
ANL-6203 
Reactors - General 
(TID-4500, 15th Ed.) 
AEC Resea rch and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 

Argonne, Illinois 

A PROPOSED F U E L ASSAY REACTOR 

by 

F . H. Martens and H. A. Sandmeier 

Reactor Engineer ing Division 

August 1960 

Operated by The Univers i ty of Chicago 
under 

Contract W-31-109-eng-38 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



TABLE OF CONTENTS 

Page 

ABSTRACT 2 

INTRODUCTION 2 

I. THEORETICAL CONSIDERATIONS OF A FUEL 

ASSAY REACTOR 4 

II. EXPERIMENTAL ASPECTS 8 

Pi le Per iod Measuremen t s 8 

Pi le Osci l la tor 8 
Automatic Flux Control 9 
P rec i s ion and Accuracy 10 

CONCLUSION 14 

ACKNOWLEDGEMENT 15 



A PROPOSED FUEL ASSAY REACTOR 

F . H. Mar tens and H. A. Sandmeier 

ABSTRACT 

There is a need for a special type of nuclear r eac to r 
that can tes t fuel e lements nondestruct ively to determine the 
total amounts and the dis t r ibut ions of both fissionable and 
pa ras i t i ca l ly absorbing m a t e r i a l s in completed, un i r rad ia ted 
fuel e l emen t s . Such a r e a c t o r , called the Fuel Assay Reac
to r , is proposed h e r e . 

Theore t ica l considera t ions a re p resen ted to show 
the react iv i ty changes that resu l t from the inser t ion of both 
fissionable and absorbing mater ia l , into a cent ra l t es t hole. 
The choice of mode ra to r depends upon the size of ma te r i a l 
to be tes ted . F o r tes t ing smal l pel le ts of fissionable ma t e 
r ial , a light w a t e r - m o d e r a t e d assembly is advantageous be
cause of i ts smal l c r i t i ca l m a s s ; for l a rge , completed fuel 
elennents a graphite or heavy w a t e r - m o d e r a t e d sys tem is 
more sui table. An internal ref lec tor gives inc reased sens i 
tivity in the cen te r and allows enough space surrounding the 
tes t e lement so that spec t ra l changes in a nonfuel region 
may be produced in o rde r to d i sc r imina te between f ission
able and absorbing m a t e r i a l s . 

The fac tors de termining maxiraum sensit ivi ty a re 
d iscussed , as a r e s eve ra l react iv i ty measu remen t methods 
suitable for tes t ing fuel e lements . The l imi ts of accuracy 
a r e governed by the s ta t i s t ica l var ia t ion of the neutron pop
ulation within the r e a c t o r co re . The theore t ica l l imi ts of 
accuracy of all methods have the same o rde r of magnitude, 
but the automatic flux level method appears to have advan
tages over the pile per iod and osc i l la tor methods for this 
purpose . 

INTRODUCTION 

At the end of World War II, when work on the peaceful applications 
of the a tom began, all significant amounts of f issionable m a t e r i a l were in 
the hands of the governments of the U.S.A., the U.S.S.R. and Great Br i ta in . 
Since then t remendous changes have taken place , especia l ly after the f i r s t 



Atoms for Peace Conference in Geneva in 1955. Now fissionable nnaterial 
is available to any nation that wants to build r e a c t o r s , and the t ime is 
coming soon when reac to r faci l i t ies will be sca t t e red all over the world. 

However, since the fabrication of fuel e lements requi res a t r e m e n 
dous capital investment , only a few nations plan to have fabrication faci l i t ies , 
especia l ly during the init ial phases of the atomic power development p r o 
g r a m s . The r eac to r instal la t ions in other nations therefore have to import 
the i r fuel e l emen t s . As the fuel technology advances and becomes l e s s 
expensive, this situation may change to a great extent, but for the p resen t , 
the few exist ing fabricat ion faci l i t ies mus t se rve all r e a c t o r s . 

Clear ly , with a free and frequent exchange of fissionable naaterials 
between nations, there mus t be safeguards to control and monitor the 
t r ans f e r s of nuclear m a t e r i a l s . F o r quantitative ma te r i a l control we must 
have a device to m e a s u r e the f issionable ma te r i a l content in an assembled 
fuel e lement . It would indeed be des i rab le to have such a facility to m e a s 
u re the contents of an i r r ad i a t ed e lement , but the problems of such a 
facility will not be d i scussed h e r e . 

Sonae of the f i r s t r eac t ive a s s e m b l i e s ever built were used to m e a s 
u re the absorpt ion c r o s s sect ions of f issionable and moderat ing m a t e r i a l s . 
This ea r ly work, under the direct ion of Enr ico F e r m i , resu l ted in the s e l e c 
tion of sufficient quanti t ies of high-quality fuel and modera to r to achieve the 
f i rs t successful nuclear chain react ion in 1942. Test r e ac to r s have been 
used ever since to m e a s u r e the c h a r a c t e r i s t i c s of new fuel a s s e m b l i e s . 

Now, with modern exper imenta l techniques and equipment that have 
been developed, it is poss ib le to design a special low-power "Fuel Assay 
Reac tor" capable of measu r ing very p r e c i s e l y the amount and distr ibution 
of both fuel and absorber in p rac t i ca l ly any type of completed fuel assembly . 
The bas i s for the design of such a r eac to r would be ex t remely valuable for 
severa l r e a s o n s . There a re sti l l c e r t a in d i sc repanc ies between exper i 
mental and theore t ica l r e s u l t s . P a r t of the trouble is due to the lack of 
accuracy in determining the content and distr ibution of fuel in the e lements . 
The manvifacturing of fuel e lements r e q u i r e s majiy different p r o c e s s e s , 
some of which cause nonuniform fuel dis t r ibut ion within the element . Also, 
neutron poisons may be introduced into a fuel e lement inadvertently. F o r 
example , t he re have been cases where the welding m a t e r i a l s have introduced 
high c r o s s sect ion poisons into e l emen t s . Accurate pos tassembly assay of 
the fuel and a b s o r b e r s within fuel a s s e m b l i e s would help immense ly in 
making accura te reac t iv i ty calci i lat ions. 

There a r e two other very important reasons for having such a r e a c 
tor . One concerns economics . The t r ans fe r of responsibi l i ty f rom complete 
government control of all f issionable m a t e r i a l to par t ia l control by pr iva te 



indus t r ies poses financial accountabil i ty p rob l ems . A sys tem for assaying 
the fuel content of a s sembled e lements would el iminate one t roublesome 
source of d i sc repanc ies . In this sense , such a sys tem would per form in 
the nuclear industry the same function as an assay office in the p r ec ious -
me ta l s t r a d e . 

The ability to make such an accura te a ssay may also allow the 
nebulous p rob lems of internat ional safeguards and controls to be reduced 
to m o r e manageable commerc i a l cons idera t ions . 

There a r e a number of a s s e m b l i e s presen t ly used in the U.S.A. for 
assaying m a t e r i a l s used in r e a c t o r s . All of them, however, a re used in 
ex t remely special ized c a s e s , such as the test ing of components designed 
for inser t ion into pa r t i cu l a r production r e a c t o r s . But a ve r sa t i l e assembly 
to a s say accura te ly the amount and dis t r ibut ion of fuel and abso rbe r s in a 
wide var ie ty of shapes , s izes and enr ichments p r e sen t s a much grea te r 
p rob lem than the construct ion of one of these special ized units . 

I. THEORETICAL CONSIDERATIONS OF A FUEL ASSAY REACTOR 

The choice of design for the Fue l Assay Reactor must be one which 
will provide the accuracy and ve r sa t i l i ty r equ i red to m e a s u r e all the tes t 
v a r i a b l e s : namely, how much f iss ionable ma te r i a l and how much absorbing 
ma te r i a l a r e contained in the tes t fuel e lement , and how the two substances 
a re d is t r ibuted throughout the e lement . One mus t f i rs t de termine a con
figuration that will have a max imum change of reac t iv i ty due to a change 
in the amount of fuel in the cen t ra l t es t posit ion. Secondly, the design 
mus t provide enough space within the assembly so that there will be s ig
nificant changes in the internal flux p a t t e r n s . It is des i rable to concen
t r a t e these changes in a region that does not contain fuel. These changes 
a re n e c e s s a r y because the re a r e two unknowns, f issionable and absorbing 
m a t e r i a l s . Consequently, one mus t make two tes t s on each element to 
separa te the two effects. 

Because of ce r ta in l imi ta t ions imposed by theore t ica l cons idera t ions , 
the test ing sys tem is based upon the compar i son of stock fuel a s sembl i e s 
with a s tandard. This sys tem r e q u i r e s a s tandard fuel element for each 
design that is tes ted. The exact composi t ion of the s tandard must be known 
and every stock a s sembly mus t conform to the same manufacturing speci 
fications as were used for the s tandard . 

Let us f i r s t obtain a mathemat ica l express ion for the sensit ivi ty of 
a ba re cyl indrical r e a c t o r , F ig . 1, to a per turba t ion in absorption, ^Sg., and 
a per tu rba t ion in f ission, 6v2f, in an axial per turba t ion cylinder of volume 
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6Vp. This reac tor will respond in a very definite manner to the inser t ion 
of foreign ma te r i a l , e i ther fissionable or absorbing. Two simple cases 
i l lus t ra te the problems that a r i s e in designing a fuel assay r eac to r . 

Fig . 1 Bare Cylindrical Reactor with Line Per turba t ion 
in Axial Center Line 

F i r s t , consider the inser t ion of a purely absorbing sample into the 
r eac to r . Assume that the sample is smal l enough so that the flux pat tern 
and energy spec t rum a re not changed. This assumption is requi red in 
order that the per turbat ion theory can be applied. According to this 
theory the change in react ivi ty due to a per turbat ion in absorption is 

Ak - / . 
5 S a * t h ^ t * h d V 

per turbat ion 

f y^f ^'th'^tlidV 
^ reac to r 

I - l 

where 

SZg^ = change in abosrpt ion, 

0^^ = the rmal flux, 

$th = adjoint t he rma l flux (importance of thermal flux), 

vZf = fission t e r m , 

Ak , 
—j— = change m react ivi ty . 



If, for the moment , we assume that the dimensions and composit ion of the 
reac tor a r e fixed, we can evaluate the denominator of Eq. I - l , and denote 
i ts value by a constant, l / B . The effect of a dis turbance applied to the 
center of the r eac to r in the volume element , 6Vp, as shown in F ig . 1, is 
then given by 

/ = - B 6 2 ^ <I>th(o) *th(o) 6V . 1-2 
/ abs -̂  

Ak 

^ / abs 

Here the index (o) r e f e r s to the center of the r eac to r . In an analogous way 
we get for a pe r tu rba t ion in the f iss ion t e r m , 

^ / = B 6 v S ^ cl>^h(o) ^f(o) 6Vp , 1-3 
/ f ission 

where 'l'f(o) is the impor tance function of the fast neutrons at the center 
posit ion. 

In the case of a sample of a f issionable isotope, Eq. 1-2 and Eq. 1-3 
a r e combined to give 

~^/ - B [ 6 v 2 f 4>th(o) ^f(o) - 6Za <J>th(o) *th(o)] • 1-4 
^ / f i s s+abs 

Equation 1-4 is an exp re s s ion in two unknowns, 6 2 ^ â nd 6vSf , which a r e , 
respect ive ly , m e a s u r e s of the amounts of absorbing and fissionable raa te r ia l 
in the sample . In o rde r to solve this explicit ly for 6 2 a and 6v 2f, two 
m e a s u r e m e n t s mus t be made with the re la t ive values of <I*th(°)' ^th(°)» 
<I>f(o), ajid $f(o) a l t e red . In this case we have 

f y ^ -- B : [ 6 v 2 f 0,^,1(0) <l>|,,(o) - 6 2 ^ $th,,(o) 4'th,i(o)] 

and 1-5 

^ ^ ' = B2[6v2f $th,2(o) $f,a(o) - 6 2 a 4>th,2(o) <l>th,2(o)] • 

In o rde r to get the max imum discr imina t ion between 6 2 ^ and 6v2£, one 
mus t a l te r the a s sembly so as to get the g rea tes t difference between the 
values of the ra t ios 'I*f j i io ) /^ th,i(o) and(|) f ,2(o)/5 th,2(o)- Note that this 
a l te ra t ion will change the value of B, that i s , the denominator of Eq. I - l , 
and the r ea l t h e r m a l fl\ixes, "^th,i(o) and '5th^2(o)-



To i l lus t ra te how one can change the importance functions, let us 
consider surrounding the tes t fuel element with a boron solution. This 
poison will d e c r e a s e both the. t h e r m a l flux and its impor tance . The fast 
neutron impor tance is dec rea sed only slightly. There will a lso be a 
change in the denominator of Eq. I - l , that is , B in 1-5, when the reac tor 
is brought back to c r i t i ca l under the new condition. 

In genera l , the sensi t ivi ty to ei ther fission or absorption is in
c r e a s e d if t he re is a dominant peaking of the the rma l flux at the center 
of the r eac to r . This may be achieved by having an in ternal region which 
is free from fuel, but which has good moderat ing p rope r t i e s . Such an 
in terna l ref lec tor i s often called a "flux t r a p . " 

Two gene ra l quest ions might be: what will maximize the pe r tu rba 
tion t e r m for absorpt ion (Eq. I - l ) , and what will maximize the fission 
t e r m (Eq. 1-3)? F o r a ba re cyl indr ical r eac to r the following can be shown 
theore t ica l ly . The absorpt ion t e r m is maximized if the total absorption 
in the volume of the r e a c t o r is a min imum. The fission t e r m is maxi 
mized if the c r i t i ca l m a s s of f issionable m a t e r i a l is a minimum. The 
problem of achieving max imum sensi t ivi ty in the cen t ra l tes t hole, for 
both uniform and nonuniform fuel dis tr ibut ion, is d i scussed in Ref. ( l ) . 

Genera l statenaents concerning r e a c t o r s for react iv i ty m e a s u r e 
ments a r e difficult to make . A la rge number of considerat ions govern the 
choice of mode ra to r and geomet ry . If only v e r y sma l l samples a r e to be 
tested, the choice of type would probably be the light wa te r -modera ted , 
highly enr iched u ran ium r eac to r , because cr i t ica l i ty could be achieved 
with a sma l l e r c r i t i c a l m a s s than with other types . However, if the s a m 
ples a r e v e r y l a rge , the choice might be ei ther a graphi te or a heavy 
w a t e r - m o d e r a t e d a s sembly . Not only would the c r i t i ca l m a s s in a la rge 
reac to r be sma l l e r with ei ther graphi te or heavy water as compared to 
light water , but the pa ras i t i c absorpt ion of the modera to r would also be 
much l e s s . Thus the sensi t ivi ty to both fission and absorption pe r tu rba 
tions would be inc reased . Bery l l ium has not been considered because it 
appears that if a solid mode ra to r should be des i red , graphi te would have 
cer ta in advantages , especia l ly with r e g a r d to cost. 

The equations indicating the sensi t ivi ty to fission and absorpt ion 
changes do not take into account the fuel dis t r ibut ion within the r eac to r . 
Although r e a c t o r s a r e genera l ly designed to have a uniform fuel d i s t r ibu
tion, it could be that nonuniform dis t r ibut ion may inc rease the sensit ivi ty. 

H. A. Sandmeier , submit ted to Nucl. Sci. & Eng., Feb . , I960. 



II. EXPERIMENTAL ASPECTS 

The success in test ing fuel e lements will depend great ly on the 
accuracy with which the reac t iv i ty is me a s u re d . Thus, the known methods 
for measur ing reac t iv i ty and their l imitat ions and accuracy , as re la ted to 
this pa r t i cu la r application, should be considered. At p resen t there are 
th ree methods in general use for measu r ing react ivi ty changes in nuclear 
r e a c t o r s . In each of these methods the react iv i ty changes must be kept 
smal l so that the r equ i r emen t s noted in the section on theory concerning 
smal l per turba t ions a r e fulfilled. 

P i le Pe r iod Measuremen t s 

One method, cal led the "pile per iod" method, was h is tor ica l ly the 
f i r s t method used to de te rmine changes in react iv i ty . A pile is brought 
to cr i t ica l i ty , then a pe r tu rba t ion is introduced. The react iv i ty is com
puted from the ra te of i nc rease of the neutron flux using the well-known 
kinet ics equations. 

When this method is used for ve ry accura te m e a s u r e m e n t s , the 
data f rom the flux level de tec tors mus t be fed into an e lec t ronic analogue 
or digital computer to obtain r e s u l t s with speed and p rec i s ion . Any ex
t raneous neutron source will introduce e r r o r s into the measurement . (2) 
The t ime r equ i r ed for each m e a s u r e m e n t is long, since it is n e c e s s a r y 
to wait for all t r ans i en t s to die out after introducing the change. With 
p r o p e r ins t rumenta t ion , re la t ive reac t iv i ty m e a s u r e m e n t s as p r e c i s e as 
10 Ak/k have been made by this method. 

P i le Osci l la tor 

In the second method, the "pile osc i l la tor" technique, a sample 
whose reac t iv i ty effect is to be m e a s u r e d is a l te rna te ly inse r t ed and r e 
t r ac t ed f rom the core region, e i ther sinusoidally or s tepwise. The change 
in flux amplitude and phase is then r eco rded . These quantit ies a re func
tions of the nuclear p r o p e r t i e s of the sample . By compar ison with a 
s tandard , the c r o s s sect ion of the unknown is found. This method has the 
advantage of s trongly reducing the effect of any l ong - t e rm drift in the 
power level of the r e a c t o r . If the flux level of the r eac to r is increas ing 
l inear ly , the effect of the i nc rease may be e l iminated by integrat ing the 
data over the p rope r in te rva l . 

B. J. Toppel, Sources of E r r o r in Reactivity Determinat ions by Means 
of Asymptotic P e r i o d M e a s u r e m e n t s , Nucl. Sci. & Eng. , Vol. 5, No. 2, 
Feb . , 1959. 



Automatic F lux Control 

The th i rd method used is the "automatic flux control" methodl^) 
(AFC). In this method the flux level of the r eac to r is kept constant by 
means of a se rvo sys tem which regula tes a lightly absorbing control rod. 
Any change in the react iv i ty of the pile will resul t in a change in the pos i 
tion of the rod. The magnitude and direct ion of this position change will 
be a m e a s u r e of the magnitude and sign of the react ivi ty per turbat ion . As 
with the osci l la tor method, the c r o s s sect ions a re obtained by compar ison 
with a s tandard . In this method the per tu rba t ion is usually in se r t ed as a 
s tep function. 

The AFC method appears to have cer ta in advantages for the Fuel 
Assay Reac tor . In both the osc i l la tor and AFC methods one mus t replace 
a s tandard with a stock fuel e lement while making the m e a s u r e m e n t s . 
The init ial or ze ro condition of the r eac to r is de te rmined with the s tandard 
fuel e lement in p lace; then the pe r tu rba t ion is introduced by al ternat ing the 
stock and the s tandard e lements . The osci l la tor method r equ i r e s that data 
be taken continuously. A channel containing the s tandard and the tes t e l e 
ments has to be moved forwards and backwards in a per iodic fashion. Not 
only is this sys t em mechanica l ly complex, but it introduces l a rge p e r t u r b a 
tions caused by the end fi t t ings, which a r e usual ly made of aluminum or 
z i rconium. These end effects may well overshadow the smal l per turbat ion 
caused by changes in fuel and poison contents in the active sections of the 
two e lements . 

In the AFC method it is not n e c e s s a r y to accumulate data during 
the s a m p l e - t r a n s f e r per iod; in fact, often the data accumulat ion must be 
stopped during this per iod to allow the reac tor to regain equi l ibr ium after 
a change is made . 

F o r safety, the inser t ion of react iv i ty mus t not exceed a cer ta in 
r a t e . Since the ra te of i nc rease of the neutron flux is di rect ly dependent 
on the ra te of reac t iv i ty inser t ion , the t e s t e lement mus t be inse r t ed at a 
cer ta in speed consis tent with the max imum expected deviation of react ivi ty 
from the s tandard e lement . This causes no difficulties in the AFC method. 
In the osc i l la tor method, however , one might get a very low-frequency r e 
sponse frora which one may not be able to ext rac t the per t inent information. 
The pile per iod method is ve ry unlikely to be of advantage, since it is quite 
dependent on the r e a c t o r remain ing ex t remely stable for a long per iod of 
t ime . A convenient schedule for the t r ans fe r of l a rge e lements would make 
reac to r stabil i ty difficult to mainta in . 

( 3 ) D . R . de Boisblanc, E . E. Burdick and G. L. Smith, The RMF Pi le 
Osci l la tor , 3rd Annual Meeting of the Amer ican Nuclear Society, 
June 1957, P i t t sburgh , Pennsylvania . 
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According to Bennett , the s igna l - to -noise ra t io for any single 
m e a s u r e m e n t is,(4) 

S / N = C - ^ ^ , II-l 
Vo.s f 

where 

Ap = reac t iv i ty change, 

f = total number of f issions during tes t ing t ime , 

C = constant , 

= "^3/4 = 0.433 for pile per iod method, 

= v2/7r = 0.449 for osc i l la tor method, 

= 1/2 = 0.500 for AFC method. 

Equation I I - l will show that for the same s ignal - to-noise ra t io the AFC 
method is about 10 to 15 p e r cent m o r e sensi t ive than the o the r s . If there 
were good r ea sons for choosing one of the other methods , this advantage 
would rea l ly not be significant. However, with all of the other reasons set 
forth, we conclude that the AFC method is the best react ivi ty raeasur ing 
technique for this type of exper iment . 

P r e c i s i o n and Accuracy 

The expected p r ec i s i on of the r e a c t o r m e a s u r e m e n t s is ex t remely 
high. The re is a theore t ica l l imi t to the p rec i s ion of react ivi ty m e a s u r e 
ment s because of the s ta t i s t i ca l va r ia t ion of the neutron population within 
the r e a c t o r co re . This population is general ly cons idered to remain 
constant, but in rea l i ty it v a r i e s about a mean value according to wel l -
known s ta t i s t ica l p r o c e s s e s . It has been shown'^/ that the s tandard devia
tion, a, in the value of the react iv i ty , p, is given by 

a = 0.89/Vr , II-2 

where f is the total number of f iss ions during the test ing t ime . Since there 
a re 3 x 10^ f iss ions per se< 
we may rewr i t e Eq. II-2 as 

5.1 X 10"^ 

are 3 x 1 0 f iss ions per second in" a r e a c t o r operating at a power of one watt . 

Vwt 
II-3 

V'̂ /E. F . Bennett , Argonne National Labora to ry , P r iva t e Communication. 

w/C. E . Cohn, A Simplified Theory of P i le Noise , submit ted to Nucl. 
Sci. & Eng. , January , I960. 



where w is the power in wat ts , and t is the test ing t ime in seconds. F r o m 
Eq. II-3 we observe that the s tandard deviation from the exact value of p 
will be smal l if ei ther the power or the test ing t ime is l a rge . 

As in many other engineering p rob lems , there a r e r e s t r i c t ions placed 
on both va r i ab l e s . The r eac to r cannot be operated at too high a power b e 
cause the amount of act ivi ty induced in the sample must be kept low. 
F u r t h e r m o r e , it is des i rab le to e l iminate all effects of t empera tu re upon 
react ivi ty . Most react iv i ty measu r ing faci l i t ies operate at a level of approx
imately 10 wat ts . A reasonable t ime for a single measu remen t is approx
imately 100 seconds. 

The e r r o r of a single m e a s u r e m e n t under these conditions is ob
tained from Eq. I I -3 : 

a = - ) L ^ r i ^ = 1.6x lO"''Ak/k . II-4 
v T o x i o o 

Since one mus t make two r aeasu remen t s - one with the s tandard and one 
with the tes t e lement - the e r r o r or s tandard deviation of the difference 
between those two m e a s u r e m e n t s is v 2 t imes the single e r r o r , or 
2.3 X lO"'^ Ak/k. 

It is not p r ac t i c a l to t r y to dec rea se the exper imenta l e r r o r below 
the s ta t i s t i ca l l imit exp re s sed in Eq. I I -2 . The l a rges t p r r o r in any m e a s 
u remen t is the root mean square of all e r r o r s . If we assume that the ex
pe r imen ta l and s ta t i s t i ca l e r r o r s total 10" Ak/k, we can obtain the 
p rec i s ion with which a m e a s u r e m e n t may be made . 

To see what a total e r r o r of 10" Ak/k raeans in t e r m s of the e r r o r 
in deterraining the g rams of f issionable ma te r i a l in the tes t element , let 
us r ewr i t e Eq. 1-4 in a way that r e l a t e s Ak/k and the m a s s of f issionable 
m a t e r i a l ra: 

Ak A m „ ^ 
—-— = a ' , II-5 

k m 
where 

Ak 
the change in the reac t iv i ty of the r eac to r when a per turba t ion 
changes the c r i t i ca l m a s s m by an amount dm, 

a = constant depending on the sensi t ivi ty to the per turba t ion of the 
tes t reactor.v-^) 



F o r a r e a c t o r designed to make reac t iv i ty m e a s u r e m e n t s , the value of a 
will be of the order of unity. Using unity as the value of a and a total ex
pected e r r o r of 10" Ak/k, we obtain for the e r r o r in detectable f ission
able mater ia l jAm, from Eq. II-5o 

Ak 
A m = m--—= 10-^ m . II-6 

k 

Thus, the e r r o r is one mi l l i g r am for each ki logram contained in the r e a c 
tor ; five ra i l l igrams for a r eac to r with five k i lograms of c r i t ica l m a s s . 
This p rec i s ion will reraain constant r e g a r d l e s s of the size of the sample 
which is inser ted . Actually, the p rec i s ion will be far g rea te r than is nec
e s s a r y for this type of tes t . 

An e r r o r in the content of a s tandard would be a sys temat ic e r r o r , 
and consequently would affect the accuracy of the t es t . Therefore it is 
n e c e s s a r y to obtain e lements whose fuel content is known to a fraction of 
one per cent. This p rob lem is difficult but not imposs ib le . The s tandard 
must have the identical dimensions and composit ion as the test e lements , 
but it need not be fabricated exactly as the tes t e lements were . Since the 
s tandard e lement will not be placed in a hot liquid bath, the fuel-cladding 
bond is unimportant . Because the re will be no heat generat ion, there will 
be no demand for good h e a t - t r a n s f e r c h a r a c t e r i s t i c s . No physical s t ra in 
will be p laced on the e lement , so welding may be el iminated if a s impler 
method of keeping the e lement mechanica l ly intact can be found. It may 
even be possible to subst i tute foils of u ran ium and alloying meta l s for a 
fuel alloy. With these al lowances it should be possible to construct ex
cellent s t andards . 

Other factors that tend to i nc rease the total e r r o r a re positioning 
va r i a t ions , spurious react iv i ty shifts within the r eac to r , and ins t rumenta l 
e r r o r s . To exchange a l t e rna te ly tes t and s tandard e lements of the type 
used in p r e sen t -day r e a c t o r s raeans shifting and positioning a heavy load 
in the tes t region. Even with a wel l -des igned mechanical sys tem, there 
will undoubtedly be some vibra t ion and shifting of e lements within the 
r e a c t o r co re . These shifts will cause minute react ivi ty changes that af
fect the r e s u l t s . If the e lement is not placed in p rec i se ly the same pos i 
tion each t ime a change is made , the re will be some e r r o r . 

Spurious reac t iv i ty shifts a re frequently noticed in low power r e 
a c t o r s . The th ree mos t comraon causes a r e mechanica l , t e m p e r a t u r e , 
and ba ro rae t r i c effects. We have just touched briefly on mechanical ef
fec ts , showing that they may be reduced, but not el iminated,by proper 
design. Tempera tu re effects may likew^ise be reduced by p roper design. 
The overal l t e m p e r a t u r e coefficient of the sys tem should be ze ro at room 
t e m p e r a t u r e , but it is probably not feasible to obtain a ze ro t empera tu re 
coefficient in the core and sti l l mee t the requ i rements set by the theory. 



However, ce r ta in schemes make it poss ible to approach ideal conditions. 
A coluran of a neut ron-absorb ing liquid may be inse r ted into the core . A 
t empera tu re inc rease would expand the liquid, forcing some of the poison 
out of the co re , thus increas ing the react iv i ty to compensate for the natural 
negative coefficient. By varying the size of the column and the poison con
centrat ion, a zero t e m p e r a t u r e coefficient may be achieved. But even so, 
t e rapera tu re changes could st i l l have an effect on the react ivi ty because the 
t empe ra tu r e coefficient at all points in the r eac to r will be different. If, for 
example , the in ternal ref lec tor changes t empera tu re with respec t to the 
other pa r t s of the r eac to r , t he re will be a small react ivi ty shift. It is there 
fore n e c e s s a r y to keep the r e a c t o r at a constant t empera tu re to el iminate 
these shifts as much as poss ib le . Just as important is the requi rement that 
the e lements be brought to exactly the same t empera tu re as the r eac to r , 
since the inser t ion of a w a r m or cold element would dis turb the t e m p e r a 
tu re balance of the r eac to r . 

The b a r o m e t r i c p r e s s u r e effect will be quite se r ious on any 
g raph i t e -modera ted assembly . Because graphite absorbs la rge quantities 
of a lmost all gases , a change in b a r o m e t r i c p r e s s u r e will cause two ef
fects : the f i r s t , a ve ry s h o r t - t e r m effect due to the change in the ni trogen 
content in the smal l c r acks and c r ev i ce s between blocks of graphi te ; the 
second, a longer t e r m effect due to the r e l ease or absorpt ion of gases by 
the graphite p o r e s . These effects may be el iminated from a graphite 
a ssembly by encasing the en t i re a s sembly with an envelope into which a 
smal l flow of CO2 is fed. Since the absorpt ion c r o s s section of CO2 is 
seve ra l o r d e r s of magnitude l e s s than that of the ni trogen in the a i r , the 
b a r o m e t r i c effect would be reduced to a negligible quantity. There a r e 
no b a r o m e t r i c effects in w a t e r - m o d e r a t e d r e a c t o r s . 

Another factor affecting the accuracy of the m e a s u r e m e n t is the 
self-shielding effect of the u ran ium in the fuel e lement . The uran ium in 
the outer regions of an e lement absorbs t he rma l neu t rons , leaving a 
smal le r flux in the cen t ra l region of the e lement . Since the react ivi ty 
effect due to a pa r t i cu l a r amount of ma te r i a l is d i rec t ly propor t ional to 
the flux at its posit ion, the effect of the fuel inse r ted in the center will be 
l e s s than that of fuel in the outer reg ions . This self-shielding effect may 
be overcome to some degree by i m m e r s i n g the fuel e lement in a trough 
of water which will fill the regions between the pla tes or rods of the e l e 
ment . Then fast neutrons will be ther raa l ized between the p la tes or rods , 
ra is ing the value of the t h e r m a l flux. The flux in this case would be m o r e 
uniform through the e lement , which is the condition that is des i red . 

There may a l so be v i r tue in dis t r ibut ing the fuel through the length 
of the r eac to r in such a way that the flux dis t r ibut ion along the axis of the 
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r eac to r is uniform. Goertzel(o) has shown that such a flux distr ibution r e 
qui res a lower c r i t i ca l m a s s than does uniform fuel distr ibution, and 
probably inc reases the sensi t ivi ty of the r eac to r . In addition, the effect 
of neutron sca t te r ing by the fuel e lement would be el iminated. The equa
tions in the theore t ica l section of this r epor t neglected the effect of sca t 
ter ing by the tes t e lement . This assumpt ion is t rue only at a point of ze ro 
flux gradient . With an e lement that r eaches almost the ent i re length of the 
r eac to r , such a ze ro gradient condition does not exist , and differences in 
the sca t te r ing p rope r t i e s would appear to be differences in the fuel or 
poison content. If a uniform flux dis tr ibut ion were achieved, these effects 
would be el iminated. And fur ther , the requ i rements concerning the axial 
posit ioning of the fuel e lement would be great ly dec reased . 

By changing the impor tance functions of the the rmal and fast neu
t rons in the cen t ra l region, a d i scr imina t ion can be made between the lack 
of fuel and the inclusion of poison. Theore t ica l ly it is possible to dis t in
guish between seve ra l different types of poison by making severa l different 
t e s t s with severa ld i f ferent impor tance function r a t i o s . However, in p rac t i ce 
it will probably be poss ible only to dist inguish between the lack of fuel and 
the p r e sence of poison. In this case the inclusion of U would appear as 
a neutron poison and the total amount of U would not be measu rab le in 
this sys tem. The method cannot dist inguish between the var ious types of 
f issionable m a t e r i a l , Pu^^', U^̂ ^ or U^^ .̂ The sys tem is only sensi t ive to 
the quantity vS^ . Consequently, it would be possible to substi tute the 
p rope r amount.of other types of f issionable ma te r i a l and balance the known 
fission absorpt ion by the inclusion of other poisons. At the p resen t t ime 
this p rob lem appea r s to be pure ly academic , since the amounts of Pu 
and U available a r e sti l l ex t r emely smal l . At some l a t e r t ime this 
p rob lem may becorae s e r i o u s . 

In o rde r to de te rmine the fuel dis t r ibut ion in the tes t element in 
the axial direct ion, a set of fast and slow neutron de tec tors mus t be placed 
along the length of the r eac to r nea r the test posit ion. By reading the output 
of these de tec tors accura te ly , the neutron flux dis t r ibut ion may be de te r 
mined with sufficient accuracy to te l l whether there is any fuel var ia t ion 
along the length of the fuel e lement . 

CONCLUSION 

The concept of a Fue l Assay Reac tor is mos t cer ta in ly feas ible . 
There a r e no grea t theore t i ca l p rob l ems which r ema in unsolved that would 
prevent the design of such a sys t em. The state of the a r t has advanced suf
ficiently so that such a sys t em could be built with a reasonable effort and 

(6)Gerald Goer tze l , Minimum Cr i t i ca l Mass and F la t Flux, J. Nucl. 
Energy, Vol. 2, pp. 193-201, 1956. 



investment of m a t e r i a l s . The information that could be gained with such a 
r eac to r would cer ta in ly help the atomic energy p r o g r a m at the p resen t t ime 
and may be mandatory in the not too distant future. 
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