both the rma l and 
epi thermal sys t ems and (2) to confirm the approach by comparing smal l 
lat t ice and c r i t i ca l exper iment m e a s u r e m e n t s in the same ep i thermal 
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l a t t i ce . The re ference lat t ice consis ted of 4. 02%-enriched UOz fuel 
rods having a nonmodera to r - to -modera to r volume ra t io (M/W) of 1. 0 
and modera ted by a D 2 0-H 2 0 mixture containing 70% D 2 0 . Approxi­
mately 50% of the fissions and 90% of the U-238 absorpt ions in this 
lat t ice were ep i thermal . 

The theoret ical bas is for k m e a s u r e m e n t s , the facility for smal l 
la t t ice exper iments , the exper imenta l techniques, and the r e su l t s of the 
m e a s u r e m e n t s in the re fe rence lat t ice a r e given in the following sections 
of this r epor t . Since good agreement between smal l lat t ice exper iment 
and c r i t i ca l exper iment r e su l t s was obtained for the reference la t t i ce , 
the smal l lat t ice exper iment technique was then employed for m e a s u r e ­
ments on two ep i thermal la t t ices of 93%-enriched U O z - T h 0 2 (NT , /N25 = 
15) fuel rods . These data a r e also included for comple teness . 

The work descr ibed in this r epor t const i tutes one phase of the 
Spectra l Shift Control Reactor (SSCR) Basic Physics P r o g r a m , an AEC-
supported study of the physics of slightly enriched uranium (and thorium) 
la t t ices modera ted by D 2 0-H 2 0 m i x t u r e s . 3 ' 4 The smal l lat t ice exper i ­
ment technique was developed under this p rogram as a means of reducing 
the quantity of fuel r equ i red for useful exper iments and in p repara t ion 
for eventual studies of U-233 fueled l a t t i c e s . Whereas c r i t i ca l exper i ­
ments of the SSCR type r equ i re about 5000 slightly enriched U0 2 rods 
containing 150 to 300 kg of U-235, equivalent smal l lat t ice exper iments 
can be per formed with l e s s than 1% of this fuel. Availability of U-233 
is so l imited that l a rge c r i t i ca l exper iments using this fuel a r e i m p r a c ­
t ica l , and minimum inventory techniques , such as the smal l la t t ice 
exper iment , must be employed. 
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2. THEORETICAL BASIS 

The infinite medium multiplication factor kM can be defined as: 

, total neutrons from fission ,- , . 
°° total neutrons absorbed 

Several four-factor representations of kM are possible if the factors are 
properly defined to form a consistent set. For U-235-fueled systems in 
which nonthermal fissions must be considered, kM can be written as: 

k , = T i £ f € P ( l + 6g) ' . (2-2) 

This e x p r e s s i o n is exac t p r o v i d i n g the f a c t o r s a r e def ined for an inf ini te 
m e d i u m a s fo l lows: 

th _ f i s s i o n n e u t r o n s f r o m t h e r m a l a b s o r p t i o n s in U - 2 3 5 
^ 2 5 t h e r m a l n e u t r o n s a b s o r b e d in U - 2 3 5 

, _ t h e r m a l n e u t r o n s a b s o r b e d in U - 2 3 5 

P = 

1 + 6 " = ^ 

t o t a l t h e r m a l n e u t r o n s a b s o r b e d 

t o t a l f i s s i o n n e u t r o n s f r o m U - 2 3 5 and U-238 
t o t a l f i s s i o n n e u t r o n s f r o m U - 2 3 5 

to t a l t h e r m a l n e u t r o n s a b s o r b e d 
t o t a l n e u t r o n s a b s o r b e d 

to t a l f i s s i o n n e u t r o n s f r o m U - 2 3 5 
25 f i s s i o n n e u t r o n s f r o m t h e r m a l a b s o r p t i o n s in U - 2 3 5 

In an i d e a l i z e d s m a l l l a t t i c e e x p e r i m e n t it i s a s s u m e d t h a t , when 
the t e s t r e g i o n i s p o i s o n e d so tha t a n u l l - r e a c t i v i t y cond i t ion e x i s t s 
b e t w e e n the p o i s o n e d t e s t r e g i o n and a vo id , kM of the p o i s o n e d t e s t 
r e g i o n i s exac t l y equa l to tha t of a vo id , i. e. , uni ty . Th i s a s s u m p t i o n 
i m p l i e s tha t the s p e c t r u m in the p o i s o n e d t e s t r e g i o n i s tha t of an inf in i te 
p o i s o n e d m e d i u m and tha t t h e r e i s a d e t a i l e d n e u t r o n b a l a n c e in s p a c e , 
e n e r g y , and a n g l e o v e r t he s u r f a c e of the t e s t r e g i o n . Th i s cond i t ion 
c o r r e s p o n d s to a f lat f lux and p e r f e c t s p e c t r a l m a t c h wi th no ne t l e a k a g e 
o v e r the e n t i r e t e s t r e g i o n . 
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The consequences of mi sma tch a r e d i scussed in Appendix A. How­
ever , if ideal conditions a r e achieved, Equation 2-2 for the poisoned tes t 
region becomes 

1 = ( n j f e p ) p ( l + 62°°5)p (2-3) 

where the subscr ipt p re fe r s to the poisoned medium. Then the infinite 
medium multiplication factor of the unpoisoned medium is simply 

P-V1 + 5£) (2-4) 

In these exper iments the change in n t n due to the shift in the the rmal 
spec t rum when the medium is poisoned is negligibly smal l , because n for 
U-235 is essent ia l ly constant over the the rma l range. Therefore , Equa­
tion 2-4 can be wri t ten 

k _ = / C L U - 1 - V - P - V 1 + 5"*> (2-5) 
p/Vppy(i + 6S)P 

Another modification to Equation 2-4 can be made . As will be shown 
below, one approach to the der ivat ion of kM f rom smal l lat t ice exper iments 
involves the m e a s u r e m e n t of 625, the ra t io of the epi thermal to t he rma l 
fission ra t e in the unpoisoned and poisoned tes t medium. 625 is der ived 
from C25, the m e a s u r e d U-235 cadmium ra t io , through the re la t ion , 
2̂5 ~ 1/(C25 ~ !)• Since the infinite medium 625 cannot be m e a s u r e d in a 

p rac t i ca l exper iment of finite d imens ions , the finite medium 625 is used 
in Equation 2-4, and a smal l co r rec t ion L is applied to account for the 
difference between 6^ and 625. Thus, 

f \ / e \ / p \ (1 + 525) r , 9 , . 

where 
1 + pJJ S25\ / 1 + 625 

In this express ion , 625 is the exper imenta l quantity m e a s u r e d in the finite 
sys t em and PNL is the nonleakage 
sys tem in which 625 is m e a s u r e d . 
sys t em and PNL is the nonleakage probabil i ty of t h e r m a l neutrons in the 
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The cor rec t ion L can be der ived by using the modified two-group 
formulation 

koo = T i t n f e p + n r
 e p 2 8 (1 - p 2 5 ) . 

In a finite sys tem the epi thermal and the rmal fission ra t e s a r e 

^,r ,r ,, x r . th .th th , 
s 9 P2811 ~ Pzi)^ Iv a n d Z25 9 n / v . 

Since 2 9 is the ra te at which neutrons a r e slowed down into the r e s o ­
nance region and Z)25 9 is the the rma l fission ra t e in U-235, the two 
t e r m s a r e re la ted as follows: 

th th _ r r th , S25 9 - Z 9 PNL fp 

Therefore , the ra t io of the ep i thermal to t he rma l fission ra te is 

* - P28 (* ~ P25) T 1 r 

625 , „ t h th 
fp PNL r) 

The same equation with PN|_ = 1 applies to the infinite sys tem, so 

625 (infinite) = PN L 625 (finite) 

Although, in pr inc ip le , each of the ra t ios in Equation 2-6 could be 
m e a s u r e d and a purely exper imenta l value of k„ could be obtained, some 
of the ra t ios can be computed much m o r e accura te ly than they can be 
measu red . This is possible because the two media a r e near ly ident ical , 
differing only in that the poisoned tes t medium contains a smal l concen­
trat ion of poison'. Thus sys temat ic e r r o r s due to uncer ta in t ies in c ro s s 
sect ions and other nonmeasured input p a r a m e t e r s tend to cancel in the 
computation of the ra t ios in Equation 2-6; and, in addition, the effects of 
computational e r r o r s on k^ diminish as the ra t ios approach unity. The re ­
fore , the e r r o r in kOT der ived from smal l la t t ice exper iments can be min­
imized by supplementing m e a s u r e m e n t s with calculat ions wherever con­
servat ive es t imates of e r r o r s definitely es tabl ish that calculat ions a r e 
m o r e accu ra t e . 

One approach to the derivat ion of kw from smal l la t t ice exper iments 
is i l lus t ra ted in Table 2 - 1 , where predic ted values and es t imated e r r o r s 
for the p a r a m e t e r s appearing in Equation 2-6 a r e given for a typical epi­
the rmal la t t ice (4. 02%-enriched U0 2 , M/W= 1.0, 70% D20). The following 
m e a s u r e m e n t s a r e made; their a s sumed exper imenta l e r r o r s a r e shown in 
paren theses : 
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N B P o i s o n (boron) c o n c e n t r a t i o n in t e s t r e g i o n 
for n u l l - r e a c t i v i t y cond i t ion (1%) 

9 /cj>£ R a t i o of a v e r a g e t h e r m a l flux in m o d e r a t o r 
to a v e r a g e t h e r m a l flux in fuel (2%) 

9p/cf>r R a t i o of a v e r a g e t h e r m a l flux in p o i s o n to 
a v e r a g e t h e r m a l flux in fuel (2%) 

C25 C a d m i u m r a t i o of U - 2 3 5 in fuel of u n p o i s o n e d 
t e s t r e g i o n (0.5%) 

(C2 5)D C a d m i u m r a t i o of U - 2 3 5 in fuel of p o i s o n e d 
t e s t r e g i o n (0.5%) 

The u n p o i s o n e d and p o i s o n e d t h e r m a l u t i l i z a t i o n s (f and f ) a r e d e r i v e d 
f r o m m e a s u r e m e n t s of N B , 9m/<f>f> and 9 p / 9 f - The e s t i m a t e d e r r o r in 
f/fp i nc ludes a 0 .3% u n c e r t a i n t y due to c r o s s s e c t i o n s and n u m b e r d e n s i ­
t i e s . The (1 + 625) t e r m s a r e o b t a i n e d f r o m C25 m e a s u r e m e n t s in the 
u n p o i s o n e d and p o i s o n e d t e s t r e g i o n s . S i n c e t h i s p a r a m e t e r e n t e r s a s 
a r a t i o , s y s t e m a t i c e r r o r s in the m e a s u r e m e n t shou ld tend to c a n c e l , 
and a p r e c i s i o n of ±0.5% in C25 shou ld be a t t a i n a b l e . 

T a b l e 2 - 1 . T y p i c a l V a l u e s of P a r a m e t e r s in E q u a t i o n 2-6 

P a r a m e t e r ' 

f 

e 

P 

1 + 625 

L 

k m 

U n p o i s o n e d 

0.845 
1.085 

0.327 
1.720 

- -

P o i s o n e d 

0.731 
1.097 

0.306 

1.859 
- -

R a t i o 

1.156 

0.989 

1.069 
0.925 

0.995 

1.125 

E s t i m a t e d 
e r r o r in r a t i o 

±0 .004 

±0 .002 

±0.003 

±0.006 

±0 .003 

±0 .009 

The c h a n g e s in the t h e r m a l n o n l e a k a g e p r o b a b i l i t y and in e due to 

p o i s o n add i t i on a r e v e r y s m a l l and can be c o m p u t e d wi th n e g l i g i b l e e r r o r 

A l though a b s o l u t e v a l u e s of p a r e u s u a l l y diff icul t to c a l c u l a t e , c h a n g e s 

in p can be c o m p u t e d m u c h m o r e a c c u r a t e l y . Th i s is p a r t i c u l a r l y t r u e 

when the change in p a r i s e s e x c l u s i v e l y f r o m the a d d i t i o n of p o i s o n , in 

t h i s c a s e b o r o n , wh ich h a s a w e l l - k n o w n 1/v c r o s s s e c t i o n . S i n c e , 

w i th in the m u l t i g r o u p f r a m e w o r k u s e d in the a n a l y s i s , m o r e than 80% of 
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the change in p is di rect ly a t t r ibutable to absorpt ions in the boron, p / p D 

can be der ived accura te ly from the measu red Ng. Spectra l effects on 
p25 and p2 8 constitute the r emainder of the total change in p and make the 
l a rges t contribution to the ass igned e r r o r in p/pD -

There is an a l te rna te express ion that can be used to de te rmine k^ 
with less e r r o r than Equation 2-6 in cer ta in types of l a t t i ces . As can be 
seen from Table 2 - 1 , the l a rges t contr ibutor to the total e r r o r is the 
m e a s u r e m e n t of (1 + 62 5)/(l + 625)0' F u r t h e r m o r e , the p ra t io is ve ry 
near ly equal to the rec ip roca l of the (1 + 625) ra t io . This suggests that 
both ra t ios contain the same fundamental nuclear p roper t i e s and that the 
m e a s u r e m e n t of 1 + 625 may be par t ia l ly redundant. There fore , some 
cancellation of e r r o r may occur if k^ is expressed as 

kM =-^-(1 - D (2-8) 

where 
(2-9) (1 + 6g) 

(1 + s2°°5)p 

and r is a number very close to ze ro . The definition of r follows from 
the fundamental definition of k^ (Equation 2-1), i. e. , 

r 
1 (2-10) 

T p + E p 

where T is the number of neutrons produced from the rmal f issions and E 
is the number of neutrons produced from nonthermal f i ss ions . Note that 
r vanishes for the special case of a pure the rmal sys t em, i. e. , E = E p = 0, 
T = T] fp, and p p = p. Thus r may be considered as an index of ep i the rm-
ali ty. 

It is difficult to der ive a s imple analyt ical express ion for T that can 
be used as a basis for verifying and genera l iz ing the hypothesis that r is 
smal l and can be computed with l i t t le e r r o r . However, the validity of 
this hypothesis can be demons t ra ted , at leas t for the specific la t t ices 
under study in this p r o g r a m , within the mult igroup f ramework of Equa­
tion 2-10. Table 2-2 l i s ts the resu l t s of infinite medium mult igroup cal ­
culations for l a rge var ia t ions in th ree important input p a r a m e t e r s : the 
the rma l cutoff energy, the effective resonance in tegral of the fer t i le 
m a t e r i a l , and the volume of mode ra to r displaced by the poison foils in 
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the poisoned tes t region. Although these input var ia t ions affect absolute 
values of p and (1 + 6^) by as much as 20% and the ra t ios (p/pD) and 
(1 + 6 2 ) / ( l + S^Jp by as much as 4%, the max imum change in 1 - F is 
only about 0.2%. 

The choice between Equations 2-6 and 2-8 for the analysis of a 
pa r t i cu la r small la t t ice exper iment depends on the following considera t ions . 
In both approaches f/fD is obtained through m e a s u r e m e n t s of N B , the poison 
concentrat ion for nu l l - reac t iv i ty , and the flux ra t ios . Fo r those la t t ices 
in which the change in p is smal l and p r i m a r i l y due to boron absorp t ions , 
p /pp can be computed with good accuracy from NB . Then, if (1 + 625)/ 
(1 + 625)p can be m e a s u r e d with comparable accuracy , k^ can be der ived 
with l e s s e r r o r from Equation 2-6. If, however , the change in p is l a rge 
or m o r e difficult to compute because of spec t r a l effects, uncer ta in t ies in 
the co r r ec t cutoff energy, or other complicat ions , then r can be computed 
from the m e a s u r e d N B , and Equation 2-8 will give a m o r e accura te value 
of kOT. Equation 2-8 is a l so preferab le when accura te m e a s u r e m e n t s of 
(1 + 6 | | ) / (1 + 6^)p a r e complicated by local he te rogene i t i e s , fuel i nacce s s ­
ibili ty, or other fac tors . Thus the bet ter approach can be p rede te rmined 
for each exper iment on the basis of a careful analysis and evaluation of 
all sources of e r r o r , both exper imenta l and calculational. 

Both approaches requ i re the calculation of cer ta in p a r a m e t e r s using 
m e a s u r e d quanti t ies as inputs. The BPG code5 and its la tes t revis ion 
BPG-II3 , which were developed in the SSCR Basic Phys ics P r o g r a m , were 
used for this purpose . These codes have matched a var ie ty of data from 
cr i t i ca l exper iment la t t ices differing in enr ichment , M/W ra t io , and D 20 
concentrat ion. 3 ' 6 The BPG code is essent ia l ly the same as the la tes t of 
the MUFT s e r i e s (MUFT-5). It ut i l izes the Greul ing-Goer tze l slowing-
down model in the Bj approximation; it calculates the mult ipl icat ion con­
stant for a bare r eac to r in which the leakage is cha rac te r i zed by a single 
buckling; and it computes a complete neutron balance in 39 energy groups . 
F o r the calculation of L and for cer ta in exploratory studies descr ibed in 
the appendixes , mul t i region calculations simulating the geometry of the 
exper iments a r e requi red . For these pu rpose s , s tandard four-group, 
one- and two-dimensional diffusion codes with BPG-genera ted input 
coefficients were used. 
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Table 2-2. Typical Values of P a r a m e t e r s in Equation 2-8 

t\) 

Thermal 
cutoff, 

ev 

Resonance 
integral , 

barns 

Moderator 
displaced 

cm3 • ' ■ P p 
P P • i + 6§ (1 + 6S) p 1 - r 

4.02%-Enriched U02 , 69.7% D E O 

0.400 
0.625 
0.400 
0.400 

0.400 
0.625 
0.400 
0.400 

0.400 
0.625 

16.54 
16.54 
20.39 
16.54 

13.99 
13.99 
15.99 
13.99 

13.47 
13.47 

229 
229 

229 
200 

212 
212 

212 
183 

174 
174 

0.98866 
0.98881 
0.98781 
0.98888 

U02-ThO 

0.99671 
0.99675 
0.99658 
0.99672 

UO2-Th0 

0.99731 
0.99734 

0.32737 0.29818 
0.34990 0.32311 
0.29206 0.26530 
0.32737 0.29946 

2, 70.4% D20 

0.37100 0.30847 
0.40103 0.34333 
0.35533 0.29479 
0.37100 0.30864 

z, 80.4% D20 

0.29374 0.24445 
0.32410 0.27778 

1.828 38 
1.71206 
1.87052 
1.828 38 

1.88875 
1.74949 
1.89808 
1.88875 

2.24634 
2.03863 

2.04334 
1.89021 
2.09881 
2.03730 

2.35889 
2.127 20 
2.37478 
2.35615 

2.81055 
2.48184 

0.97126 
0.96985 
0.96918 
0.97019 

0.95980 
0.95755 
0.96011 
0.96043 

0.95784 
0.95585 



3. DESIGN OF FACILITY 

Major features of the facility for smal l lat t ice exper iments a r e 
shown in F igures 3-1 through 3-3 and a r e d i scussed in the following s e c ­
t ions . Additional detai ls a r e available in the facility Hazards Report7 

and in the re levant Quar ter ly Technical Repor t s 8 " 1 1 . 

3 . 1 . Dr iver Region 

The d r ive r region is a ve r t i ca l honeycomb of 160 four - inch-square 
(0. 34-inch-wall) by 8-foot-long hollow graphite channels a r r anged to 
form a 56- inch-square ma t r i x with a 24- inch-square cavity in the cen te r . 
The loading is adjusted for cr i t ica l i ty with each buffer and tes t region 
configuration by filling the appropr ia te number of graphi te channels with 
1. 6 - inch-square by 12-inch-long graphite b a r s . In some c a s e s it is nec ­
e s s a r y to inc rease the react ivi ty of the d r ive r by taping 1. 6-inch-wide 
by 12-inch-long by 0. 0 10-inch-thick foils of 93%-enriched U-Al alloy 
(18 wt % U) to the sides of some of the graphite b a r s . For the case i l lus ­
t ra ted by F igures 3-2 and 3-3 (poisoned tes t and buffer reg ions) , 44 chan­
nels were filled with U-Al and graphite over a length of 6 feet capped with 
1-foot-thick top and bottom graphite r e f l e c to r s , and the outer 92 channels 
were filled only with graphite to form an additional radia l re f lec tor . The 
m a s s of U-235 in this loading was approximately 3.5 kg. 

Seven control rods a r e located in the inner row of graphite channels . 
The rods a r e 2. 5 - inch-d iamete r by 8-foot-long aluminum cyl inders 
wrapped with 0. 020-inch-thick cadmium sheet . They move ver t i ca l ly 
in 3-inch-OD aluminum guide tubes permanent ly mounted in the graphi te 
channels . Normal ly the three pa i r s of ganged rods a r e fully withdrawn 
and act as safety r o d s . Rod No. 2 is used as the regulat ing rod. 

The graphite channels a r e mounted on a spl i t -bed a s s e m b l y , con­
sist ing of fixed and movable 5-foot by 10-foot steel t ab les . This a r r a n g e ­
ment pe rmi t s separat ion of the d r ive r during major loading changes and 
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provides access to the buffer and test regions for radia l flux m e a s u r e ­
m e n t s . The tables can be separa ted 48 inches by a l e a d - s c r e w operated 
by a combined e lect r ic and pneumatic table drive mechan i sm. Table-
closing speeds vary from 12 to 0.5 i n . / m i n , depending on the separa t ion . 
The closed posit ion, indicated by four l inear po ten t iomete rs , is r e p r o ­
ducible to ± 0.001 inch. 

The inst rumentat ion and control system is of conventional design 
and is fully descr ibed in the Hazards Repor t 7 . 

3 . 2 . Core Tank and Moderator System 

The buffer and tes t regions a r e a s sembled in a 22-7 /8- inch- ID by 
76-inch-high aluminum core tank having a 3 /8- inch- th ick wall . The 
1 - 1/4- inch-thick aluminum cover is provided with an O-ring seal so 
that the tank can be he rmet ica l ly sealed to minimize modera to r degra ­
dation by exchange with light water vapor in the a tmosphe re . Small 
a c c e s s por ts a r e located at the midplane (for foil holders) and near the 
base (to facilitate loading fuel rods ) . The core tank is cen te red in the 
d r ive r cavity and mounted on a 1-foot-high aluminum pla t form. 

The mode ra to r , a D 2 0 - H 2 0 mixture containing 70 or 80% DzO, is 
s tored in a smal l (110 gal) dump tank between r u n s . On s ta r tup , the 
mode ra to r is pumped into the core tank using conventional equipment 
and p rocedures for l iqu id-modera ted c r i t i ca l a s s e m b l i e s 7 . The mod­
e ra to r is always dumped for shutdown. In most cases this provides 
sufficient shutdown marg in to obviate table separat ion between r u n s . 
The buffer and tes t regions a r e modera ted by the same D 2 0-H 2 0 mix­
ture . 

3 . 3 . Fuel Rods 

Two types of fuel rods were used in the buffer and test r eg ions , 
as descr ibed in Table 3 - 1 . The 4. 02%-enriched U0 2 fuel rods were 
swaged in s ta in less s teel tubes , and the U 0 2 - T h 0 2 fuel rods consis ted 
of s in tered pel le ts of blended 93%-enriched UOz and T h 0 2 (N T h /N 2 5 = 15) 
in aluminum tubes . 
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Table 3 - 1 . P r o p e r t i e s of Fuel Rods 

P r o p e r t y 4 .02%-enr iched U02 U 0 2 - T h 0 2 

Outer d i ame te r , in. 
Wall th ickness , in. 
Wall ma te r i a l 
Fuel d i ame te r , in. 
Total length, in. 
Active (fuel) length, in. 
Weight of fuel, g m / r o d 
Wt U/wt UOz, % 
Weight of ThO z , g m / r o d 
Weight of U-235, g m / r o d 
Enr ichment , wt U-235/wt U,% 
Atoms Th 4- a toms U-235 
Bulk fuel densi ty , g m / c m 3 

2 ( impur i t ies ) , c m 2 / c m 3 oxide 

0.4755 ± 0.0015 
0.0160 ± 0.0005 
# 304 steel 
0.444 ± 0.002 
= 71.5 
66.7 ± 0 . 3 
1600 ± 2 
88.01 ± 0.02 

56.61 ± 0.10 
4.020 ± 0.005 

9.46 ± 0. 10 
<5 X 10"4 

0.308 ± 0.001 
0.014 ± 0.001 
# 1100 aluminum 
0.260 ± 0.002 
62.0 ± 0 . 2 
60.0 ± 0. 1 
434.6 ± 0 . 2 

4 0 5 . 0 ± 0 . 2 

2 4 . 0 4 ± 0 . 0 2 

15.00 ± 0.05 
8.33 ± 0. 14 
<6 X 10-3 

3 .4 . Buffer Region 

The function of the buffer region is to produce an asymptot ic neu­
tron spect rum throughout the test region, so that e r r o r s due to spec t r a l 
m i sma tch a r e minimized when the buffer is identical to the tes t region. 
However, calculat ions suggest that the e r r o r in k due to imperfect 
asymptot ic conditions may not be ser ious even if a substant ia l pa r t of 
the buffer region differs from the test region. To tes t this predic t ion , 
the buffer region in the f i rs t set of exper iments (4 .02%-enr iched UOz 

in tes t region) was divided into two regions : an inner buffer identical 
to the tes t region and an outer buffer having d i s s imi l a r nuclear p rop ­
e r t i e s . As will be shown, sa t i s fac tory r e su l t s were obtained with the 
d i s s imi l a r buffer. Although a d i s s imi l a r outer buffer could have been 
used in the second set of exper iments (U0 2 -Th0 2 fuel in tes t region) , 
sufficient fuel was available to simplify the exper iments by making the 
ent i re buffer region identical to the tes t region. 
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3 . 4 . 1 . 4 .02%-Enr iched UOz Exper iments 

For the exper iments in which the test region contained 
4 .02%-enr iched U0 2 fuel r o d s , the inner buffer was an identical uni­
form lat t ice of these fuel rods on a pitch of 0.595 inch (M/W = 1.006), 
and the outer buffer was a uniform lat t ice of U 0 2 - T h 0 2 fuel rods on a 
pitch of 0.387 inch (M/W = 0.990) . The effective radius of the buffer 
la t t ice was 11.0 inches . The fuel rods were aligned at the top and 
bottom by 22- inch-d iameter by 1-inch-thick dr i l led aluminum grid 
plates having an 8. 3 - inch-square hole in the center for the tes t i n se r t . 
Since the U 0 2 - T h 0 2 fuel rods were approximately 1 foot shor te r than 
the 4.02%-enriched U0 2 fuel r o d s , the grid plates were mounted approxi­
mately 6 inches above the base of the core tank and 6 inches below the 
top. F igure 3-4 shows the buffer gr id plates in the core tank and some 
of the fuel rods loaded in the outer buffer. 

3 . 4 . 2 . U 0 2 - T h 0 2 Exper iments 

For the exper iments in which the tes t region contained 
U 0 2 - T h 0 2 fuel rods , the ent i re buffer region was an identical la t t ice 
of these fuel rods on a pitch of 0. 387 inch (M/W = 0. 990). The effec­
tive radius of the buffer lat t ice was 11.0 inches . The fuel rods were 
aligned by egg-c ra te gr id plates const ructed of 0. 07 1-inch-thick by 
1-inch-wide aluminum s t r ips that inter locked on a 0 .387- inch pitch. 
Additional al ignment was obtained at elevations corresponding to the 
top and bottom of the tes t region by using s imi la r grid plates with a l t e r ­
nate s t r ips removed to facili tate loading. The in termedia te grid plates 
covered only the a rea around the tes t region and along the d iameter 
where the flux t r a v e r s e s were made . 

All four grid plates were provided with a 6. 6 - inch-square 
hole at the center for the tes t i n se r t . Four aluminum angles (1 in. Xl in. 
X 1 / 16 in.) were mounted in the c o r n e r s of the hole to serve as guides 
for the inser t ion of the tes t i n se r t . The grid plates were aligned and 
supported by 3 /8 - inch -d iame te r threaded s ta inless steel rods located 
at the per iphery of the buffer region. Since the U 0 2 - T h 0 2 rods were 
only 5 feet long, axial symmet ry was provided by supporting them on 
an aluminum shelf approximately 6 inches above the base of the tank. 
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The a r r a n g e m e n t of the i n t e r n a l s t r u c t u r e for the U 0 2 -

T h O z e x p e r i m e n t s is i l l u s t r a t e d in F i g u r e s 3-5 and 3 - 6 . 

3 . 5 . T e s t I n s e r t and T e s t R e g i o n 

The t e s t r e g i o n , i . e . , the r e g i o n tha t is r e p l a c e d by a vo id in the 
n u l l - r e a c t i v i t y m e a s u r e m e n t s , is l o c a t e d in the c e n t e r of a r e m o v a b l e 
s e c t i o n of the l a t t i c e c a l l e d the t e s t i n s e r t . The t e s t i n s e r t is a p p r o x i ­
m a t e l y the s a m e to t a l l eng th a s the fuel r o d s in the buffer r e g i o n and fits 
in the s q u a r e ho le in the c e n t e r of the buffer r e g i o n . It c a n be r e m o v e d 
f rom the buffer r e g i o n l a t t i c e to p r o v i d e a c c e s s to the t e s t r e g i o n for 
p o i s o n i n g and void r e p l a c e m e n t . S ince the t e s t r e g i o n shou ld be s u r ­
r o u n d e d by buffer m a t e r i a l a x i a l l y a s we l l a s r a d i a l l y , the top and bo t t om 
s e c t i o n s of the t e s t i n s e r t a r e i n d e n t i c a l to the m i d d l e ( t e s t r e g i o n ) s e c ­
t ion and fo rm the a x i a l b u f f e r s . The t e s t i n s e r t is a l s o s u r r o u n d e d r a d i ­
a l l y by one o r two r o w s of full l e n g t h fuel r o d s , wh ich a c t u a l l y c o n s t i t u t e 
p a r t of the i n n e r buf fe r . T h e s e full l eng th r o d s a r e i n c l u d e d in the t e s t 
i n s e r t for two r e a s o n s . F i r s t , they s e r v e a s s t r u c t u r a l m e m b e r s to 
hold the t h r e e s e c t i o n s t o g e t h e r , s i n c e the l a t t i c e s a r e so t igh t ly p a c k ­
a g e d tha t the i n t r o d u c t i o n of e x t r a n e o u s m a t e r i a l for s t r u c t u r a l p u p o s e s 
is p r o h i b i t e d . Second , by us ing the s a m e g r i d p l a t e s tha t ho ld the t e s t 
r e g i o n to a l i gn the f i r s t r ow of i n n e r buffer r o d s , the l a t t i c e s p a c i n g 
can be c o n t r o l l e d m o r e a c c u r a t e l y . The s h o r t e r fuel r o d s in the t e s t 
i n s e r t a r e cu t to the p r o p e r l e n g t h f rom full l eng th r o d s and r e s e a l e d 
wi th th in e p o x y - c e m e n t e d a l u m i n u m end c a p s . 

3 . 5 . 1 . 4 . 0 2 % - E n r i c h e d U 0 2 E x p e r i m e n t s 

The t e s t i n s e r t for t h e s e e x p e r i m e n t s , shown in F i g u r e 
3 - 7 , w a s an 8 . 3 3 - i n c h - s q u a r e by 6 - f o o t - l o n g l a t t i c e of 196 (14 X 14) 
4 . 0 2 % - e n r i c h e d U 0 2 fuel r o d s on a p i t ch of 0 . 595 inch (M/W = 1 .006) . 
The c e n t r a l 1 8 - i n c h - l o n g s e c t i o n c o n t a i n e d the t e s t r e g i o n , and the top 
and bo t tom 2 7 - i n c h - l o n g s e c t i o n s f o r m e d the a x i a l b u f f e r s . , E a c h s e c ­
t ion w a s p r o v i d e d wi th 1 / 4 - i n c h - t h i c k a l u m i n u m g r i d p l a t e s a t the top 
and b o t t o m , and t h r e e r o d s a t e a c h c o r n e r w e r e e p o x y - c e m e n t e d to the 
g r i d p l a t e s so tha t the s e c t i o n s cou ld be h a n d l e d s e p a r a t e l y . F i g u r e 
3-8 shows the c e n t r a l s e c t i o n b e f o r e the cu t fuel r o d s w e r e l o a d e d . 

The t e s t r e g i o n i t s e l f w a s a s u b l a t t i c e of 144 (12 X 12) 
fuel r o d s . T h u s , the o u t e r r ow of 52 full l eng th fuel r o d s in the t e s t 

i 
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inse r t actually formed par t of the inner buffer. The three sections of 
the test inse r t were held together by studs that were threaded into the 
end plugs of eight full length rods and bolted to the top grid plate of the 
top buffer and to the bottom grid plate of the bottom buffer. 

3 . 5 . 2 . U 0 2 - T h 0 2 Exper iments 

The test inse r t for these exper iments (see F igures 3-5 
and 3-6) was a 6. 58- inch-square by 62-inch-long lat t ice of 289 (17 X 17) 
U0 2 - T h 0 2 fuel rods on a pitch of 0. 387 inch (M/W = 0. 990). The cen­
t r a l 18-inch-long section contained the test region, and the top and 
bottom 22-inch-long sections formed the axial buffers . The fuel rods 
in the end buffers were supported by thin ( l / 4 - to 1/2-inch-thick) stain­
less s teel grid p la tes . 

The tes t region itself was a sublatt ice of 169 (13 X 13) 
fuel r o d s , held at the top and bottom by aluminum grid p la tes , 5/ 16-
and l / 2 - inch thick respec t ive ly . Thus , the two outer rows of full length 
fuel rods in the test inse r t actually formed par t of the inner buffer. The 
three sections of the tes t inse r t were held together by four 0. 25-inch-
d iamete r s ta in less s teel tie r o d s , which replaced the co rne r full length 
fuel r o d s . The test region was removable as a unit without d i s a s s e m ­
bling the test inse r t , as was n e c e s s a r y in the preceding expe r imen t s , 
by withdrawing the two rows of full length fuel rods on one side of the 
tes t inser t and moving the test region through this opening. 

3 .6 . Void Can 

The void that r ep laces the poisoned tes t region in the n u l l - r e a c ­
tivity measu remen t s is s imulated by a hollow, a i r - f i l led aluminum can 
having exactly the same outer dimensions as the test region. Since 
these la t t ices a r e very undermodera ted , the void can is divided in ter ­
nally into a number of watert ight compar tments by thin aluminum plates 
to reduce the nuclear hazards of flooding. The end plates a r e designed 
to match the test region end grid plates as closely as possible so that 
their react ivi ty effects cancel . However, a smal l co r rec t ion is requ i red 
for neutron absorpt ions in the aluminum walls and internal divider p la tes . 
Absorptions in the ni t rogen in the a i r a r e negligible in compar i son . 
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3 . 6 . 1 . 4 . 0 2 % - E n r i c h e d UQ2 E x p e r i m e n t s 

In t h e s e e x p e r i m e n t s , the void can had o u t e r d i m e n s i o n s 
of 7 . 140 i n c h e s (12 X 0. 595 in. ) s q u a r e by 18 i n c h e s long and a w a l l th ick 
n e s s of 0 . 1 6 3 inch . It w a s d iv ided into e ight c o m p a r t m e n t s by 0 . 0 8 1 -
i n c h - t h i c k p l a t e s . The v o l u m e of a l u m i n u m in the w a l l s and d i v i d e r s 
w a s 79 -4 in. 3 and 2 7 . 2 in . 3 , r e s p e c t i v e l y , so tha t a l u m i n u m o c c u p i e d 
12 .0 vol % of the t e s t r e g i o n d i s r e g a r d i n g the end p l a t e s . The a c t i v e 
l e n g t h of the t e s t r e g i o n and vo id w a s 17 .50 ± 0 . 0 1 i n c h e s . F i g u r e 3-9 
is a v iew of the void c a n , and F i g u r e 3-10 shows the t e s t i n s e r t a s s e m ­
b led wi th the t e s t r e g i o n and a s e c o n d v i e w wi th the vo id can in p l a c e . 

3 . 6 . 2 . U 0 2 - T h 0 2 E x p e r i m e n t s 

In t h e s e e x p e r i m e n t s , the vo id can had o u t e r d i m e n s i o n s 
of 5 . 0 3 1 i n c h e s (13 X 0 . 3 8 7 in . ) s q u a r e by 18 i n c h e s long and a wa l l 
t h i c k n e s s of 0. 140 i nch . It w a s d iv ided into s ix c o m p a r t m e n t s by 0 . 0 8 1 -
i n c h - t h i c k p l a t e s . The v o l u m e of a l u m i n u m in the w a l l s and d i v i d e r s 
w a s 4 7 . 1 in . 3 and 9- 0 in . 3 , r e s p e c t i v e l y , so tha t a l u m i n u m o c c u p i e d 12. 9 
vo l % of the t e s t r e g i o n d i s r e g a r d i n g the end p l a t e s . T h e a c t i v e l e n g t h 
of the t e s t r e g i o n and vo id w a s 17 .20 ± 0 . 0 1 i n c h e s . 

3 . 7 . P o i s o n s 

The t e s t r e g i o n is p o i s o n e d wi th 0 . 0 1 0 2 ± 0 . 0 0 2 - i n c h - t h i c k foils 
of B i n a l , a h o m o g e n e o u s m i x t u r e of n a t u r a l B4C and a l u m i n u m c o n t a i n i n g 
2 . 5 3 ± 0 . 0 2 wt % b o r o n and hav ing a d e n s i t y of 2 . 6 2 g m / c m 3 . T h e foi ls 
a r e i n s e r t e d v e r t i c a l l y b e t w e e n r o w s of fuel r o d s and a r e t r i m m e d a s 
n e c e s s a r y to fit the t e s t r e g i o n d i m e n s i o n s . Some of the foils a r e p e r ­
f o r a t e d to r e d u c e t h e i r we igh t and to p e r m i t a m o r e un i fo rm p o i s o n d i s ­
t r i b u t i o n . 

In s o m e c a s e s it is n e c e s s a r y to f la t ten the flux d i s t r i b u t i o n by 
add ing p o i s o n to the buffer r e g i o n a f t e r the t e s t r e g i o n h a s b e e n p o i s o n e d . 
B ina l foils w e r e u sed in the end buffer r e g i o n s and in tha t p a r t of the 
i n n e r buffer i nc luded wi th the t e s t i n s e r t . Add i t i ona l p o i s o n i n g w a s 
a c h i e v e d by tap ing 0. 0 5 0 - i n c h - d i a m e t e r s i l v e r (90% Ag-10% Cu) w i r e s 
to s o m e of the buffer fuel r o d s . 
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Figure 3 - 1 . Facil i ty for Small Lattice Exper iments 
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F i g u r e 3 - 2 . A s s e m b l y P l a n ( 4 . 0 2 % - E n r i c h e d U 0 2 
E x p e r i m e n t s ) 
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Figure 3-3 . Assembly Elevation (4.02%-Enriched U0 2 
Exper iments) 
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Figure 3-4. Core Tank and Buffer Region (4.02%-Enriched U0 2 
Exper iments) 
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F i g u r e 3 - 5 . T e s t a n d B u f f e r R e g i o n P l a n ( U 0 2 - T h 0 2 
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Figure 3-6. Test and Buffer Region Elevation ( U 0 2 - T h 0 2 
Exper iments) 
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Figure 3-7. Test Insert (4.02%-Enriched U02 Exper iments) 
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Figure 3-8. Unloaded Test Region (4.02%-Enriched U02 
Experiments) 
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Figure 3-9. Void Can (4.02%-Enriched U0 2 Exper iments) 
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Figure 3-10. Test Inser t Assembled With Test Region and 
Void Can (4.02%-Enriched U0 2 Exper iments) 
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4. EXPERIMENTS WITH 4.02%-ENRICHED U02 FUEL 
(69.7% D20) 

4. 1. P r e l i m i n a r y Exper iments 

The react ivi ty worth of the control rods , measu red by s tandard 
rod-drop and rod-bump-per iod methods, was found to depend slightly 
on the loading of U-235 in the d r ive r . The minimum worth (unfueled 
dr iver ) was approximately $2.40 for e a c h p a i r of safety rods and approx­
imately $1.80 for the single regulating rod (Rod No. 2). 

The accu racy of the measu remen t of k depends on the cons i s t -
' OO * 

ency and reproducibi l i ty of the var iab les that affect nu l l - reac t iv i ty 
m e a s u r e m e n t s . The maximum effects of these var iables a r e shown in 
Table 4 - 1 . The overa l l reproducibi l i ty a lso includes the effects of 
s t ruc tu ra l changes caused by reassembl ing the tes t i n se r t . Although 
the reproducibi l i ty could have been improved substant ial ly, the sens i ­
tivity of the exper iment was sufficiently l a rge , due to the size of the 
tes t region, that the e r r o r in k was only ±0.1%. 

Table 4 - 1 . Reproducibil i ty of Null-Reactivi ty Measurements 

Variable 

Control rod position 
Moderator level 
Table gap 
Tempera tu re 
Moderator degradat ion 
Overal l 

Differential 
worth 

0 . 5 r / c m 
2 . 6 0 r / c m 
0.06^/mil 
- ( l ± l ) r / C 
0.05%/3 mo. 

E r r o r , 
cents 

0.05 cm 0.03 
0.05 cm 0.13 
1 mil 0.06 
<0.5C <0.5 

0.06 
= 0.5 

Reproducibil i ty 
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4 . 2 . Unpoisoned Test , Unpoisoned Buffer 

4 . 2 . 1. Loading Configuration 

Cri t ical i ty was f i rs t achieved on September 28, 1962. 
After a number of p r e l im ina ry exper iments the modera to r was changed 
to i ts final concentrat ion (69.7 mole % D20), and cr i t ica l i ty was reached 
with six d r ive r channels in the f i rs t row fueled with 0.48 kg of U-235. 
All the remaining channels in the 144-channel d r ive r were filled with 
graphi te . The excess react iv i ty of this loading was approximately 
25 cents , and the worth of a fueled channel, compared to an unfueled 
one (graphite only), var ied from 8 to 14 cen t s . 

4 . 2 . 2 . Flux Distr ibutions 

Radial and axial flux t r a v e r s e s were made with ba re and 
cadmium-covered 1 /4- inch-d iameter by 0.005-inch-thick gold foils and 
with b a r e 1 /4- inch-d iameter by 0.007-inch-thick Dy-Al ( = 5 wt % Dy) 
foils. The foils were mounted on 1/2-inch-wide by 0.005-inch-thick 
sp r ing - s t ee l tapes . After being i r r ad ia t ed for 20 minutes at a power 
level of a few hundred wat t s , the foils were beta counted once on each 
side in each of th ree end-window, gas-flow propor t ional counte rs . Bare 
and cadmium-covered runs were normal ized by two gold monitor foils. 

The resu l t s a r e shown in F igures 4-1 and 4 - 2 . The cad­
mium-cove red gold t r a v e r s e gives the shape of the ep i the rmal flux d i s ­
t r ibut ion. The t he rma l flux dis t r ibut ion was obtained by two methods : 
from the ba re dyspros ium t r a v e r s e s , since dyspros ium has a high cad­
mium rat io in this lat t ice and is p r i m a r i l y responsive to t he rma l neu­
t r o n s ; and from the difference between the normal ized b a r e and cadmium-
covered gold d is t r ibut ions . The resu l t s a r e in good agreement , although 
the l a t t e r m e a s u r e m e n t has a much l a rge r uncer ta inty since the gold cad­
mium rat io is close to unity. The large peaks in the axial dis t r ibut ions 
at the top and bottom of the tes t region a r e caused by the absence of fuel 
at the end caps of the cut fuel rods . The lower curves show the extent 
of the asymptot ic region. The rat io of t h e r m a l - t o - e p i t h e r m a l activity 
i s given by the cadmium rat io of gold minus one and a l so , on an unnor-
mal ized scale , by the rat io of dyspros ium to cadmium-covered gold 
act ivi ty . As predic ted by ca lcula t ions , the asymptot ic region extends 
well into the inner buffer. 
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Although compar isons of the rmal and cadmium­covered 
gold activi t ies prove that the neutron spec t rum is asymptotic to at l eas t 
5 ev, it is important to know whether the spec t rum is also asymptot ic 
at higher energ ies . The radial distr ibution of higher energy neutrons 
was mapped with 0. 005­inch­thick thor ium foils, covered with thor ium 
and cadmium. The purpose of the thor ium covers was to sc reen neu­

t rons at the principal thorium resonances of 22, 24, and possibly 70 ev, 
so that the thorium foil within responded p r i m a r i l y to neutrons above 
30 ev. After i r rad ia t ion the Th­233 activity was beta counted in end­

window, gas­flow proport ional counters ; background correc t ions were 
made by counting the foils the same way pr io r to i r rad ia t ion . 

The radial flux shapes for cadmium­covered gold and 
cadmium­ and thor ium­covered thor ium are shown in Figure 4 ­ 3 , 
■where the t he rmal distr ibut ion obtained from the Dy­Al foil t r a v e r s e 
is repeated for compar ison . The unnormal ized rat ios of t h e r m a l ­ t o ­

ep i the rmal activity, obtained by dividing the Dy­Al data by the epi­

the rma l gold or epi thermal thor ium data, show that the neutron spec ­

t rum is asymptotic into the inner buffer even at energies well above 
5­ev gold resonance . 

4. 2. 3. . Thermal Disadvantage Fac to r 

The t he rmal disadvantage factor <j> /cj> , defined as the 
rat io of the average t he rmal neutron flux in the modera to r to that in 
the fuel, was m e a s u r e d in a cent ra l cell of the tes t region. This l a t ­

tice p a r a m e t e r is used to calculate the t he rmal uti l ization of the unpoi­

soned tes t region, which enters in the derivat ion of k . 
The m e a s u r e m e n t s were made by s tandard techniques 

used e a r l i e r in the SSCR cr i t i ca l exper iment p r o g r a m , 3 As shown in 
Figure 4­4, the flux in the fuel and modera to r was sampled with 0.007­ . 
inch­thick Dy­Al (5 wt % Dy) sec tor foils using a 0. 444­ inch­d iameter 
round (R) foil.in the fuel and a scalloped (S) foil, 0. 59 5 inch ac ros s f lats , 
in the modera to r . Measuremen t s w e r e made in two loadings, designated 
I and II. Three R­foils and th ree S­foils ■were i r r ad ia t ed simultaneously 
in each run. After a 20­minute i r rad ia t ion the foils were counted five 
t imes in a 4 TT proport ional counter . The foils w e r e cal ibra ted for va r ­

iations in dyspros ium content by i r rad ia t ing them on a wheel rotating 
in a region of re la t ively constant flux and counting them in the same 4TT 
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geomet ry . Very smal l cor rec t ions for the differences in axial flux at 
the foil positions were a l so applied. 

A smal l cor rec t ion to the b a r e foil activity rat io A / A , 
' m f 

was made to account for the slight difference in ep i the rmal activity 
between the fuel and mode ra to r . This cor rec t ion was obtained by meas­
uring the cadmium ra t io of R-foils in the fuel (Cf) and in the modera to r 
(C ). Thus, the the rma l disadvantage factor was de termined by the ' 
following equation: 

m 

Table 4-2 s u m m a r i z e s the r e su l t s obtained from Loading I. 
No significant difference between the three fuel rods was observed. How­
ever , two measu remen t s by exactly the same technique in Loading II using 
another fuel rod (designated Rod a) gave a value about 2% higher (A / 
Af = 1.148 ± 0.005). Essent ia l ly the same resu l t (1.146 ± 0.008) was 
obtained from three m e a s u r e m e n t s on the same Rod a in an equivalent 
c r i t i ca l exper iment . Thus, the d iscrepancy m a y b e a t t r ibuted to dif­
fe rences in the fuel rods , r a the r than to a lack of equivalent asymptot ic 
conditions in the two types of expe r imen t s . The same difference was 
observed in C25 m e a s u r e m e n t s , d i scussed in the next sect ion. Although 
the value obtained from Loading I is probably the p roper one to use in 
the ana lys i s , k is so insensi t ive to ~<\> /(j), that the difference is insignif­
icant. 
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Table 4 - 2 . $ /cj>f in Unpoisoned T e s t Region 

A /A, m f 

Run no . 

97 
100 

122 

128 

129 
130 

A v e r a g e 

fC ~ 
m 

\ C 
\ m 

Rod 1 

1.110 
1.107 

1.138 

1.145 
1.125 

1.146 

1.129 

J Vcf - V 

Rod 2 

1.136 
1.123 

1.159 
1.120 

1.114 

1.113 
1,128 

\ 
= 1.010 ± 

Rod 3 

1.118 
1.107 

1.142 

1.122 

1.124 

1.126 

1.123 

0.005 

A v e r a g e 

1.121 

1.112 

1.146 

1.129 
1.121 

1.128 

1 .127±0 .012 

j> /<b, = 1.138 ± 0.013 rm Tf 

4 . 2 . 4 . C a d m i u m Rat io of U-235 

The c a d m i u m r a t i o of U-235 for f i s s i o n s , C2 5 , i s u s e d 
for the d e r i v a t i o n of k . It i s a l s o a b a s i c l a t t i c e p a r a m e t e r , so it i s 
i m p o r t a n t to show tha t the va lue ob ta ined in the SLE i s the s a m e a s t ha t 
m e a s u r e d in the c e n t e r of an e q u i v a l e n t c r i t i c a l e x p e r i m e n t . A g r e e m e n t 
would s u p p o r t the a s s u m p t i o n t h a t the n e u t r o n s p e c t r u m in the c e n t e r of 
the two t y p e s of e x p e r i m e n t s i s the s a m e . 

Using s t a n d a r d t e c h n i q u e s deve loped e a r l i e r in the SSCR 
c r i t i c a l e x p e r i m e n t p r o g r a m 3 , C2 5 m e a s u r e m e n t s w e r e m a d e a long the 
r a d i u s of the t e s t r e g i o n in Load ing I, a s shown in F i g u r e 4 - 5 , and w e r e 
r e p e a t e d in the c e n t r a l c e l l u s i n g Load ing II w i th two d i f f e ren t fuel r o d s . 
The da ta foi ls w e r e 9 3 % - e n r i c h e d U-Al a l loy (18 wt % U), 0.010 inch 
th i ck by 0.444 inch in d i a m e t e r , hav ing the s a m e d i a m e t e r a s the fuel 
in the s w a g e d fuel r o d s . In the b a r e r u n s the da ta foi ls w e r e s a n d w i c h e d 
b e t w e e n c a r e f u l l y cut and s e a l e d ends of fuel r o d s , and a c c u r a t e a l i g n ­
m e n t w a s a c h i e v e d by jo in ing the cut ends wi th a 1 /4- . inch- long t h i n -
w a l l e d s t a i n l e s s - s t e e l s l e e v e . In the c a d m i u m - c o v e r e d r u n s e a c h U-Al 
foi l w a s c o v e r e d wi th two 0 . 4 4 4 - i n c h - d i a m e t e r by 0 . 0 2 0 - i n c h - t h i c k 
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cadmium d i scs , and the s t a i n l e s s - s t e e l sleeve was replaced by a 0.020-
inch-wal l cadmium sleeve. 

The foils were i r r ad ia t ed for 20 minutes and were gamma 
counted five t imes in a sodium iodide scinti l lat ion s p e c t r o m e t e r that was 
b iased to count photons above 200 kev. Bare and cadmium-covered runs 
were normal ized by simultaneously i r rad ia t ing two or th ree U-Al monitor 
foils and counting them in the same sequence. The same data foils, co r ­
rected for background, were used in comparable b a r e and cadmium-cov­
ered runs to el iminate foil ca l ibra t ion e r r o r s . 

The m e a s u r e m e n t s in Loading I, summar ized in Table 4 - 3 , 
show no significant difference between the three fuel rods . The values in 
Loading II were , however, 2.440 ± 0.006 for Rod a and 2.495 ± 0.006 for 
R o d b . Identical m e a s u r e m e n t s in the equivalent c r i t i ca l exper iment 
gave 2.434 ± 0.012 for Rod a and 2.475 ± 0.006 for Rod b . Several con­
clusions can be drawn from these r e s u l t s . F i r s t , the same asymptot ic 
spec t rum exis ts in the SLE and the equivalent c r i t i ca l a s sembly , since 
the cadmium ra t ios from Rods a and b a g r e e . This conclusion is fur­
ther s trengthened by the ag reemen t between the two measu remen t s of 
the U-238 cadmium rat io repor ted in the next sect ion. Second, the dif­
ference between Rod a and the three rods in Loading I is 2%, the same 
difference observed in the disadvantage factor m e a s u r e m e n t s . Since 
Rod b ag ree s fair ly well with the three rods in Loading I, it may be 
a s sumed that the t he rma l component of the act ivation of Rod a is con­
s is tent ly 2% too smal l , both in the <j> /cf>, and the C25 m e a s u r e m e n t s . 
Although careful examination of the cut ends of the fuel rods (by X-ray) 
and r e m e a s u r e m e n t s of the outer d i ame te r and lat t ice spacing revealed 
no significant differences, local var ia t ions in inner d iamete r and fuel 
density can account for the d i sc repancy . 

Table 4 - 3 . C25 Measu remen t s in Unpoisoned Test Region 

Run no. 
88/95 
96/89 
98/90 
99/91 
125/120 
Average 

Rod 1 
2.517 
2.513 
2.480 
2.434 
2.505 
2.489 

Rod 2 
2.529 
2.498 
2.434 
2.468 
2.469 
2.480 

Rod 3 
2.517 
2.459 
2.453 
2.511 
2.482 
2.484 

Average 
2.521 
2.490 
2.456 
2.471 
2.482 
2.484 ± 0.014 
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4 . 2 . 5 . C a d m i u m Rat io of U-238 

Al though C2 8 , the c a d m i u m r a t i o of U - 2 3 8 , i s not r e q u i r e d 
for the d e t e r m i n a t i o n of k , i t s i m p o r t a n c e a s a b a s i c l a t t i c e p a r a m e t e r 
w a r r a n t s c o m p a r a t i v e m e a s u r e m e n t s in the SLE and in the e q u i v a l e n t 
c r i t i c a l a s s e m b l y . The m e a s u r e m e n t s w e r e m a d e by the t h e r m a l a c t i ­
va t ion t e c h n i q u e , a m e t h o d u s e d e x t e n s i v e l y in the SSCR c r i t i c a l e x p e r i ­
m e n t p r o g r a m . 1 2 T h i s t e c h n i q u e h a s the dua l a d v a n t a g e s of e l i m i n a t i n g 
p e r t u r b a t i o n s by the c a d m i u m and of m e a s u r i n g C28 — 1 d i r e c t l y . 

The w o r k i n g equa t i on i s as fo l l ows : 

C28 - 1 

'28 

w h e r e A is the w e i g h t - n o r m a l i z e d s a t u r a t e d a c t i v i t y , C i s the c a d m i u m 
r a t i o , R d e s i g n a t e s i r r a d i a t i o n s in the SLE l a t t i c e , and cj> d e s i g n a t e s 
i r r a d i a t i o n s in a w e l l - t h e r m a l i z e d f lux. K i s a s m a l l c a l c u l a t e d c o r r e c ­
t ion for the n o n - l / v b e h a v i o r of d y s p r o s i u m . The s u p e r s c r i p t s B and C 
r e f e r to b a r e and c a d m i u m c o v e r e d , and the s u b s c r i p t s U and D r e f e r to 
u r a n i u m and d y s p r o s i u m . 

F i g u r e 4 - 6 shows the load ing a r r a n g e m e n t in the t e s t 
r e g i o n . In the b a r e run A^ w a s ob ta ined by d i s s o l v i n g the 0 . 5 - i n c h - l o n g 
i r r a d i a t e d fuel s lug , r e m o v i n g f i s s i o n p r o d u c t and o t h e r c o n t a m i n a t i n g 
a c t i v i t y by so lven t e x t r a c t i o n , and b e t a count ing the U-239 a c t i v i t y . The 
0 . 4 4 4 - i n c h - d i a m e t e r D y - A l r e f e r e n c e foi ls above and be low the fuel s lug 
w e r e b e t a coun ted to give Ap . In the c a d m i u m - c o v e r e d run , the D y - A l 
foi ls w e r e coun ted to ob ta in CD . The u r a n i u m and D y - A l s a m p l e s w e r e 
w e i g h t - c a l i b r a t e d by i r r a d i a t i n g t h e m on a w h e e l in a r e g i o n of r e l a t i v e l y 
c o n s t a n t f lux. D e t a i l s on the m e a s u r e m e n t of the <j>-parameters a r e 
g iven in R e f e r e n c e 12. 

The r e s u l t s a r e s u m m a r i z e d in Tab le 4 - 4 . The i n t e r n a l 
c o n s i s t e n c y of the da t a i s v e r y good, and the a v e r a g e va lue a g r e e s w e l l 
w i th tha t m e a s u r e d in the e q u i v a l e n t c r i t i c a l e x p e r i m e n t (C2 8 = 1.087 
± 0 .004) . 
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Table 4 -4 . C28 Measurements in Unpoisoned Test Region 

P a r a m e t e r Run 102 Run 103 Run 104 Run 106 Average 

K ) R X 105 2.759 2.909 2.866 2.845 ± 0.045 

i 
oo 

K V X 105 

( A B ) / ( A B ) 
D'R DR 

( A
D ) R

 X 1 0 5 

< C D > R 

(7cD~i)/cD] 

A'8 - AC^ 
u u D 

9 9 

K 

C2 8 

6.484 

0.426 

6.502 

0.448 

6.513 

0.440 

0.934 

1.0887 1.0840 1.0855 

6.500 ± 0.013 

0.438 ± 0.007 

0.934 ± 0.013 

6.962 ± 0.098 

0.856 ± 0.002 

0.0379 ± 0.0004 

1.067 ± 0.013 
1.086 ± 0.002 



4. 3. Poisoned Test , Unpoisoned Buffer 

4. 3. 1. Loading Configuration 

On completion of the m e a s u r e m e n t s in the unpoisoned 
tes t region (buffer unpoisoned), the tes t region was poisoned inc remen­
tally with Binal foils, and the react ivi ty difference between the poisoned 
tes t region and the void can was m e a s u r e d . During this sequence of 
exper iments the buffer region (both radia l and axial) was not poisoned. 
To m e a s u r e the react ivi ty differences by movement of a ca l ibra ted r eg ­
ulating rod, the d r ive r was shimmed to have about 48 cents excess r e a c ­
tivity when the void can was substi tuted for the tes t region. In this con­
figuration 16 of the d r ive r channels were fueled with 1.3 kg of U-235, 
and the remaining channels were filled with graphi te . The modera to r 
composit ion remained at 69.7 mole % D 2 0. 

4 . 3 . 2 . Null-Reactivi ty Measurements 

Although the most valid nu l l - reac t iv i ty m e a s u r e m e n t s 
were made with the flux flattened by poisoning the buffer region a s well 
as the tes t region, m e a s u r e m e n t s were a lso made with the buffer region 
unpoisoned to evaluate the e r r o r in the determinat ion of kM due to lack 
of flux f la tness . The c r i t i ca l regulating rod position was measu red 
when the tes t inse r t contained the void can. The tes t i n se r t was then 
removed; the void can was replaced by the unpoisoned tes t region; the 
test i n se r t was reloaded into the buffer la t t ice; and the new c r i t i ca l rod 
posit ion was m e a s u r e d . This p rocedure was repeated , as addit ional 
Binal foils were loaded in the tes t region, until the nu l l - reac t iv i ty point 
was reached. 

The data in Figure 4-7 show the react iv i ty difference 
between the poisoned tes t region and the void can as a function of the 
total m a s s of Binal (and the number of equivalent whole Binal foils). 
The Binal foils in this exper iment were 3.02 inches wide by 17.4 inches 
long. The uncer ta in ty in Ap due to e r r o r s in rod ca l ibra t ion approaches 
ze ro as the null-point is reached. However, the reproducibi l i ty is some­
what poo re r than that achieved during the more careful m e a s u r e m e n t s 
with the poisoned buffer. The uncor rec ted m a s s of Binal for n u l l - r e a c ­
tivity is 

Mp = 584 ± 8 gm (unpoisoned buffer). 
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4. 3. 3. Flux Distr ibutions 

Radial and axial flux dis t r ibut ions were measu red by the 
same techniques descr ibed above for the case of 26 Binal foils in the 
tes t region. As shown in Figures 4-8 and 4 - 9 , the poison strongly 
d e p r e s s e s the the rma l flux in the tes t region and has very lit t le effect 
on the epi thermal flux. The flux shapes in the outer buffer differ 
slightly from the case of the unpoisoned tes t region because the loading 
of the d r ive r was changed. 

4 . 4 . Poisoned Test , Poisoned Buffer 

4 . 4 . 1. Loading Configuration 

The final m e a s u r e m e n t s were made with the buffer and 
the tes t region poisoned to flatten the radial and axial flux shapes . The 
radia l buffer was poisoned with two s i lver w i r e s at tached to each fuel 
rod in the two inner rows of buffer rods outside the tes t i n se r t , as shown 
in Figure 4-10 . To reduce the peaks in the axial flux cu rves , four l aye r s 
of Binal foils were placed between the p a i r s of grid plates above and below 
the tes t region. Binal foils were a l so placed horizontal ly in the end buf­
fers to flatten the axial flux shape. The number of Binal foils in each 
3-inch ver t i ca l section is shown in the axia l flux dis t r ibut ion (see Figure 
4-12) . Under these conditions the a s sembly was c r i t i ca l (p ~ 13 r) with 
the d r i ve r loaded as shown e a r l i e r in Figure 3-2 (44 channels fueled with 
3.5 kg of U-235). The mode ra to r composit ion remained at 69.7 mole % 
D 2 0. 

4 . 4 . 2 . Flux Distr ibut ions 

Flux dis t r ibut ions for the final loading of buffer poison 
a r e shown in F igures 4-11 and 4 -12 . The large dip in the ep i the rmal 
t r a v e r s e near the s i lver w i r e s in the buffer is probably caused p r i m a ­
ri ly by in ter ference between the gold and s i lver r e sonances ; so the other 
ep i the rmal groups a r e likely to be f la t ter . The spec t rum appears to be 
asymptot ic over most of the tes t region. The 2% inc rease in the t h e r m a l -
to -ep i the rma l flux rat io at the edge of the tes t region does not introduce 
an appreciable e r r o r in the m e a s u r e m e n t of k^, as will be shown l a t e r . 

Information on the t h e r m a l flux shape at the edges and 
c o r n e r s of the tes t region was also obtained. Figure 4-13 shows the 
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rat io of the activity of Dy-Al foils along one edge of the tes t region to 
that at the center . One t r a v e r s e was located at the elevation of the tes t 
region midplane and the other at the top of the tes t region. These data 
demonst ra ted the flatness of the flux to within 5% over the ent i re volume 
of the tes t region. Other t r a v e r s e s taken when the poisoned t e s t region 
was replaced by the void can showed less than a 5% change in the the r ­
mal flux distr ibution over the surface of the void can. 

4 . 4 . 3 . Cell Flux Ratios 

The rat io of the average t h e r m a l flux in the poison (Binal 
foil) to the average t he rma l flux in the fuel, 9 /$f, is needed to calculate 
the t he rma l util ization in the poisoned tes t region. This ra t io was obtained 
by measur ing the individual ra t ios in the equation: 

The f i rs t t e r m , the rat io of the average t he rma l flux 
through the Binal foil to that at i ts surface , was obtained by ex t rapo­
lating measu remen t s of ba re dyspros ium foil ac t iv i t ies at the surface 
and at the center of s tacks of two and four Binal foils . Since the rat io 
was close to unity, the average activity through the Binal foil was 
a s sumed to be equal to the average of the inside and surface ac t iv i t ies . 
The rat io of the flux at the surface of the Binal foil to that at the su r ­
face of a fuel rod depends on the position of the Binal foil in the ce l l . 
Since the Binal foils were positioned randomly, this rat io was m e a s ­
ured as a function of the spacing between a Binal foil and an adjacent 
fuel rod. The exper iment was per formed by mounting 1/4- inch-diam­
e te r Dy-Al foils along the 17.4-inch length of a Binal foil and opposite 
a s imi l a r set of foils on an adjacent fuel rod. The foils were then 
exposed with the Binal foil t i l ted so that it r e s ted against one fuel rod 
at the bottom and agains t an adjacent fuel rod at the top. The r e su l t s , 
given in Figure 4-14 , show an average rat io of 0.998 and a maximum 
possible var ia t ion of ±0.007 in this ra t io . 

The rat io of t h e r m a l flux at the surface of the fuel rod 
to that inside the fuel rod was measu red with 0 .444- inch-diameter Dy-Al 
foils at the surface and between cut fuel rods using the geometry for C25 
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measurements (Loading I). The ratio of Dy-Al cadmium ratios in the 

moderator Cm and in the fuel Cf is a small correction for the change 

in the fraction of epicadmium activation in the Dy-Al foils between the 

fuel and moderator. These parameters were taken from the 9 /cf̂  

measurements reported previously. The integrals in the equation, 

used to calculate the average flux along the width of the Binal foil, were 

obtained by activating appropriately spaced Dy-Al foils on a Binal foil. 

The results of all the measurements are summarized in Table 4-5. 

Table 4-5. Flux Ratios in Poisoned Cell 

Flux ratio Symbol Value 

Average thermal flux through 
Binal to thermal flux at sur- -^ , .s 
face of Binal P P 0.993 ± 0.004 
Activity at surface of Binal to .s , .s 
that at surface of fuel rod p' f 0.998 ± 0.007 
Activity at surface of fuel rod 
to average activity in fuel rod " f ' " f 1.06 ± 0.01 

Fraction thermal activity of 
Dy-Al in moderator to that in 
fuel rod V ^ m J ^ f ~ V 1.010 ±0.005 

Cell average flux along Binal A (w) dw//dw , . . . _. n. 
° & J p ' J 1.04 ±0.01 

Average thermal flux in Binal 
to average thermal flux in X /Z" 
fuel %>'*£ 1.10 ± 0.02 

4.4.4. Null-Reactivity Measurements 

The final null-reactivity measurements made after the 
buffer region was poisoned are shown in Figure 4-15. As predicted by 
calculations, the curve is not exactly linear over the entire range, but 
it is sufficiently linear near the null-point for accurate-interpolation. 
The locations of the Binal foils in the test region for those loadings 
near the null-point are shown in Figure 4-16. Since each of the 144 
cells in the test region could not be poisoned identically because of the 
heterogeneity of the poison, the importance of a single Binal foil was 
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measured at two d i s s imi l a r locat ions, designated Loadings 25A and 
25B. The resu l t s confirm predict ions that the heterogenei ty of the 
poison loading has a negligible effect on the null-point . The m a s s of 
Binal at the null-point, uncor rec ted for void can effects, is 

M = 592 ± 5 gm (poisoned buffer). 

The uncer ta inty is based on a p rec i s ion Ap near the null-point of 
approximately ±0.5 cen ts . Higher p rec i s ion could have been obtained 
but was unnecessa ry for these expe r imen t s . 

4 . 4 . 5 . Cor rec ted Null-Point 

The smal l cor rec t ion to the m a s s of poison for null-
react ivi ty is required for the aluminum in the void can. The react ivi ty 
worth of a luminum was es t imated by measur ing the react ivi ty coeffi­
cients of 0.080-inch-thick plates of aluminum (Type 6061) and magne­
sium (AZ-31B, QQM-44A) placed around the per iphery of the poisoned 
test region. The react ivi ty coefficients, including the displacement of 
modera to r , were approximately 0 .349r / in . 3 for aluminum and 0.346^/ 
in.3 for magnes ium. To separa te the very large modera tor coefficient, 
the assumption was made that the react ivi ty coefficients of aluminum 
and magnesium were proport ional to their t he rma l absorpt ion c r o s s 
sect ions , 0.23 b and 0.063 b, respec t ive ly . Solving a set of th ree s imul 
taneous equations, the following react ivi ty coefficients were obtained: 

aMod = (3.4 ± 0.3) X 10"1 r / i n . 3 

a Al = (5.4 ± 3.7) X lO"3 £ / in . 3 

aMg = (1.5 ± 1.0) X 10"3 £ / in . 3 

Using this a^ i for the 79.4 in. 3 of aluminum in the walls 
and the 27.2 in. 3 of aluminum in the dividers of the void can, the total 
cor rec t ion is —(0.6 ± 0.4) cents , or —(5 ± .3) gm Binal. This value is 
somewhat l e s s than . the calculated cor rec t ion of —(15 ± 5) gm Binal 
given in Appendix B. Since the assumpt ion that the react ivi ty coeffi­
cients of a luminum and magnesium a re propor t ional to their t he rma l 
absorpt ion c r o s s sections is probably an oversimplif icat ion, because 
the resonance in tegral of magnesium is appreciable ( = 0.9 b for Mg vs 
~0.2 b for Al), the calculated value is p r e f e r r ed . The cor rec t ion is 
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sufficiently smal l , however, that little e r r o r is introduced by this 
choice. A very smal l co r rec t ion of +(1.0 ± 0.6) gm Binal is a lso applied 
for slight dimensional differences between the tes t region and the void 
can. Thus, the co r r ec t ed m a s s of poison for nul l - reac t iv i ty i s : 

M = 578 ± 7 gm Binal 
P 5 

Although not used as a cor rec t ion , the react ivi ty effect 
due to the displacement of modera to r by the Binal foils was measu red 
by adding additional pure a luminum foils to the poisoned tes t region. 
The react ivi ty worth for 15.6 in . 3 of d isp lacement was (0.24 ± 0.05) r / 
in.3 , which is in' reasonably good agreement with the above value when 
differences in react ivi ty impor tance a r e taken into account. 

4 . 4 . 6 . Cadmium Ratio of U-235 

The fission cadmium rat io of U-235 was measu red in the 
poisoned tes t region using Loading I (see Figure 4-5) and identical exper ­
imental techniques . The re su l t s of the C25 m e a s u r e m e n t s a re summa­
r ized in Table 4 - 6 . The values for the cen t ra l fuel rod (Rod 1) var ied 
substantial ly from run to run and in a l l c a ses were much l a r g e r than 
the Rod 2 va lues . This behavior is a t t r ibuted to Binal foil misa l ign­
ment, which caused the cel l in which Rod 1 was located to be slightly 
underpoisoned. Therefore , the value for Rod 2 r ep re sen t s C25 in the 
cen t ra l par t of the poisoned tes t region. C25 is higher in Rod 3 for two 
r e a s o n s . F i r s t , the spec t rum depar t s slightly from its asymptot ic 
value at the edge of the tes t region, as was seen in Figure 4 - 1 1 . Second, 
the 26 equivalent Binal foils could not be a r r anged to poison each cel l in 
the tes t region identical ly. Therefore , the Binal foils were del ibera te ly 
a r r a n g e d in a s y m m e t r i c a l configuration for these m e a s u r e m e n t s so that 
120 of the 144 cel ls were "fully" poisoned, 20 were "half" poisoned, and 
4 were "unpoisoned". Rod 3 was located in one of the "unpoisoned" ce l l s . 
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Table 4-6 C25 Measurements in Poisoned Test Region 

Run no. Rod 2 Rod 3 

67/63 2.159 2.337 
64/60 2.166 2.333 
66/61 2.150 2.299 
68/65 2.155 2.308 

Average 2.157 ± 0 . 0 0 7 2.319 ± 0 . 0 1 9 

A limit to the effective U-235 cadmium rat io for the poi­
soned tes t region can be obtained by weighting the Rod 2 value by 120, 
the Rod 3 value by 4, and the average of Rods 2 and 3 by 20. This 
resu l t (C25 = 2. 173) is an upper l imi t , since it includes not only the 
effects of Binal foil heterogenei ty and nonuniform dis t r ibut ion, which 
should be co r r ec t ed , but a lso the nonasymptotic condition at the edge 
of the tes t region, which should be cons idered as a spec t ra l m i sma tch 
e r r o r ra ther than as a co r rec t ion . For tunate ly , the difference between 
the upper and lower l imits is only 0. 7%, so the best value for C25 in the 
poisoned tes t region (26 Binal foils) can be taken as 2. 165 ± 0 .010, where 
the uncertainty is sufficiently la rge to cover both e x t r e m e s . 

Since C25 was m e a s u r e d in a test region containing 617 gm 
Binal and since the co r rec tednu l l -po in t actually cor responded to 578 gm 
Binal , an additional smal l co r rec t ion is r equ i red . On the assumption 
that (1 + 625) is l inear ly proport ional to M , the co r r ec t ed value of C25 

at the null-point is C25 = 2. 182 ± 0 . 0 1 1 . 
Since the interpolation is smal l , the l inear assumption 

should not inc rease the e r r o r in C25 appreciably . An a l te rna te approach 
in which an apparent value of k is der ived from data of the 617 gm Binal 
case and this value is co r r ec t ed to the t rue null-point on the assumpt ion 
that (k ) is l inear ly proport ional to M gives the same final r e su l t . 

oo p p 

4 . 5 . Derivation of k 

The infinite medium mult ipl icat ion factor was derived by the p r o ­
cedure descr ibed in Section 2 using the exper imental data l is ted in 
Table 4 -7 . The concentrat ion of DzO in the modera to r was m e a s u r e d 
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by a density technique descr ibed in Reference 3. No degradation beyond 
the l imits quoted was observed between the f i r s t - and las t -day samples . 

The final r esu l t s a r e summar i zed in Table 4 - 8 , which compares 
the values of kM obtained by the two methods descr ibed in Section 2. The 
resu l t s a r e d iscussed in more detai l in Section 7. 

Table 4 - 7 . Summary of Data for k „ Derivation 

D 20 concentrat ion, mole % 
Fuel ma te r i a l 
Rod outer d iamete r , inch 
Lattice pitch, inch 
M/W rat io 
Volume of tes t region, c m 3 

Mass of Binal, gm 
N B , a toms B/cm 3 t e s t region 

Volume displaced by 
Binal, cm 3 

?c/ff 

1 

Unpoisoned 

0 

0 

0 

.138 ± 0.013 

1.07 ± 0.02 

69.7 ± 0.1 
4 . 0 2 % - e n r i c h e d U 0 2 

0.4755 

0.595 

1.006 
1.4619 X 104 

P o i s o n e d 

578 ± 7 
(5.570 ± 0.044) X 1019 

220 

1.138 

1.06 ± 0.01 

^ 2 5 

1 + 6 25 

0 

2.484 ± 0.014 
1.674 ± 0.006 

1.10 ± 0.02 

2.182 ± 0.011 

1.846 ±<0.007 
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Tab le 4 - 8 . D e r i v a t i o n of k 

P a r a m e t e r 

f 

€ 

P 

1 + 625 

L 

i - r 

Unpoisoned 

0.8445 

1.0854 

0.3386 

1.674 

- -

P o i s o n e d 

0.7304 

1.0978 

0.3107 

1.846 

- -

Ra t io 

1.156 ± 0.004 

0.989 ± 0.002 

1 .090± 0.004 

0.907 ± 0.005 

0.995 ± 0.003 

0.971 ± 0.002 

k „ (Equa t ion 2 -6) >-l 125 ± 0 . 0 0 9 

kM (Equa t ion 2-8) W . 1 2 2 ± 0.005 
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Figure 4 ­ 1 . Radial Flux Distribution (Unpoisoned Test 
and Buffer) 

11 .Oi ­

l O . 0 

8 OJ 

"^vo—o­^ 

I »■ 

5.0 

0 4 

0.2 

£ 0.1 

r . r> r> 0 < 
^ G o l d ( C A u ­ l ) 

t 
1 r °~~\ ^n 

\ 
• 

(4 0.4 

0.2 

0.1 

V——O­ 7" 
* / * = 1.00­tt 

D y s p r o s i u m ( u n n o r m a h z e d ) ­

-9 a Q O­

A-

T e s t ­ | * In 
J I 

n e r Buffer —> 
_1 L. 

L. Ou 
fr—i Bu 

Outer 
ffer 

" 0 2 4 6 8 10 12 14 TS T 

Radial Pos i t ion , pitch = 0 595 in 

4­18 



F i g u r e 4 - 2 . A x i a l F l u x D i s t r i b u t i o n ( U n p o i s o n e d T e s t 
a n d B u f f e r ) 
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F i g u r e 4 - 3 . E p i t h e r m a l Flux D i s t r i b u t i o n (Unpoi soned T e s t 
and Buffer) 
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Figure 4 - 5 . U-Al Foils in C25 Measurement 
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Figure 4 - 6 . Loading Arrangement for C28 Measurement 
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F i g u r e 4 ­ 7 . Ap Vs M a s s of P o i s o n (Unpoi soned Buffer) 
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Figure 4 - 8 . Radial Flux Distribution 
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Figure 4-10 . Location of Poison Wires in Buffer 
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Figure 4 - 1 1 . Radial Flux Distr ibution (Poisoned Test 
and Buffer) 
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F i g u r e 4 - 1 2 . Axia l F lux D i s t r i b u t i o n ( P o i s o n e d T e s t 
and Buffer) 
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Figure 4 - 1 3 . X-Y Flux Distribution (Poisoned Test 
and Buffer) 
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F i g u r e 4 - 1 4 . Rat io of Flux a t Sur face of B ina l to F lux a t 
Sur face of F u e l Rod 
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Figure 4 -15 . Ap Vs Mass of Poison (Poisoned Buffer) 
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Figure 4 -16 . Loading Pa t t e rn of Binal Foils in Test Region 
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5. EXPERIMENTS WITH U 0 2 - T h 0 2 FUEL (70.4% D2Q) 

5. 1. P r e l i m i n a r y Exper iments 

The react ivi ty worth of the control rods -was m e a s u r e d to be 
approximately $1.70 for each of the three pa i r s of safety rods and 
approximately $0.65 for the single regulating rod. These values a re 
somewhat lower than in the preceding exper iments because the d r ive r 
was l ess heavily loaded. The uncer ta in ty in react ivi ty m e a s u r e m e n t s 
due to var ia t ions in the modera to r level was reduced by ra is ing the 
overflow about 2 inches above the level used in the preceding exper i ­
ments and obtaining a value for 3p/3h of about 2^ /cm. The effect of 
modera to r degradation was m e a s u r e d to be about 70 cents per percen t 
change in D20 concentrat ion. The net reproducibi l i ty for nul l - reac t iv i ty 
m e a s u r e m e n t s remained at about ± 0 . 5 cents . 

5. 2. Unpoisoned Test , Unpoisoned Buffer 

5 .2 . 1. Loading Configuration 

The buffer and tes t regions contained a total of 2543 
U 0 2 - T h 0 2 fuel rods on a uniform lat t ice pitch of 0.387 inch. Therefore , 
the effective radius of the buffer region was 11.01 inches . The m o d e r ­
ator composit ion was 70.4 ± 0.1 mole % D 2 0. Cri t ical i ty-was achieved 
with 68 dr iver channels filled with graphi te . F igure 5-1 is a plan view 
of the buffer and tes t regions; it also shows where the poison was added 
to the buffer region for l a te r exper iments (see Section 5.4). 

5 . 2 . 2 . Flux Distr ibutions 

Radial and axial flux dis t r ibut ions were m e a s u r e d with 
ba re and cadmium-covered gold and Dy-Al foils by the same techniques 
descr ibed in Section 4. The radial t r a v e r s e s a re shown in F igure 5-2, 
where the the rmal flux obtained from the gold and Dy-Al data have been 
normal ized on the same sca le . The ratio of t h e r m a l - t o - e p i t h e r m a l 
activity is equal to the cadnnium ratio of gold minus one; the normal ized 

5-1 



r a t i o of Dy-Al to c a d m i u m - c o v e r e d gold a c t i v i t y i s a l s o shown for c o m ­

p a r i s o n . As e x p e c t e d , the s p e c t r u m is a s y m p t o t i c w e l l into the buffer 

r e g i o n . The r a t i o of the flux a t the edge of the t e s t r e g i o n to t ha t a t i t s 

c e n t e r i s 0 . 9 7 for bo th the t h e r m a l and e p i t h e r m a l f l u x e s . 

5. 2. 3. T h e r m a l D i s a d v a n t a g e F a c t o r 

The t h e r m a l d i s a d v a n t a g e f a c t o r cb /cb_ w a s m e a s u r e d 
m f 

in the c e n t r a l fuel rod by the s a m e t e c h n i q u e s d e s c r i b e d in Sec t ion 4 . 2 . 3 . 

T h r e e 0. 2 6 0 - i n c h - d i a m e t e r D y - A l foi ls w e r e l o a d e d in the fuel rod , 

s e p a r a t e d by s i n g l e fuel p e l l e t s ( ~ 0 . 4 inch l ong ) . In the c a d m i u m -

c o v e r e d r u n s , the a l u m i n u m c l add ing w a s r e p l a c e d by a 2. 0 - i n c h - l o n g 

by 0. 0 1 6 - i n c h - w a l l c a d m i u m s l e e v e hav ing the s a m e o u t e r d i a m e t e r as 

the a l u m i n u m c ladd ing and c l o s e d a t the ends by 0. 0 2 0 - i n c h - t h i c k c a d ­

m i u m d i s c s . The r e s u l t s of the m e a s u r e m e n t s a r e g iven in Tab le 5 - 1 . 

E a c h va lue is the a v e r a g e of t h r e e s e p a r a t e d e t e r m i n a t i o n s . 

T a b l e 5 - 1 . cb /cb, in U n p o i s o n e d T e s t Reg ion 
m f », r ° 

Run n o . 

190 
193 

195 
197 

A v e r a g e 

A v e r a g e 
A / A , m f 

1. 14 

1. 11 
1. 12 
1. 12 

1. 12 ± 0. 01 

/ c m - V M 
{cm Acf->j 

- -

- -

- -
- -

1. 045 ± 0. 002 

cb /cb, T m f 

1. 19 
1. 16 
1. 17 
1. 17 
1. 17 ± 0. 01 

5. 2.4. C a d m i u m Ra t io of U - 2 3 5 

C2 5 , the c a d m i u m r a t i o of U - 2 3 5 for f i s s i o n s , w a s m e a s ­
u r e d by the s a m e t e c h n i q u e u s e d in the p r e v i o u s e x p e r i m e n t s (L oad ing I) , 
e x c e p t t ha t t he U - A l foi ls w e r e 0. 260 inch in d i a m e t e r to m a t c h the d i a m ­
e t e r of the fuel p e l l e t s . The m e a s u r e m e n t s w e r e m a d e a long the r a d i u s 
of the t e s t r e g i o n in e v e r y o t h e r fuel r o d . Rod 1 w a s a t the c e n t e r of 
the t e s t r e g i o n , and Rod 4 w a s in the o u t e r row of fuel r o d s ( s e e F i g u r e 
5 -5 ) . 
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The resu l t s a r e summar ized in Table 5-2. The differ­
ence between fuel rods does not appear to be s ta t i s t ica l ly significant, 
pa r t i cu la r ly if the low point for Rod 4 (215/221) is ignored. Therefore , 
C25 is essent ia l ly constant over the tes t region, in agreement with the 
gold cadmium ratio data, and the neutron spec t rum should be a symp­
totic. One of the monitor foils in Runs 214/220 was suspect . If the 
values from these runs a re weighted only half as s t rongly, C25 d ec r ea se s 
to 2. 240, and, if the suspicious low point is e l iminated, C25 i nc r ea se s 
to 2. 247. Both values a r e , however , within the s tandard deviation 
quoted. 

Table 5-2. C25 in Unpoisoned Tes t Region 

Run no. 

212/219 
214/220 
215/221 

Average 

Rod 1 

2. 248 
2. 275 
2. 239 

2. 254 
±0.019 

Rod 2 

2. 225 
2. 241 
2. 261 

2. 242 
±0.018 

Rod 3 

2. 201 
2. 275 
2. 262 

2. 246 
±0.042 

Rod 4 

2. 244 
2. 278 
2. 181 

2. 234 
±0.049 

2 
2 
2. 

2. 

Average 

230 ± 0.015 
267 ± 0.012 
236 ± 0.028 

244 ± 0. 010 

5. 2. 5. Cadmium Ratio of Th-232 

C02, the cadmium rat io of Th-232, is not requ i red for the 
der ivat ion of k but was included in the p r o g r a m because of its impor ­
tance as a la t t ice p a r a m e t e r . The m e a s u r e m e n t s were made in the 
cent ra l fuel rod using the same loading a r r a n g e m e n t as for the cb /cb 
m e a s u r e m e n t s . The thor ium meta l foils were 0. 260 inch in d iameter 
(d iameter of fuel pellet) and 0. 010 inch thick. After i r rad ia t ion , the 
Th-233 activity was beta counted in propor t ional counte rs . The same 
foils w e r e used in the same posit ions in comparable ba re and cadmium-
covered i r r ad ia t ions , and the foils w e r e counted in the same sequence 
and at the same counting t i m e s . Background cor rec t ions w e r e applied 
by counting the foils p r io r to i r rad ia t ion . The runs were normal ized 
by three b a r e gold monitor foils. The resu l t s a re summar i zed in 
Table 5-3. 
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Table 5-3. Cadmium Ratio of Th-232 

Run no. 

192/194 
196/198 

Average 

Foil 2 

1. 29 
1. 24 

Foil 3 

1. 29 
1. 25 

Foil 4 Average 

1. 30 
1. 26 

i. 29 ± 0.01 
1. 25 ± 0 .01 

1. 27 ± 0.02 

5. 3. Poisoned Test , Unpoisoned Buffer 

5. 3. 1. Loading Configuration 

On completion of the m e a s u r e m e n t s in the unpoisoned 
tes t region, the tes t region was poisoned incrementa l ly -with Binal foils 
until the null-point was reached. The modera to r composition was 
unchanged, and the buffer -was unpoisoned. Cri t ical i ty was reached 
with 80 dr iver channels filled with graphi te . 

5. 3. 2. Null-React ivi ty Measuremen t s 

Although the mos t valid nu l l - reac t iv i ty m e a s u r e m e n t s 
w e r e made with the flux flattened by poisoning the buffer, m e a s u r e ­
ments were also made with the buffer unpoisoned to evaluate the e r r o r 
in k due to lack of flux f la tness . The uncor rec ted (for void can) m a s s 

OO ' 

of Binal for nul l - reac t iv i ty was 

M = 568 ± 5 gm (unpoisoned buffer) 

More details on these measu remen t s a re given in Section 5. 4. 

5. 3. 3. Flux Distr ibution 
Radial and axial flux dis t r ibut ions w e r e mapped -with ba re 

Dy-Al foils by the same techniques descr ibed above. As shown in 
F igure 5-3, the rat io of the flux at the edge of the tes t region to that at 
its center was 1.17 radial ly and about 1. 3 axially. 

5.4. Poisoned Test , Poisoned Buffer 

5 .4 . 1. Loading Configuration 

With the tes t and buffer regions poisoned in their final 
configuration (descr ibed in Section 5. 4. 4), c r i t ica l i ty was reached by 
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filling all except 12 (3 at each corner) of the d r ive r channels with 
graphite and adding fuel to six of the channels in the f i rs t row. Each 
of the fueled channels contained 72 U-Al foils dis t r ibuted over a length 
of 6 feet. The total m a s s of U-235 was approximately 0.7 kg. 

5. 4. 2. Flux Distr ibution 

In an at tempt to flatten the flux a c r o s s the poisoned tes t 
region, poison was added to the buffer region in a number of different 
configurations. It proved to be imposs ib le to satisfy both requ i rements 
s imultaneously, i. e. , constant the rmal flux and constant cadmium ratio 
although ei ther one could be achieved separa te ly . However, a r ea son­
able compromise was reached with the buffer and tes t region loadings 
descr ibed in Section 5. 4. 4. F igure 5-4 shows the radia l and axial flux 
d is t r ibut ions . The ra t ios of the flux at the edge of the tes t region to 
that at its center a r e approximately 0.94 and 0.96, respect ively , for the 
the rmal and epi thermal components, and the ratio of the t h e r m a l - t o -
epi thermal components is constant to within about one cell of the edge 
of the tes t region, where it appears to r i se about 2%. The accuracy of 
these data is l imited by the low cadmium ratio of gold in these l a t t i ces . 

The peaks in the axial flux dis tr ibut ion at the ends of 
the tes t region, due to the absence of fuel in the end caps , a re highly 
localized. Distr ibutions m e a s u r e d with Dy-Al foils mounted direct ly 
on the Binal poison foils (open squares) r e p r e s e n t a m o r e rea l i s t i c p i c ­
ture of the axial flux shape in the active p a r t of the tes t region. The 
rat io of the the rma l flux at the end of the tes t region to that at its 
center is about 1.03 ± 0.02. Other data showed that the the rmal flux 
was within about 5% of its cent ra l value at all points at the edges and 
co rne r s of the tes t region. 

5. 4. 3. Flux Ratios 

The ratio of the average the rmal flux in the poison (Binal) 
to that in the fuel cb /cb was m e a s u r e d by the same procedure descr ibed 
for the f i rs t exper iment (Section 4. 4. 3). In that terminology, 
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i. ­ (^\ f^\ (c™~ *\ (cA(f\wdA 
where the second and third t e r m s have been combined to simplify the 
m e a s u r e m e n t . Table 5­4 s u m m a r i z e s the r e s u l t s , where A /A was 

P P 
taken from Section 4. 4. 3, since it should be re la t ively independent of 
the la t t ice spec t rum and geometry , and the cadmium ra t ios w e r e taken 
from the disadvantage factor m e a s u r e m e n t (Table 5­1). 

Table 5­4. t ^ / ^ f i n Poisoned Test Region 

Value 

0.993 ± 0. 004 

1.079 ± 0. 019 

1.045 ± 0.002 

1. 03 ± 0. 01 

1. 15 ± 0. 02 

5. 4. 4. Null­React ivi ty Measuremen t s 

The final nul l ­ reac t iv i ty m e a s u r e m e n t s w e r e made with 
the buffer region poisoned to approximate flat­flux conditions. As 
shown in Figure 5­1 , the two rows of buffer fuel rods surrounding the 
t es t i n se r t w e r e poisoned with s i lver w i r e s . In addition, Binal foils 
■were placed in that par t of the buffer region included in the t es t i n se r t 
i tself as follows: one thickness of Binal on the outer row of buffer fuel 
rods in the t es t i n se r t , three th icknesses between the two rows of buffer 
fuel rods , and no Binal between the outer row of fuel rods in the t es t 

Symbol 

A /A S 

P P 

J A (w) dw/j dw 

y*f 
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region and the inner row of buffer fuel rods . In the axial direct ion, 
two th icknesses of Binal foils were placed between the pair of grid 
plates above the tes t region and th ree were placed below the tes t region 
to reduce the flux peak at the grid plate locat ions . Binal foils were also 
distr ibuted in the top and bottom buffers to improve axial flux f la tness . 

The distr ibut ion of Binal foils in the tes t region is shown 
in Figure 5­5, where the case labeled "unpoisoned buffer" shows the 
poison configuration r e f e r r ed to in Section 5. 3. 2. The dashed l ines 
r e p r e s e n t perfora ted Binal foils, which weigh approximately half as 
much as the regu la r foils. Three configurations of poison w e r e con­

s idered in these m e a s u r e m e n t s with the poisoned buffer. As shown in 
the lower curve of Figure 5­6 (the upper curve presen t s the data 
r e f e r r e d to in Section 5. 3. 2 for the unpoisoned buffer), the 545. 8 gm 
case is slightly underpoisoned, and the 568. 5 gm case is slightly o v e r ­

poisoned. The m a s s of Binal at the null­point , uncor rec ted for void 
can effects, is 

M = 560 ± 7 gm (poisoned buffer) 

These and other supplementary m e a s u r e m e n t s also show 
that the m a s s of poison for nul l ­ reac t iv i ty is quite insensi t ive to the 
physical dis t r ibut ion of the Binal foils . Note also the smal l difference 
in M from that obtained with the unpoisoned buffer. The las t case 

P 
shown in Figure 5­5 (544. 5 gm) r ep re sen t s a m o r e uniform poison d i s ­

tr ibution, ■which was used for the flux m e a s u r e m e n t s . 
5 . 4 . 5 . Correc ted Null­Point 

Two smal l cor rec t ions to the m a s s of Binal for nul l ­

react iv i ty a r e requ i red , as descr ibed in Section 6 . 4 . 5 . The cor rec t ion 
for the aluminum in the void can is ­ ' (10 ± 5) gm Binal, and the c o r r e c ­

tion for the aluminum posts is + (17 ± 5) gm Binal. Thus, the co r r ec t ed 
m a s s of poison for nul l ­ reac t iv i ty is 

M = 567 ± 10 gm Binal 
P 

5. 4. 6. Cadmium Ratio of U­235 

C25 was m e a s u r e d in the poisoned t es t region using the 
same techniques used in the unpoisoned m e a s u r e m e n t s (see Section 
5 .2 .4 ) . In this case , however , some difficulty was experienced in 
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achieving asymptot ic conditions throughout the tes t region. The data 
l is ted at the top of Table 5-5 w e r e obtained with the buffer slightly 
underpoisoned, and the cadmium ratio was observed to i nc r ea se radial ly . 
When the poison loading in the buffer was inc reased , the lower set of 
data was obtained, and an opposite t rend was found. Although the two 
sets of data should bracke t the p roper value of C25, the ex t reme sens i ­
tivity of C25 to slight changes in the buffer poisoning dec reased the p r e ­
cision with which C25 could be de te rmined . The bes t value of C25 con­
s i s ten t with all data is 1.88 ± 0 . 0 3 . Since the m e a s u r e m e n t s w e r e made 
in the tes t region containing 545 gm Binal and since the null-point was at 
567 gm Binal, the co r rec t ed value of C25 at the null-point is 

C25 = 1.86 ± 0. 03 

Table 5-5. C25 in Poisoned Tes t Region 

Run no. 

237/243 
238/244 
239/245 
Average 

257/261 
258/262 
259/263 
Average 

Rod 1 

- -

- -

- -

- -

1.948 
1.952 
1.899 
1.93 

Rod 2 

1. 843 
1. 844 
1. 831 
1. 84 

1.911 
1.884 
1.918 
1.90 

Rod 3 

1.864 
_-

1.869 
1. 87 

1.935 
1.918 
1. 885 
1.91 

Rod 4 

1. 880 
1.871 
1.870 
1. 87 

1. 892 
1. 89 2 
1.851 
1. 88 

5. 5. Derivation of k^ 

The exper imenta l data used to der ive k a r e summar i zed in 
• l CO 

Table 5-6, and the r e su l t s a r e given in Table 5-7. The accuracy of 
the m e a s u r e m e n t of k by Equation 2-6 is appreciably lower than the 
accuracy by Equation 2-8 because of the difficulty with the m e a s u r e ­
ment of C25 in the poisoned tes t region. The r e su l t s a r e d i scussed in 
m o r e detail in Section 7. 
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Tab le 5 -6 . S u m m a r y of Da ta for k D e r i v a t i o n 

D 2 0 c o n c e n t r a t i o n , m o l e % 

F u e l c o m p o s i t i o n 

Rod o u t e r d i a m e t e r , inch 

L a t t i c e p i t c h , inch 

M / W r a t i o 

Vo lume t e s t r e g i o n , c m 3 

M a s s B i n a l , g m 
N , a t o m s B / c m 3 t e s t r e g i o n 

B 

V o l u m e d i s p l a c e d by B i n a l , c m 3 

V^f 
y*f 
c 2 5 
1 + 625 

U n p o i s o n e d 

0 

0 

0 

L. 17 ± 0. 01 

_ _ 

7 0 . 4 ± 

uo2 -
0. 

0. 

0. 

308 

387 

990 

7128 .9 

0. 1 

T h 0 2 

P o i s o n e d 

567 ± 10 

1. 120 X IO20 

212 

1. 17 

1. 15 ± 0. 02 

2. 244 ± 0. 010 

1.804 ± 0. 006 
1. 86 ± 0. 03 
2. 163 ± 0. 041 

T a b l e 5 -7 . D e r i v a t i o n of k 

P a r a m e t e r 

f 
6 

P 
1 + 625 

L 

i - r 

k ( E q u a t i o n 

k ( E q u a t i o n 

2-

2-
-6) 

-8) 

U n p o i s o n e d 

0.8409 
1. 0124 
0. 4010 
1. 804 

Poisoned 
0.6498 
1. 0157 
0.3433 
2. 163 

Ratio 
1. 294 ± 0. 008 
0.997 ± 0. 001 
1. 168 ± 0. 011 
0.83 ± 0. 016 
0.995 ± 0, 003 
0.959 ± 0. 003 
-1. 24 ± 0. 02 

->-l. 241 ± 0. 008 
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Figure 5-1. Arrangement of Buffer and Test Regions 
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Figure 5-2. Flux Distribution (Unpoisoned Test and Buffer) 
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Figure 5-3. Flux Distribution (Poisoned Test , 
Unpoisoned Buffer) 
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Figure 5­4. Flux Distribution (Poisoned Test and Buffer) 
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Figure 5-5. Loading Arrangement of Binal Foils 
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Figure 5-6. Ap Vs Mass of Poison 
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6. EXPERIMENTS WITH U0 2 - Th0 2 FUEL (80. 4% D20) 

6. 1. P r e l i m i n a r y Exper iments 

The react ivi ty worth of the control rods was measu red to be 
approximately $2. 50 for each of the three pa i r s of safety rods and 
approximately $1. 15 for the single regulating rod. The effect of table 
separa t ion on react iv i ty was r e m e a s u r e d , and the value of 0 .06£ /mi l 
repor ted in Section 4. 1 was confirmed. The mode ra to r (D20-H20) 
t empera tu re coefficient was m e a s u r e d to be about - 0. 12^/C. 

6. 2. Unpoisoned Test , Unpoisoned Buffer 

6. 2. 1. Loading Configuration 

The buffer and tes t regions in these exper iments were 
identical to the preceding ones , except that the D20 concentrat ion in the 
modera to r was changed to 80. 4 ± 0. 1 mole %. Cr i t ica l i ty was achieved 
with 24 inner dr iver channels fueled with approximately 2 kg of U-235 
and 116 outer channels filled with graphite only. 

6. 2. 2. Flux Distr ibutions 

The flux dis t r ibut ions a re shown in Figure 6 - 1 . The 
asymptotic region extends well into the buffer, and the ratio of the flux 
at the edge of the tes t region to that at its center is 0. 98 for both the 
the rmal and epi thermal components. 

6. 2. 3. Thermal Disadvantage Fac to r 

The the rmal disadvantage factor cb /cb,. was m e a s u r e d 
b m Tf 

by the technique descr ibed in Section 5. 2. 3, and the resu l t s a re sum­
m a r i z e d in Table 6 - 1 . Each value is the average of th ree sepa ra t e 
de te rmina t ions . 
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Table 6 - 1 . cb /cb in Unpoisoned Tes t Region 

Run no. 

168 
170 
174 

Average 

r m ' Y f 

Average 
A / A , m f 

1.09 
1.09 
1. 11 

1. 10 ± 0. 01 1. 045 ± 0. 005 

m f 

1. 14 
1. 14 
1. 16 

1. 15 ± 0. 01 

6 . 2 . 4 . Cadmium Ratio of U-235 

The U-235 cadmium ratio was m e a s u r e d in the tes t 
region by the same technique used in the preceding exper iment at 
70. 4% D20 (see Section 5. 2. 4). The resu l t s a re summar i zed in 
Table 6-2. Rod 1 was at the center of the tes t region; Rods 2, 3, and 4 
w e r e located at every other la t t ice position (Rod 4 at outer edge of tes t 
region). C25 is constant ac ros s the tes t region within the prec is ion of 
the data, in agreement with the resu l t s of the flux m e a s u r e m e n t s . 

Table 6-2. C25 in Unpoisoned Test Region 

Run no. 

292/298 
293/299 
304/307 
305/308 

Average 

Rod 1 

1.958 
1.974 
1.952 
1.961 

1.961 
±0.009 

Rod 2 

1.941 
1.9 58 
1.940 
1.945 

1.946 
±0.008 

Rod 3 

1.932 
1.958 
1.926 
1.936 

1.938 
±0. 014 

Rod 4 

1.937 
1.950 
1.946 
1.954 

1.947 
±0.007 

1 

1 
1 

1 

1 

Average 

942 ± 0. 011 
960 ± 0. 010 
941 ± 0. 011 
949 ± 0. 011 

948 ± 0. 005 

6. 2. 5. Cadmium Ratio of Th-232 

C02, the cadmium ratio of Th-232, was m e a s u r e d in the 
cen t ra l fuel rod by the same techniques employed in the previous exper i 
ment (see Section 5.2.5). The resu l t s a r e summar i zed in Table 6-3 . 
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Table 6-3 . Cadmium Ratio of Th-232 

Run no. 

169/171 
169/175 

Foil 2 

1. 18 
1. 19 

Foil 3 

1. 22 
1. 22 

Foil 4 

1. 17 
1. 22 

Average 

1. 19 ± 0. 02 
1. 21 ± 0. 02 

Average 1. 20 ± 0.02 

6. 3. Poisoned Test , Unpoisoned Buffer 

Although the best nu l l - reac t iv i ty m e a s u r e m e n t s were made with 
the flux flattened by poisoning the buffer, m e a s u r e m e n t s were also 
made with the buffer unpoisoned to invest igate the influence of the flux 
shape on the null-point. The uncor rec ted m a s s of Binal for n u l l - r e a c ­
tivity is 

M = 443 ± 6 gm (unpoisoned buffer) 

Additional details on these m e a s u r e m e n t s a re given in Section 6. 4. 

6. 4. Poisoned Test , Poisoned Buffer 

6 .4 . 1. Loading Configuration 

With the tes t and buffer regions poisoned in their final 
configuration to be descr ibed in Section 6. 4. 4, c r i t ica l i ty was reached 
by filling all except 12 (3 at each corner) of the d r ive r channels with 
graphite and adding fuel to 48 of the inner channels . The total m a s s of 
U-235 was about 3. 8 kg. 

6. 4. 2. Flux Distribution 

Approximately flat flux and asymptot ic conditions w e r e 
achieved by poisoning the buffer region as descr ibed in Section 6. 4. 4. 
F igure 6-2 shows the result ing flux d is t r ibut ions . The ra t ios of the 
flux at the edge of the tes t region to that at its center a r e approximately 
1.00 and 0 .98 , respect ively for the the rmal and ep i thermal compo­
nents . The rat io of the t h e r m a l - t o - e p i t h e r m a l components appears to 
be constant to within about one cell of the tes t region boundary, where 
it i nc r ea se s 2%. As in the preceding exper imen t s , m o r e p r e c i s e data 
were not possible because of the low cadmium ratio of gold in these 
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l a t t i ces . Neglecting the localized peaks at the grid plate posit ions in 
the axial distr ibution, the rat io of the the rmal flux at the ends of the 
t e s t region to that at its center is approximately 0.98. 

6 . 4 . 3 . Flux Ratios 

The ratio of the average the rmal flux in the poison 
in the fuel cb /cb. was m e a s u i Tp xf 

5 . 4 . 3 . Table 6-4 s u m m a r i z e s the r e su l t s . 
(Binal) to that in the fuel cb /cb was m e a s u r e d as descr ibed in Section 

Table 6-4. cb /cb in Poisoned Tes t Region 

Symbol Value 

A / A S 0.993 ± 0. 004 
P P 

A S / A , , 1.075 ± 0.027 
V f 

1. 045 ± 0 . 0 0 5 

/ A (w) d w / / d w 1.02 ± 0 . 0 1 

A /cb". 1. 14 ± 0 . 0 3 
Xp Xf 

6. 4. 4. Null-Reactivi ty Measurements 

The final nu l l - reac t iv i ty m e a s u r e m e n t s were made by 
poisoning the buffer region to approximate flat flux conditions. The 
two rows of buffer fuel rods surrounding the tes t i n se r t we re poisoned 
with s i lver w i r e s , and Binal foils w e r e placed in that pa r t of the buffer 
region included in the tes t inse r t itself as follows: no foils between the 
outer row of fuel rods in tes t region and the f i rs t row of inner buffer 
rods , two th icknesses of Binal between the two rows of buffer rods in 
the tes t inse r t , and no foils between the outer row of buffer rods in the 
tes t inse r t and the f i rs t row of buffer rods outside the tes t i n se r t . In 
the axial direct ion, two th icknesses of Binal foils were placed between 
the pa i r of grid plates above the t e s t region and th ree w e r e placed below 
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the tes t region. Binal foils were also dis t r ibuted in the top and bottom 
buffers to improve axial flux f la tness . 

The distr ibut ion of the Binal foils in the tes t region "is 
shown in Figure 6­3, where the cases labeled "unpoisoned buffer" refer 
to the m e a s u r e m e n t s repor ted in Section 6. 3. The dashed l ines r e p r e ­

sent perfora ted foils, which contain approximately half as much Binal 
as regula r foils. As shown in Figure 6­4, the 441. 4 gm loading is 
slightly underpoisoned, and the 468. 2 gm loading is overpoisoned. The 
m a s s of Binal at the null­point , uncor rec ted for void can effects, is 

M = 456 ± 6 gm (poisoned buffer) 

These and other supplementary m e a s u r e m e n t s show that 
the m a s s of poison for nul l ­ reac t iv i ty is quite insensi t ive to the physical 
distr ibut ion of the Binal foils. Note also the smal l difference in the 
null­point from that obtained with an unpoisoned buffer. The symmet ­

r ica l loading designated 458. 6. gm was also used for the flux t r a v e r s e s 
and cadmium rat io m e a s u r e m e n t s with the poisoned buffer. 

6. 4. 5. Correc ted Null­Point 

Two smal l cor rec t ions to the m a s s of Binal for nul l ­

react iv i ty a re requi red . The cor rec t ion for the aluminum in the void 
can was m e a s u r e d by determining the react iv i ty difference between the 
void can and a solid block of aluminum having the same external dimen­

s ions . The react ivi ty coefficient of aluminum (no modera to r disp lace­

ment) was found to be ­ 0 . 02l£ /in.3 Therefore , the cor rec t ion for the 
56. 1 in.3 of aluminum in the void can, using the slope of Figure 6­4, 
is approximately ­12 gm Binal. The cor rec t ion was also computed 
using the model descr ibed for the 4. 02%­enriched U0 2 exper imen t s , 
in cyl indrical geometry (see Appendix B). On this bas is the cor rec t ion 
var ied between ­5 and ­15 gm Binal, depending on the assumpt ions 
used. Since the m e a s u r e d value has an appreciable uncer ta inty due to 
cumulative e r r o r s in the m e a s u r e m e n t of smal l reac t iv i ty differences 
and to flux depress ion in the solid aluminum block, a value of ­ (10 ± 5) 
gm Binal consis tent with all information is used for the void can c o r r e c ­

tion. This cor rec t ion is sufficiently smal l that its re la t ively l a rge 
uncer ta inty produces a negligible e r r o r in k'■ . 
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The second cor rec t ion a r i s e s from the fact that the four 
corner fuel rod positions in the tes t region were replaced by solid 
0. 387- inch-square aluminum posts to provide s t ruc tu ra l support . Thus 
the tes t region actually contained 165 ra the r than 169 lat t ice ce l l s , and 
the m a s s of poison should be inc reased by the rat io of 169/165 to apply 
to a 169-ce l l - tes t region. Making a further smal l cor rec t ion for neu­
tron absorptions in the aluminum, the m a s s of poison should be 
inc reased by a total of 3%, or + (15 ± 4) gm Binal. Therefore , the co r ­
rec ted m a s s of poison for nu l l - reac t iv i ty is 

M = 460 ± 9 gm Binal 
P B 

6. 4. 6. Cadmium Ratio of U-235 

C25 was m e a s u r e d in the poisoned tes t region using tech­
niques identical to those for the unpoisoned m e a s u r e m e n t (see Section 
6. 2. 4). The resu l t s a re given in Table 6-5 . Neglecting the Rod 4 
value, which is affected by a slight degree of spec t ra l mismatch at the 
surface of the tes t region, C25 appears to be asymptot ic a c r o s s most 
of the tes t region and has the value: 

C25 = 1. 672 ± 0.005 

Since the m a s s of Binal (458. 6 gm) in the tes t region during these m e a s ­
u remen t s was so close to the null-point , no cor rec t ion to this value of 
C25 is requi red . 

Table 6-5 . C25 in Poisoned Test Region 

Run no. 

272/275 
273/276 
274/277 

Average 

Rod 1 

1. 675 
1. 669 
1. 658 

1.667 
±0.005 

Rod 2 

1. 672 
1. 675 
1. 684 

1. 677 
±0.004 

Rod 3 

1.648 
1. 688 
1. 682 

1. 673 
±0.013 

Rod 4 

1. 710 
1. 692 
1. 708 

1. 703 
±0.006 

Average 

1.676 
1. 681 
1. 683 

1. 680 
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6 . 5 . Derivation of k 

The exper imenta l data used to derive k a re summar ized in 
Table 6­6, and the resu l t s a re given in Table 6­7 for the two methods 
descr ibed in Section 2. The resu l t s are discussed in m o r e detail in 
Section 7. 

Table 6­6. Summary of Data for k,,, Determinat ion 

D20 concentrat ion, mole % 
Fuel composit ion 
Rod outer d iamete r , inch 
Latt ice pitch, inch 
M/W rat io 
Volume tes t region, cm3 

Mass Binal, gm 
NB atoms B / c m 3 t es t region 
Volume displaced by Binal, cm3 

♦m'+f 

1 + 525 

Unpoisoned 

0 

0 
0 

1. 15 ± 0. 01 

80.4 ± 0. 1 
U 0 2 ­ ThQ2 

0.308 
0.387 
0.990 
7128.9 

Poisoned 

460 ± 9 
9. 087 X 1019 

174 

1. 15 

1.948 ± 0. 005 
2. 055 ± 0.006 

1. 14 ± 0.03 

1. 672 ± 0.005 
2.488 ± 0.011 

Table 6­7. Derivation of k 

P a r a m e t e r 

f 
e 
P 

1 + 625 
L 

1 ­ r 
k (Equation 
k (Equation 

2­
2 

­6) 
­8) 

Unpoisoned 

0.8444 
1.0132 
0.3241 
2. 055 

­ ­
— 

Poisoned 

0. 6822 
1. 0 159 
0.2778 
2.488 

­ ­

­ ­

m 

Ratio 

1.238 ± 0. 008 
0.997 ± 0. 001 
1. 167 ± 0.011 
0. 826 ± 0.004 
0.995 ± 0. 003 
0.956 ± 0.003 
1. 184 ± 0. 014 
1. 184 ± 0.008 
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Figure 6 - 1 . Flux Distribution (Unpoisoned Test and Buffer) 
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Figure 6-2. Flux Distribution (Poisoned Test and Buffer) 
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F i g u r e 6 - 3 . Loading A r r a n g e m e n t of B ina l F o i l s 
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Figure 6-4. Ap Vs Mass of Poison 
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DISCUSSION OF RESULTS 

7.1. Comparison With Cr i t ica l Exper iment 

The best tes t of the validity of the Small Latt ice Exper iment 
(SLE) technique for ep i thermal la t t ice studies is to compare the resu l t s 
of SLE m e a s u r e m e n t s with those in an equivalent c r i t ica l assembly . 
This compar ison was made for the 4. 02%-enriched U0 2 l a t t ice . Table 
7-1 s u m m a r i z e s the resu l t s of the SLE m e a s u r e m e n t s in Section 4 and 
equivalent c r i t ica l exper iment data given in Appendix C. The SLE value 
of k is taken from Equation 2-8 , which, as d i scussed in Section 7. 3, 
appears to give somewhat more accura te resu l t s than Equation 2-6. 
The la t t ice p a r a m e t e r s in both types of exper iments were m e a s u r e d in 
the same fuel rod to facili tate the compar ison. 

Table 7 - 1 . Comparison of Small Latt ice and 
Cri t ica l Exper iment Resul ts 
(4. 02%-Enriched U02) 

Small la t t ice Cri t ical 
exper iment P a r a m e t e r 

k«> 

T m Tf 

c 2 5 

C28 

exper iment 

1. 122 ± 0. 005 

1. 159 ± 0. 007 

2.440 ± 0. 006 

1. 086' ± 0. 002 

1. 126 ± 0. 005 

1. 157 ± 0. 009 

2.434 ± 0.012 

1. 087 ± 0. 004 

It is apparent that the lat t ice p a r a m e t e r s (cb /cb , C25, and C2g) 
m e a s u r e d in the two types of exper iments a r e essent ia l ly ident ical . 
This equivalence proves that the neutron spec t rum in the cent ra l cell 
of the SLE is sufficiently asymptot ic for valid m e a s u r e m e n t s . 
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The m e a s u r e m e n t of k r e q u i r e s the e s t a b l i s h m e n t of a s y m p t o t i c 

cond i t i ons o v e r a m u c h l a r g e r v o l u m e . H o w e v e r , the a g r e e m e n t 

b e t w e e n S L E and c r i t i c a l e x p e r i m e n t v a l u e s of k shows tha t a s y m p ­

to t i c cond i t ions ex tend o v e r a su f f i c ien t ly l a r g e p a r t of the t e s t r e g i o n 

and t h a t s m a l l d e p a r t u r e s f r o m the a s y m p t o t i c s t a t e at the edge of the 

t e s t r e g i o n a r e of m i n o r i m p o r t a n c e . T h i s c o n c l u s i o n i s s t r e n g t h e n e d 

by the a n a l y s i s of s p e c t r a l m i s m a t c h e r r o r in Append ix A. In th i s S L E 

the s p e c t r a l m i s m a t c h e r r o r i s £ 0 . 1 % in k , wh ich i s neg l i g ib l e in com­

p a r i s o n wi th o t h e r s o u r c e s of e r r o r . 

7. 2. S u m m a r y of U 0 2 - T h 0 2 E x p e r i m e n t s 

The r e s u l t s of the m e a s u r e m e n t s in the two U 0 2 - T h 0 2 l a t t i c e s 

d e s c r i b e d in S e c t i o n s 5 and 6 a r e s u m m a r i z e d in T a b l e 7 - 2 . The va lue 

of k i s t aken f r o m E q u a t i o n 2 - 8 . Al though no e q u i v a l e n t c r i t i c a l 

e x p e r i m e n t s a r e a v a i l a b l e for c o m p a r i s o n , the r e s u l t s a p p e a r to be 

c o n s i s t e n t and a r e in r e a s o n a b l y good a g r e e m e n t wi th t h e o r e t i c a l p r e ­

d i c t i o n s . 

T a b l e 7 - 2 . R e s u l t s of U 0 2 - T h 0 2 E x p e r i m e n t s 

P a r a m e t e r 7 0 . 4 % D 2 0 8 0 . 4 % DzO 

k ^ 1.241 ± 0 . 0 0 8 1.184 ± 0 . 0 0 8 

A /d>, 1. 17 ± 0 . 0 1 1. 15 ± 0. 01 T m f 

C2 5 2 . 244 ± 0 . 0 1 0 1.948 ± 0 . 0 0 5 

C0 2 1. 27 ± 0. 02 1. 20 ± 0. 02 

7 . 3 . A l t e r n a t e E q u a t i o n s for k 

The two e x p r e s s i o n s for k d e v e l o p e d in Sec t i on 2 differ p r i m a ­

r i l y in tha t p / p i s c a l c u l a t e d and ( 1 + 62 5)/( 1 + 625) i s m e a s u r e d in 

E q u a t i o n 2 - 6 , w h e r e a s the p r o d u c t ( 1 - T) i s c a l c u l a t e d in E q u a t i o n 2 - 8 . 

The d i f f e r e n c e b e t w e e n the two a p p r o a c h e s can be r e p r e s e n t e d by 

k / ( f / f ). As shown in T a b l e 7 - 3 , the e r r o r u s i n g E q u a t i o n 2 -6 i s 

a l w a y s l a r g e r t han tha t u s i n g E q u a t i o n 2 - 8 . Al though the m a j o r 
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APPENDIX A 
Mismatch E r r o r Analysis 



contr ibutor to the e r r o r is the m e a s u r e m e n t of the U-235 cadmium 
ra t io , pa r t i cu la r ly for the second la t t ice , the uncer ta inty in the calcu­
lation of p / p is also appreciable . In the U 0 2 - T h 0 2 c a s e s , the change 
in p due to poison addition is of the o rde r of 17%, which is considerably 
more than occurs in the 4.02%-enriched U0 2 l a t t i ce . F u r t h e r m o r e , 
only about half of this change is caused by boron absorpt ions . Thus 
the application of Equation 2-6 becomes less favorable as p / p 
i n c r e a s e s , i . e . , as the epi thermal i ty and k of the lat t ice i n c r e a s e . 

Table 7-3. Compar ison of k /(f/f ) 

4 .02%-enr iched U 0 2 - T h 0 2 , U 0 2 - T h 0 2 , 
Method U0 2 70.4% D20 80.4% DzO 

Equation 2-6 0.973 ± 0 . 0 0 7 0.958 ± 0 . 2 0 0.956 ± 0 . 0 1 2 
Equation 2-8 0.971 ± 0 . 0 0 2 0.959 ± 0 . 0 0 3 0.956 ± 0 . 0 0 3 

The use of Equation 2-8 avoids the exper imenta l e r r o r s inherent 
in the U-235 cadmium ratio m e a s u r e m e n t s and, if the e r r o r analysis in 
Section 2 is co r rec t , also e l iminates an appreciable pa r t of the ca lcu-
lational e r r o r in p / p D by combining this calculation with the calcula­
tion of (1 + 62 5)/(l + 625)_. Additional study is requi red to es tabl ish 
more general c r i t e r i a for the degree of e r r o r cancellat ion in the com­
putation of 1 - T. However, for the th ree la t t ices investigated in this 
p r o g r a m , the e r r o r analysis in Section 2 and the agreement between 
the two methods (Table 7-3) furnish s t rong evidence for the validity of 
this approach. 

7. 4. Conclusions 

The smal l la t t ice exper iment appears to be a useful technique for 
measur ing the infinite medium prope r t i e s of ep i thermal la t t ices where 
fuel cost or availabili ty is an impor tant considerat ion. The bas ic theory 
of the technique has been confirmed by comparat ive m e a s u r e m e n t s in 
an equivalent c r i t i ca l assembly , and additional confidence in its 
validity has been gained through the resu l t s and analysis of higher k 

, U 0 2 - T h 0 2 l a t t i ce s . In addition, analytical p rocedures for the design 
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of new exper iments have been developed and tes ted (see Appendix B). 
These procedures can be used to predic t the minimum quantity of tes t 
fuel required, consistent with a given allowable e r r o r in k . 

In comparison with cr i t i ca l exper iments , smal l lat t ice exper i ­

ments can be performed with l e ss than 1% of the tes t fuel, and the l a t ­

t ice p a r a m e t e r s can be m e a s u r e d with comparable accuracy . Although 
smal l latt ice exper iments are m o r e t ime consuming, k can be m e a s ­

ured to a higher degree of accuracy than is possible in cr i t ica l exper i ­

m e n t s . For the types of la t t ices studied h e r e , k can be m e a s u r e d to 
an accuracy of 0.5 to 1% for values of k up to at l e a s t 1.24. An upper 
l imi t has not been establ ished, although the e r r o r of k should i nc rease 

° 00 

roughly in proport ion to k ­ 1. Exper imenta l data on k accura te to 
approximately 1% are sufficiently good, par t i cu la r ly when supplemented 
by la t t ice p a r a m e t e r data, such as 625 and p28, to provide a useful tes t 
of theore t ica l methods for the analysis of new l a t t i ces . 

For future applicat ions, severa l modifications to the exper i ­

menta l procedures should be considered. F i r s t , the size of the tes t 
region can be substantial ly reduced without increas ing the e r r o r in k . 
This will dec rease the total inventory of tes t fuel if the requi red thick­

ness of the inner buffer region in new exper iments does not change. 
Second, the use of soluble r a the r than solid heterogeneous m a t e r i a l s 
to poison the tes t region has obvious advantages in that the m e a s u r e ­

ments of cb /cb and C25 would be simplified and m o r e p r e c i s e shimming 
to the null­point would be poss ib le . These improvements must be 
weighed against the mechanica l complications that a soluble poison 
■would entail. 
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APPENDIX A 
Mismatch E r r o r Analysis 

1. Introduction 

The infinite medium mult ipl icat ion factor of the clean tes t la t t ice in 

the SLE for constant v25 is given by: 

where the subscr ipted p a r a m e t e r s a r e de te rmined for the poisoned tes t 
lat t ice that balances a void in the tes t cavity. Under this condition it is 
a s sumed that k^ of the poisoned tes t lat t ice is unity, i. e. , no dis tor t ion 
of the spec t rum or spat ial dis t r ibut ion of the flux in the tes t region occurs 
when the void is replaced by the poisoned test la t t ice . The sever i ty of the 
dis tor t ion that may occur in the substitution exper iment de te rmines the 
magnitude of the misma tch e r r o r introduced in k^ as given by Equation A - l . 

The nul l - reac t iv i ty condition s ta tes only that the per turbat ion in the 
absorpt ion and leakage p roper t i e s of the tes t region upon inser t ion of the 
poisoned lat t ice has no net effect on the react ivi ty of the r eac to r a s sembly . 
In modified two-group notation this condition may be expressed as follows, 
where the in tegra ls a r e over the tes t region: 

- / cb+ 6(W1)cb1 dV + / cb+ 6(f1)cb1 dV + / cb| 6(f2)cb2 dV + / cb̂  6((31)cp1 dV 

- f 4>t °(W2)cb2 dV - / Vcb+ 6(DO Vcbr dV 

- / Vcb+6(D2)Vcb2 dV = 0 (A-2) 

In this equation, 

Wj = VA' + pj = removal c ros s section for the fast group 

Pi - ^ (Uth) /^! = fast to t he rma l sca t te r ing source 

q(Uth) - slowing down density at t he rma l cutoff 
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cbjfj = e p i t h e r m a l f i s s i o n s o u r c e 

cb2f2 = t h e r m a l f i s s i o n s o u r c e 

Dj = diffusion coef f ic ien t for g r o u p i 

cbj = ad jo in t f lux in g r o u p i 

c^ = n e u t r o n flux in g r o u p i 

The n e u t r o n and ad jo in t f luxes in the t e s t r e g i o n a r e g iven by: 

D j V 2 ^ - Wjcbj + (fjcbj + f2cj>2) = 0 (A-3) 

D2V2cb2 - W2cb2 + p ^ j = 0 (A-4) 

D ^ c b f - WjcJ>| + (flCb+ + plCb+) = 0 (A-5) 

D2V2cb+ -W2cb+ + f2cb+ = 0 (A-6) 

In t h i s no ta t ion kM i s g iven by 

V - f i + ^fe/x1! IA-1) 
- ~ (Wj- p j + w i fc /h (A n 

w h e r e ^ / cb j is the r a t i o of f a s t - t o - t h e r m a l flux in the inf ini te m e d i u m . 
Note t h a t , if the flux i s f lat in the p o i s o n e d l a t t i c e , i. e. , if the g r a d i e n t 
o f ' t he adjoint and n e u t r o n f luxes v a n i s h , we obta in the fol lowing: 

(A-8) 

(A-9) 

x2 _ 
4>1 

4 > 2 + _ 

+t 

w, - f1 _ w2 
fl Pi 

W, - f, = w 2 

Pi f2 

T h e s e r a t i o s a r e i d e n t i c a l to t h o s e e x i s t i n g in the inf in i te m e d i u m ; h e n c e , 

f r o m E q u a t i o n A - 7 , k „ is un i ty . In a d d i t i o n , for f lat flux in the p o i s o n e d 

t e s t l a t t i c e , E q u a t i o n A - 2 r e d u c e s to 

-4>l" Wlx-1 + x-tflx-l + x^Zx-2 + 4>£Pl<l>l - x7W2<f>2 = ° ( A "10) 

s i n c e W1( f x, and px a r e z e r o for the void and s i n c e the g r a d i e n t of the 

ad jo in t and n e u t r o n f luxes v a n i s h e s . With <p2/<pi a n d §tI§i g iven by E q u a ­

t i ons A - 8 and A - 9 , the left s i d e of E q u a t i o n A - 1 0 is i d e n t i c a l l y z e r o ; 

h e n c e t h e n u l l - r e a c t i v i t y cond i t ion is s a t i s f i e d for f lat flux in the t e s t 

r e g i o n , and the r a t i o s of the n e u t r o n and ad jo in t f luxes a r e equa l to the 

c o r r e s p o n d i n g r a t i o s in an inf in i te m e d i u m of the s a m e m a t e r i a l . 
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In Equa t ion A - 2 the l a s t two i n t e g r a l s r e p r e s e n t the effect on the 

r e a c t i v i t y due to the change in l e a k a g e which r e s u l t s f r o m the s u b s t i t u t i o n . 

In p r i n c i p l e , t h e r e f o r e , it would be p o s s i b l e to d e t e r m i n e the m a g n i t u d e 

of the s p e c t r a l m i s m a t c h and n o n f l a t n e s s e r r o r by so lv ing E q u a t i o n A - 2 

i t e r a t i v e l y for the po i son c o n c e n t r a t i o n for nul l r e a c t i v i t y and c o m p a r i n g 

wi th the po i son c o n c e n t r a t i o n r e q u i r e d for a c r i t i c a l , inf ini te t e s t l a t t i c e , 

wh ich m a y be d e t e r m i n e d by a s e p a r a t e BPG c a l c u l a t i o n . A s i m p l e r 

m e t h o d of e s t i m a t i n g the c o m b i n e d s p e c t r a l m i s m a t c h and n o n f l a t n e s s 

e r r o r is r e p o r t e d in the nex t s e c t i o n , w h e r e the e x p e r i m e n t a l t e c h n i q u e 

is a p p r o x i m a t e d wi th in the f r a m e w o r k of f i r s t o r d e r t r a n s p o r t and few-

g r o u p diffusion t h e o r y . 

2. Combined S p e c t r a l and L e a k a g e E r r o r 

The e r r o r in kM due to s p e c t r a l m i s m a t c h and l e a k a g e w a s c o m p u t e d 
us ing BPG infini te m e d i u m and f o u r - g r o u p c a l c u l a t i o n s in a s p h e r i c a l 
m o d e l s i m u l a t i n g the g e o m e t r y of the e x p e r i m e n t on the 4 . 0 2 % - e n r i c h e d 
U 0 2 l a t t i c e ( see Append ix C for g e o m e t r y ) . S e v e r a l d e g r e e s of buffer 
po i son ing w e r e a s s u m e d to b r a c k e t the e x p e r i m e n t a l cond i t i ons . The 
fol lowing p r o c e d u r e w a s u sed . The void w a s p l a c e d in the t e s t r e g i o n , 
and the d r i v e r w a s a d j u s t e d to m a k e ke££ uni ty (ke££ = k v ) in a m u l t i r e g i o n 
f o u r - g r o u p c a l c u l a t i o n . In a s e p a r a t e i n f i n i t e - m e d i u m c a l c u l a t i o n , the 
c o n c e n t r a t i o n of bo ron tha t m a d e k B = 1 w a s d e t e r m i n e d . The void was 
then r e p l a c e d by the t e s t r e g i o n con ta in ing tha t b o r o n c o n c e n t r a t i o n , and 
the f i r s t c a l c u l a t i o n w a s r e p e a t e d for exac t l y the s a m e buffer and d r i v e r 
cond i t ions (ke££ = k p ) . The d i f f e r e n c e b e t w e e n k v and k , t h e r e f o r e , is 
p r o p o r t i o n a l to the e r r o r in the m e a s u r e m e n t . The p r o p o r t i o n a l i t y w a s 
d e t e r m i n e d by m a k i n g a s m a l l change in the bo ron c o n c e n t r a t i o n and c a l ­
cu la t ing d k g ^ / d k ^ . 

The change in k B n e c e s s a r y to b a l a n c e the void is 

and the inf ini te m e d i u m m u l t i p l i c a t i o n f a c t o r of the m a t e r i a l tha t b a l a n c e s 
the void is 

k'a= 1 + AkM (A-12) 
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T h e r e f o r e , the e r r o r in k i s 

< - 1 = (koo- 1) + AkM ' (A-13) 

A d i v i s i o n of the t o t a l e r r o r (k^, - 1) in to t h e p a r t due to non inf in i t e 

m e d i u m s p e c t r u m cfj and the p a r t due to l e a k a g e cr2 can be m a d e a s fo l lows . 

The p r o d u c t i o n s P in the t e s t m e d i u m a r e g iven by 

P = P N L n t h f e ' p 1 (1 + 625) (A-14) 

w h e r e P N L
 = n o n l e a k a g e p r o b a b i l i t y , and the p r i m e s deno t e f in i te m e d i u m 

v a l u e s . The a b s o r p t i o n s a r e g iven by A = PNI_; t h e r e f o r e : 

1 + 6 i (A-15) 

w h e r e the s u p e r s c r i p t oo d e n o t e s inf in i te m e d i u m v a l u e s , o-j is o b t a i n e d 

f r o m 

1 + a, = 

*i = k M / ( P / A ) - 1 (A-16) 

In t h e t e s t r e g i o n P / ( A + L) = ke££, w h e r e L is the ne t l e a k a g e out of the 

t e s t r e g i o n , or P / A = k e £ £ ( l + L / A ) . cr2 is o b t a i n e d f r o m 

1 + cr2 = k e f f (1 + L / A ) 

o-2 = ( P / A ) - 1 (A-17) 

E q u a t i o n s A - 1 6 and A - 1 7 a r e c o m b i n e d to g ive the fo l lowing r e s u l t : 

k « = k = « < ' + L 'A>(f)(V) (TTT!-) (A" 18' 
T h e r e f o r e , p r o v i d e d ô  cr2 « (CT1 + cr2), 

k ^ - 1 = 0"! + (T2 (A-19) 

If cond i t i ons a r e p e r f e c t (L = 0) , t he f in i te p a r a m e t e r s a r e equa l to 
inf in i te m e d i u m p a r a m e t e r s , a n d the m e d i u m tha t b a l a n c e s the void h a s 
k^, = 1. If the buffer i s not p e r f e c t , L 4- 0 and the f in i te p a r a m e t e r s 
di f fer f r o m t h e inf in i te m e d i u m p a r a m e t e r s . C a l c u l a t i o n s of P / A in the 
t e s t m e d i u m tha t b a l a n c e s the vo id g ive o-j and cr2. 
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In p rac t i ce a number of BPG runs would be requi red to obtain the 
four-group coefficients for the exact value of k^ that balances the void. 
Therefore , ô  and cr2 may be obtained by calculating CTJ for a test m a t e r i a l 
that near ly balances the void; <r2 would then be obtained from 

<r2 = k ^ - 1 - (Tj 

where k^ is that calculated above to balance the void. 

a-! and cr2 we re calculated for the three different buffer poisons. The 
values obtained a r e given in Table A-1 and plotted along with the total 
e r ror - f ron i Equation A-13 in F igure A - l . The ra t ios of the four-group 
fluxes at the surface of the test region to the center va lues , cbr(s )/cbj (0), 
a r e a lso shown in the table. It can be seen that the total e r r o r is very 
smal l because the e r r o r s due to nonasymptotic conditions and due to 
leakage tend to cancel . 

Table A- 1. E r r o r in kM Due to Spect ra l Mismatch 

Buffer poison 
P a r a m e t e r 

x-i(s)/cf>i(0) 

x-2(s)/cb2(0) 

<Ms)/<M0) 
cb4(s)/cj>4(0) 

k v 
K w 

k p 

d k e f f / d k ^ 

A k M 

klo 

kU - 1, % 

O l , % 

<r2. % 

Z e r o 

1.0005 

0.9884 

0.9826 

1.1261 

0.999221 

0.99988 

0.999146 

0.0605 

0.00124 

1.00112 

0.11 

- 0 . 5 8 

0.69 

Same as t e s t 

1.0000 

0.9999 

0.9995 

0.9994 

1.0000025 

0.99988 

1.0000144 

0.0492 

- 0 . 0 0 0 2 4 

0.99964 

- 0 . 0 3 6 

- 0 . 0 4 2 

0.006 

1.76 X t e s t 

0.9925 

1.0174 

1.0232 

0.9550 

0.999955 

0.99988 

0.999977 

0.0415 

- 0 . 0 0 0 5 3 

0.99935 

- 0 . 0 6 5 

0.19 

- 0 . 2 5 
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During these calculations it became apparent that the computed e r r o r s 
were so smal l that severe r equ i rement s were placed on convergence and 
that consistent r esu l t s were obtained only when the d r ive r was adjusted 
to bring k v very close to unity. This occur red because smal l changes 
in the dr iver loading caused apprec iable changes in the impor tance func­
tions over the tes t region. 

As an additional check on the re l iabi l i ty of these r e s u l t s , the e r r o r 
analys is was repeated for the case of ze ro buffer poison. Using slightly 
different c ross sections in the BPG code and infinite cyl indrical geometry 
r a the r than spher ica l geometry to mock-up the exper iment , pa r t i cu la r 
ca re was taken to ensure convergence within 0.00003 of unity. In addition, 
the e r r o r was evaluated in t e r m s of the difference between the poison 
concentrat ion for k_ = 1 (when k „ = 1) and that for k = 1 , r a the r than 

P V ' oo ' 

in t e r m s of the difference between k v (when k v = 1) and k for a poison 
concentrat ion that made kTC = 1. Although both approaches should be 
equivalent, the rev ised method s imula tes the exper iment more di rect ly . 
Final ly , in view of the impor tance of the k v calculat ion, exploratory 
studies were made to ensure the rel iabi l i ty of the model used for the 
void region. 

The total e r r o r in kTO predic ted by this calculation is +0.07%, which 
compares fairly well with the original calculation of +0.11% when the 
differences between the two approaches a r e taken into considerat ion. It 
may be concluded that convergence quest ions probably l imit the range of 
applicabili ty of this method of e r r o r analys is to e r r o r s of the order of 
0.1% or l a r g e r on an absolute bas i s . However , calculations of re la t ive 
e r r o r s or t rends in the e r r o r such as a r e shown in Table A-1 a r e p rob­
ably m o r e re l iable . The inapplicabili ty of the method to mi sma tch e r r o r s 
l e s s than 0.1% is not a ser ious l imitat ion, since exper imenta l e r r o r s a r e 
usually l a r g e r . F r o m a p rac t i ca l standpoint, it is sufficient to show that 
the misma tch e r r o r is less than 0.1%; w h e r e a s , if it is l a rge r than 0.1%, 
the method should be sufficiently sensi t ive to predic t the c o r r e c t value. 

On the basis of this ana lys i s , the mi sma tch e r r o r in these exper i ­
ments should be l e s s than 0.1% in kM . Evidence that the analyt ical method 
is reasonably valid can be obtained by comparing the nu l l - reac t iv i ty m e a s ­
u remen t s with the buffer both poisoned and unpoisoned. The poisoned 
buffer exper iment cor responds to a case in which the buffer is poisoned 
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between 1 and 1.5 t imes the tes t region poisoning. Therefore , on the 
basis of Table A - 1 , the e r r o r analys is p red ic t s that the difference 
between kTC measu red with the poisoned buffer and that m e a s u r e d with 
the unpoisoned buffer should be (-0.05 - 0,11) or about -0.16%. The 
difference in the m a s s of poison for nul l - reac t iv i ty is (584 ± 8) - (592 ± 5), 
or -(8 ± 9) gm Binal, which cor responds to a difference in kM of 

AkM = ~(8
5cf2

9) x 0.13 = -(0.2 ± 0.2)% 

This value ag rees very well with the predic t ion, although the exper imenta l 
e r r o r is too l a rge to consider this m e a s u r e m e n t as a conclusive tes t of 
the method of e r r o r ana lys i s . 
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Figure A - 1 . E r r o r in k , Vs Buffer Poisoning 
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APPENDIX B 
Validity of Analytical Model 

A secondary objective of this p r o g r a m was to develop and tes t an 
analyt ical method that can be used to optimize the design of future smal l 
lat t ice exper iments . The p r i m a r y design considerat ion i s , of cou r se , 
the e r r o r in the m e a s u r e d kM . One contributing factor is the s ize of the 
tes t region which dictates the sensi t ivi ty (reactivity difference between 
unpoisoned tes t region and void) of the exper iment . Since the e r r o r in 
koo due to a given e r r o r in the null-point m e a s u r e m e n t is inverse ly p r o ­
port ional to the sensi t ivi ty , the min imum tes t region volume can be 
de termined if the sensi t ivi ty can be predic ted. The s ize of the tes t 
region a l so influences the e r r o r due to flux mi sma tch , i. e. , it is ea s i e r 
to es tabl ish flat and asymptot ic fluxes a c r o s s a smal l test region than a 
l a rge r one, but the e r r o r in kM due to a given mi sma tch is proport ional ly 
l a r g e r . The nuclear p rope r t i e s and dimensions of the buffer region a l so 
affect the degree of spec t ra l m i sma tch and resul t ing e r r o r in k^ for the 
pa r t i cu la r tes t and buffer combination under Consideration. The analyt ical 
model should a l so pe rmi t fairly re l iab le es t imates of the co r r ec t i ons , 
such as the a luminum in the void can and the d isplacement of modera to r 
by the Binal poison foi ls , so that the exper iment can be designed to mini ­
mize these co r rec t ions . 

The validity of the analyt ical model used for the 4.02%-enriched U 0 2 

work was tes ted by comparing m e a s u r e m e n t s and calculat ions wherever 
poss ible . As will be seen in the following sec t ions , the ag reemen t is 
sa t is factory for a var ie ty of quite different p rob l ems . There fo re , it is 
concluded that the model can be used with confidence to design future 
exper iments . 

1. Flux Shapes 

Although th ree -d imens iona l analys is is needed for accu ra t e calcula­
tions of the energy and spatial d is t r ibut ion of the flux because of the 
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geometr ica l complexity of the facil i ty, sa t is factory resu l t s were obtained 
by approximations in one or two dimensions . Calculations were per formed 
using four-group coefficients der ived from BPG calculations and the 
geomet r ies shown in F igures B-1 through B-4. A s tandard four-group 
mul t i region code was used for the one-dimensional spher ica l and cylin­
dr ica l calculations based on equivalent vo lumes , and PDQ calculations 
were used for the two-dimensional X-Y and R-Z p rob lems . The diffusion 
coefficient for the void region was computed by the method given in Refer­
ence 13. The group bounds were cb4(0.4 ev), cbj (252 ev), cj>2 (9210 ev), and 
cpj (10 mev). 

F igure B-5 compares the t h e r m a l flux dis tr ibut ions in the unpoisoned 
tes t region predicted by four methods , and Figure B-6 shows the four-
group flux dis tr ibut ions for the same case computed in two-dimensional 
(X-Y) geometry . F igure B-7 is a one-dimensional cyl indrical calculation 
from the poisoned tes t region. The buffer region was unpoisoned in all of 
these calculat ions. 

The calculated and m e a s u r e d radia l flux shapes a r e compared in 
Table B - 1 , using the Dy-Al data for cb4 and the cadmium-covered gold 
data for <+>,, as r epor ted in Section 4. The unpoisoned tes t region cal­
culation was in two-dimensional X-Y geomet ry , and the poisoned tes t 
region calculation was in one-dimensional cyl indrical geometry . The 
ra t ios of flux at the edge of the tes t region (six la t t ice pitches) to that at 
the center a r e in excellent ag reement ; the slight d iscrepancy for the 
poisoned case can be a t t r ibuted to the difference between the cyl indrical 
and exact models (see F igure B-5). The flux ra t ios at the interface 
between the inner and outer buffer (13 la t t ice pi tches) a r e quite sensi t ive 
to the loading of U-235 in the d r ive r . Since the d r ive r loading for c r i t i ­
cality differed somewhat from the exper iment , the flux ra t ios do not 
ag ree as well at this position. A m o r e accu ra t e compar ison between 
calculation and m e a s u r e m e n t would r equ i r e th ree -d imens iona l analys is 
to obtain bet ter ag reement for the d r ive r loading. However , since the 
flux shapes in the tes t region dictate the e r r o r due to spec t ra l mi sma tch 
and since agreement is good in this region, the analyt ical method for p r e ­
dicting flux shapes may be judged adequate. 
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T a b l e B - 1 . C o m p a r i s o n of C a l c u l a t e d and M e a s u r e d 
R a d i a l F l u x S h a p e s 

P a r a m e t e r 

<p (6)/<p(0) 

cb(6)/cb(0) 

4>(i3)/4>(0) 
cb(13)/cb(0) 

F l u x 
g r o u p 

4 

3 
4 

3 

C« 

U n p o i s o n e d t e s t 

i l c u l a t e d 

0.96 

0.96 
0.80 

0.84 

M e a s u r e d 

0.96 

0.96 

0.84 

0.86 

P o i s o n e 

C a l c u l a t e d 

1.12 

0.99 
~1.11 

- 0 . 9 1 

,d t e s t 

M e a s u r e d 

1.10 

0.99 
- 1 . 0 5 

- 0 . 9 7 

2. E x t e n t of A s y m p t o t i c Reg ion 

Both c a l c u l a t i o n s and m e a s u r e m e n t s show tha t the s p e c t r u m is a s y m p ­
to t i c to a r a d i u s of 9 to 10 l a t t i c e p i t c h e s when the t e s t and buffer r e g i o n s 
a r e u n p o i s o n e d and to a r a d i u s of only abou t one l a t t i c e p i t ch when only the 
t e s t r e g i o n is p o i s o n e d . F o r the c a s e in wh ich both the buffer and t e s t 
r e g i o n s a r e p o i s o n e d , e v i d e n c e tha t t he n e u t r o n s p e c t r u m is a s y m p t o t i c 
a t the c e n t e r of the t e s t r e g i o n is f u r n i s h e d by the a g r e e m e n t b e t w e e n 
the m e a s u r e d and c a l c u l a t e d r a t i o s (1 + 6 2 5 ) / ( l + §25)0 a n <^ b e t w e e n the 
S L E and c r i t i c a l e x p e r i m e n t m e a s u r e m e n t s of p2 8 and 625-

3. I n t r a c e l l F l u x D i s t r i b u t i o n s 

Al though an e x t e n s i v e p r o g r a m to c a l c u l a t e a c c u r a t e i n t r a c e l l flux 
d i s t r i b u t i o n s w a s not w a r r a n t e d b e c a u s e of the s m a l l d e p e n d e n c e of kM 

on the flux r a t i o s , s o m e a p p r o x i m a t e v a l u e s w e r e ob ta ined by s i m p l e 
P - 3 c a l c u l a t i o n s in which the ce l l w a s r e p r e s e n t e d in s l a b g e o m e t r y . The 
r e s u l t s , c o m p a r e d be low, show tha t no g r o s s e r r o r shou ld e x i s t in m e a s ­
u r e m e n t s . 

F l u x r a t i o 

VAp5 

ApVAf 

A f / A f 

Calculat f 

0.998 

1.00 

1.06 

=d M e a s u r e d 

0.993 ± 0.004 

0.998 ± 0.007 

1.06 ± 0 . 0 1 
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4. Sensitivity 

Calculations of the sensi t ivi ty , or react ivi ty difference between the 
unpoisoned test region and a void, were performed in spher ical geometry . 
This l imits the validity of the compar ison somewhat, because the spher­
ical model is a poor approximation of the exper iment . When the buffer 
was unpoisoned, the following values of k ££ were calculated in spher ica l 
geometry: 

Test region eff 

Unpoisoned 1.0175 
Poisoned 1.0085 
Void 1.0091 

The react ivi ty difference is 0.0084, or about 118 cents if p .. = 0.007 1, 
which is approximately 35% la rge r than the m e a s u r e d value of 87 cents . 
This difference, which can be a t t r ibuted to the inadequacy of the spher ica l 
model , furnishes an empir ica l method of cor rec t ing future react ivi ty cal­
culations in spher ica l geometry . However, the calculations could be done 
in two- or th ree-d imens iona l geometry if the requ i red accuracy war ran ted 
the ext ra cost and effort. Both calculations and m e a s u r e m e n t s show that 
the sensit ivi ty is slightly reduced when the buffer is poisoned. 

5. Correc t ion for Aluminum Void Can 

The effect of a luminum in the void region was computed in spher ica l 
geometry , as a function of effective a luminum densi ty, using BPG-gen­
era ted four-group constants . F igure B-8 shows the resu l t s for two 
cases that bracket the conditions of the exper iment . The values of k rf 

a r e tabulated below. 

Test region Unpoisoned buffer region Poisoned buffer region 

Unpoisoned 1.0175 0.95527 
Poisoned 1.0085 0.94794 
Void 1.0091 0.94539 
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T h e e f f e c t i v e a l u m i n u m d e n s i t y f o r 12 v o l % a l u m i n u m in t h e v o i d 

c a n i s a b o u t 0 . 3 g m / c m 3 . E q u i v a l e n c e i n g r a m s of B i n a l i s c a l c u l a t e d b y 

t h e f o l l o w i n g e q u a t i o n : 

k • , - k . , v o i d A l w , , , . . ~r ~ r x M p ( n u l l - r e a c t i v i t y ) 
u n p v o i d 

T h e r e a c t i v i t y w o r t h of t h e a l u m i n u m in t h e v o i d c a n i s a p p r o x i m a t e l y 

18 g m of B i n a l f o r t h e u n p o i s o n e d b u f f e r a n d a b o u t 11 g m f o r t h e p o i s o n e d 

b u f f e r , o r - ( 1 4 ± 5) g m of B i n a l f o r t h e c o n d i t i o n s of t h i s e x p e r i m e n t . A s 

d i s c u s s e d e a r l i e r , t h i s r e a c t i v i t y w o r t h i s a b o u t t h r e e t i m e s l a r g e r t h a n 

m e a s u r e d , a l t h o u g h t h e m e a s u r e d v a l u e i s a c t u a l l y o n l y a l o w e r l i m i t . In 

v i e w of t h e m i n o r i m p o r t a n c e of t h i s c o r r e c t i o n , t h e a n a l y t i c a l m o d e l 

s h o u l d b e a d e q u a t e f o r f u t u r e d e s i g n p u r p o s e s , p r o v i d i n g t h e v o l u m e 

f r a c t i o n of a l u m i n u m i s n o t s u b s t a n t i a l l y i n c r e a s e d . 

6. E f f e c t of M o d e r a t o r D i s p l a c e m e n t 

T h e d i s p l a c e m e n t of m o d e r a t o r b y t h e a d d i t i o n of t h e B i n a l p o i s o n 

f o i l s d e c r e a s e s t h e r e s o n a n c e e s c a p e p r o b a b i l i t y b y a s u b s t a n t i a l a m o u n t 

(=2%) in a d d i t i o n t o t h e d e c r e a s e c a u s e d by a b s o r p t i o n s in t h e b o r o n . T o 

j u d g e t h e a c c u r a c y of t h e m o d e l in c o m p u t i n g t h i s e x t r a e f f e c t , t h e r e a c ­

t i v i t y w o r t h of m o d e r a t o r d i s p l a c e m e n t b y p u r e a l u m i n u m w a s c a l c u l a t e d 

a n d c o m p a r e d t o t h e e x p e r i m e n t a l v a l u e . T h e c h a n g e i n k M f r o m a n i n f i ­

n i t e m e d i u m B P G c a l c u l a t i o n w a s f o u n d t o b e 0 . 0 0 8 3 w h e n t h e v o l u m e 

f r a c t i o n of t h e m o d e r a t o r w a s r e d u c e d b y t h e e q u i v a l e n t d i s p l a c e m e n t of 

25 B i n a l f o i l s i n t h e t e s t r e g i o n . T h i s d i s p l a c e m e n t c o r r e s p o n d s t o a 

r e a c t i v i t y c h a n g e in t h e S L E of 

0 . 0 0 8 3 „ , c . n c 
Q , , , X 65 = 4 .05 c e n t s , 

o r a m o d e r a t o r coeff ic ient of 0 . 2 9 ^ / i n . 3 . Th i s v a l u e a g r e e s v e r y w e l l 

wi th the m e a s u r e m e n t (0.24 ± 0 . 0 5 ) £ / i n . 3 r e p o r t e d e a r l i e r . 

7. E r r o r Due to S p e c t r a l M i s m a t c h 

Th i s t op i c h a s b e e n c o v e r e d in Append ix A , w h e r e s a t i s f a c t o r y a g r e e ­

m e n t b e t w e e n m e a s u r e m e n t s and c a l c u l a t i o n s w a s shown. 
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Figure B - 1 . Spherical Model for SLE Calculations 
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F i g u r e B - 2 . C y l i n d r i c a l Model for SLE C a l c u l a t i o n s 
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Figure B - 3 . Two-Dimensional Model for SLE Calculations 
(X-Y Geometry) 
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Figure B-4. Two-Dimensional Model for SLE Calculations 
(R-Z Geometry) 
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Figure B­5 . Thermal Flux Distribution in Unpoisoned 
Test Region 
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Figure B-6 . X-Y Flux Distr ibution (Unpoisoned Test) 
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F i g u r e B ­ 7 . C y l i n d r i c a l Flux D i s t r i b u t i o n ( P o i s o n e d T e s t ) 
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F i g u r e B - 8 . C a l c u l a t e d C o r r e c t i o n for A l u m i n u m in 
Void Can 
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APPENDIX C 
Measurements in Equivalent Cr i t ica l Exper iment 



APPENDIX C 
Measurements in Equivalent Cr i t ica l Exper iment 

1. Descr ipt ion 

A cr i t i ca l exper iment having p rope r t i e s identical to those of the 4.02%-
enriched UOz test region lat t ice descr ibed in Section 4 was assembled to 
provide a d i rec t comparison of the equivalence of smal l lat t ice and c r i t ­
ical exper iment data. The cr i t ica l exper iment had identical fuel rods , 
lat t ice pitch, and modera tor concentration; it. differed, of cour se , only 
in s ize . A descr ipt ion of the facility used for these exper iments and 
exper imenta l detai ls a r e given in Reference 3. Pe r t inen t p roper t i e s of 
the c r i t i ca l exper iment a r e l is ted below: 

Type of fuel . 4.02%-enriched U0 2 

Fuel rod outer d iameter 0.4755 inch 
Lat t ice pitch 0.595 inch 
M/W rat io 1.006 
DzO concentration 69.7 ± 0 . 1 mole % 
Number of fuel rods 2252 
Core radius 40.46 cm 
Reflector thickness 35.74 cm 
Moderator height 151.0 cm 
Radial buckling 15.13 X IO - 4 c m - 2 

Axial buckling 3.47 X 10"4 c m - 2 

Cri t ica l buckling 18.60 X 10 - 4 c m - 2 

2. Derivation of k^ 

The following procedure was used to der ive k„ from the cr i t ica l 
exper iment data. Using the BPG-II code, ke££ was calculated with the 
buckling set equal to ze ro , i. e. , 

k (BPG) = 1.12894 
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The calculation can be improved considerably by forcing the calculational 
model to match the exper imenta l data. This is done by repeat ing the 
same calculation using the m e a s u r e d buckling. Then 

k e f f (BPG) = 1.00218 

F o r this case , 

keff (measured) = 1.00000. 

There fore , normal iz ing the calculation to match the m e a s u r e d c r i t i ca l 
condition, the best value of k^ is 

k , , (measured) 
kw = kM(BPG) X - ^ g ^ p ^ = 1.12648. 

Another approach1 4 can be taken that depends a lmos t exclusively on 
exper imenta l data. When the a s sembly is c r i t i ca l , 

kco = 1/PNL 

where PNL is the buckling-dependent nonleakage probabil i ty. Although 
this express ion is not r igorous ly c o r r e c t , the m o r e accura t e r e p r e s e n t a ­
tion 

keff = ( 1 ~ P)kcoPNL (prompt) + -^-p PN,_ (delayed) 

leads to the same resu l t within the accuracy des i red . PNL can be der ived 
from the m e a s u r e d buckling and m e a s u r e d 3k/3B 2 providing the leakage 
model is known. The m e a s u r e d value of 3k/3 B2 was -(7.7 ± 0. 2) X 105£ -cm 2 , 
or -(60 ± 3) cm2 converted to absolute units using a calculated value of 
Pe£f = 7.8 X IO""3 (accurate to about 5%). Using the two-group model , 

p . NL (1 + L2B2)(1 + B2
r) ' 

the m e a s u r e d 3k/3B 2 , and the m e a s u r e d buckling, 

PNL (2-group) = 0.888 ± 0.004. 

This value compares very well with the foregoing BPG calculat ion, based 
on the m e a s u r e d buckling 

PNL (BPG) = 0.88772 
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(Using a Gaussian ke rne l , which should be less applicable to these la t ­
t ices , PN L (Gaussian) = 0.894. ) 

The best value of k^ for the cr i t ica l exper iment depends on the 
choice of the leakage model . The mult igroup BPG model is p r e f e r r e d 
on theore t ica l grounds and a lso because it matches ke££ and 3k/3B2 

measu remen t s in other D 2 0 - H 2 0 modera ted cr i t ica l exper iments 3 , as 
well as neutron age measu remen t s in D 2 0 - H 2 0 mix tures 6 . The close 
agreement with the s imple r two-group model (and even the Gaussian 
model) lends additional confidence in the validity of the BPG model. The 
uncertainty in kw for the cr i t ica l exper iments is m o r e difficult to e s t ima te , 
but the choice is not crucia l because of the close agreement with the SLE-
derived kOT. One es t imate is the difference between the m e a s u r e d and 
BPG-calcula ted values of k ££, or 0.002. Since this close ag reemen t 
may be fortui tous, a more conservat ive es t imate can be based on the 
uncertainty in PNL (2-group) der ived from the m e a s u r e d B2 and 3k/3B2 . 

There fore , the best value of kM for the equivalent c r i t i ca l exper i ­
ment is 

k„ = 1.126 ±.0.005. 

3. Lat t ice P a r a m e t e r s 

The the rmal disadvantage factor <j>m/<t>f and the cadmium ra t ios of 
U-235 and U-238, C25 and C28> were m e a s u r e d in the cent ra l cell of the 
equivalent c r i t ica l exper iment to provide another bas is for compar ison 
with the smal l la t t ice exper iment r e s u l t s . The m e a s u r e m e n t s w e r e 
made in Fuel Rod a using the same techniques descr ibed in Section 4. 

"$m/"$f = 1.157 ± 0.009 

C25 = 2.434 ± 0.012 

C28 = 1.087 ± 0.004 
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