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TPl-51 

SUMMARY 

The exper imenta l methods used to study the poisoning of the NRX reac tor 
a r e desc r ibed and the operation of the reac tor in relat ion to these methods 
is reviewed for the period F e b r u a r y to September 1948. 

Xenon Poisoning 

The growth t rans ien t s of weak poisoning indicate that about 13% of the xenon 
produced has a half life close to twenty minutes . It is believed that this is 
Xe-lSS"^ which is produced by a shor t - l ived chain of fission products . The 
r ema inde r of the xenon poisoning is due to 1-135 having a half life of 6. 65 
hour s . The exper imental r e su l t s a r e consistent with the the rma l neutron 
c r o s s - s e c t i o n of 3. 0 x 10° b a r n s . ^ 

The equil ibrium cr i t i ca l height as a function of power has been followed to 
ZO MW. The xenon poisoning can be represen ted as 

^ k = 0. 0284 
1+ 8. 33 

W 

W is the r eac to r power in megawat t s . Correc t ions have been made for the 
t e m p e r a t u r e s of the X-rod cooling water and of the modera to r , loss of 
reac t iv i ty due to power and the production of plutonium and the creat ion of 
s a m a r i u m poison. The re su l t s ag ree surpr is ingly well with the f i r s t order 
per turba t ion calculation based on (1) applied to the reac tor with a c r i t ica l 
height of 230 cm when unpoisoned. 

Samarixim Poisoning 

After 300 MWD of operat ion the change in cr i t ica l height of the r e a c t o r - ^ a s 
followed during a long shutdown until, when the xenon t rans ient had died 
away it was evident that a stable poison had been produced. The loss of 
reac t iv i ty was 25% of that computed from the c ro s s - s ec t i on and fission yield 
of Sm-149. The loss i s , of cou r se , an upper l imit. It is possible that par t 
of it should be asc r ibed to m a t e r i a l c a r r i e d in the modera to r and remov­
able by dist i l lat ion. No other poisoning was detected. 
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INTRODUCTION 

This repor t is intended to give an outline of the knowledge gained 
from observing the poisoning behaviour of the NRX reac tor during six 
months operat ion from F e b r u a r y to September 1948. It is planned to 
p re sen t the detai led observat ions and ana lyses in separa te r e p o r t s . Since 
this is an i n t e r im repor t it will probably be s imples t to p r e sen t it chrono­
logically and to indicate how p re sen t concepts have developed. 

During the initial explorat ion of the r eac to r operat ion at po-wers up 
to a nominal IMW, the effect of mode ra to r t empe ra tu r e and of the lo s s of 
react iv i ty commonly at t r ibuted to Xe-135 had been m e a s u r e d approximate ly '^ ' . 

E a r l y in F e b r u a r y 1948 the r e a c t o r was to be operated after a lengthy 
shut-down so it was decided to examine these effects with grea t c a r e . 

The development of the exper imenta l methods for measu r ing the 
c r i t i ca l height of the r eac to r during operat ion at steady power and during 
shut-down by nn.eans of t r ans ien t s i^ the work of A .G. Ward and D . G . Hurs t . 

The Operat ions Staff have made a major contribution not only in 
providing non-operat ional conditions for pa r t i cu la r m e a s u r e m e n t s , but also 
in the maintenance and cal ibrat ion of instrunnents -without which the e x p e r i ­
ment could never have been completed. 

The author is indebted to H. H. Clayton for d iscuss ions and calcu­
lations on xenon poison based on severa l of h is r epor t s (^'('*). 

MEASUREMENT OF CRITICAL HEIGHT VS MODERATOR TEMPERATURE 

In a r eac to r w^ith a liquid mode ra to r the effective mult ipl icat ion 
factor may be controlled not only by inser t ing absorbing control rods but 
a lso by means of the amount of m o d e r a t o r . Th is , in fact, de t e rmines the 
size of the r e a c t o r , for the neutron densi ty is re lat ively smal l at the top 
and bottom of the liquid where the re is no good ref lector . Since an abso rbe r 
inser ted in the pile d i s tor t s the flux dis tr ibut ion it was thought des i rab le to 
a im at operat ing the reac to r w^ith one control rod inser ted as l i t t le as p o s ­
sible and to m e a s u r e the reproduct ion factor by means of the mode ra to r depth 
with the r eac to r c r i t i ca l , or by the mode ra to r depth nriinus the excess height 
found by measur ing the per iod requi red to double the flux, w^ith the r eac to r 
divergent . On account of the production of photoneutrons by y - r a y s from 
fission p roduc t s , the use of the r eac to r with a subcr i t ica l amount of modera to r 
w a s , at the t ime mos t of these exper iments were planned, judged to involve 
too many unce r t a in t i e s . Our exper ience now proves that with adequate 
computing r e s o u r c e s the convergent r eac to r can be managed if des i r ed . 
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Based on exper ience in calibrating the control rods in t e r m s of 
change in modera to r depth(^) the exper iment to m e a s u r e the effect of 
t empe ra tu r e was planned as follows. The modera to r was to be warmed in 
the s torage tanks to 115°F then pumped to the calandria and circulated 
through the cooler without flow of cooling water . (It w^as in fact found 
des i rab le to c i rcula te water through the cooler and to supply the water 
from an auxi l iary heat exchanger by means of which i ts t empera tu re could 
be regulated). The reac to r would be operated at 4kW and, as the modera tor 
cooled, i ts t e m p e r a t u r e would be observed as a function of the t ime . 
Meanwhile the weir box was to be gradually lowered in small s teps , and the 
var ia t ion of the pow^er m e a s u r e d by means of ion-chamber No. 108 (placed 
in the ref lector opposite the middle of the calandria) . The t imes were to 
be noted at which the ion cur ren t was s ta t ionary, and the reac tor c r i t ica l . 
This method was developed from experience in calibrating control r o d s . 

It had been anticipated that the a r rangement for setting and reading 
the w^eir box posit ion w^ould not be p r e c i s e enough. Accordingly a separa te 
appara tus for determining the mode ra to r level was instal led. This was soon 
found to be much l e s s re l iable than the w^eir box a r rangement and was 
abandoned when it w^as found that the readings could be repeated by the 
weir box. 

The weir box is a device for setting the level of the modera tor in 
the calandria . If the level in the calandria is higher than that set by the 
wei r box, it slowly lowers until equil ibrium is attained. When the weir box 
is r a i s ed , the level in the calandria r i s e s slowly, modera tor being pumped 
up at 5 gpm by the special pump operating continuously for this purpose . 
The circulation of modera to r to the cooler is at 140 gpm, and about 15 minutes 
a r e required to c i rcula te the volume of modera tor in the calandria. 

The analys is of the weir box setting against t ime in relation to the 
observed osci l la t ions of r eac to r power w^as ca r r i ed through very carefully 
to take into account the delay in the response of modera tor depth to a change 
in weir box posi t ion. In this w^ay cr i t ica l height was related to t ime and 
thence to the t e m p e r a t u r e of the modera to r which was taken to be that 
given by the ins t rument E - 5 - T - 4 0 indicating the t empera tu re of the modera to r 
entering the cooler . 

Throughout these e a r l y exper iments the X-rod as sembly was cooled 
by the "40 lb" water supply at a t empera tu re of about 34'*F. This t empera tu re 
w^as knov/n to remain constant to within 1/2°F so it was not considered 
n e c e s s a r y to take it into account. Actually the resu l t s obtained in tw ô 
separa te modera to r t e m p e r a t u r e runs differed significantly by an amount 
•which was l a te r explained by this cause . This fact has been mentioned in 
o r d e r to emphasize that good sensit ivity was achieved. It is believed that 
so far a s low power operat ion of the r eac to r is concerned the indication of 
c r i t i ca l height obtained by the method descr ibed is so rel iable that every 
observable change exceeding 0. 2 mm can be cor re la ted with a change in the 
conditions of r eac to r operat ion. 
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The method descr ibed here for measur ing the cr i t ica l height of the 
reac tor during nominal steady operat ion with control rods w^ithdrawn was the 
bas is of the method adopted in following the poisoning of the r eac to r at higher 
power. The wei r box was set 1 or 2 m m above the c r i t i ca l posit ion, and the 
power controlled by inser t ing a control rod which v/as then gradually with­
drawn a s the r eac to r became poisoned. The t ime at which the power reached 
a relat ive maximunn with the control rod completely withdrawn was then 
noted a s the t ime at w^hich cr i t ica l i ty was achieved for that pa r t i cu la r setting 
of the weir box. It has been found poss ible to opera te the reac tor in this 
w^ay as a routine by w^hich c r i t i ca l height m a y be followed by an opera tor . 
This m e a s u r e m e n t is supplemented by observat ion of t e m p e r a t u r e s and 
X-rod header tenapera ture (E- I -T-7 No. 1). 

MEASUREMENT OF THE CRITICAL HEIGHT OF THE REACTOR BY 

TRANSIENT OPERATION DURING SHUT-DOWN 

To observe the growth and decay of poison during shut-down 
foUow^ing operat ion in which poison has been produced, it is des i rab le in 
determining the c r i t i ca l height to produce as l i t t le poison as poss ib le . With 
the heavy water mode ra to r in which photoneutrons a r e produced by the gamma 
radiation from fission p roduc t s , steady operat ion at low^ pow^er to m e a s u r e 
cr i t ica l height by the method descr ibed above is not poss ible imnnediately 
subsequent to high power operat ion. F o r a hundred-fold reduction in steady 
power level , severa l days mus t elapse on account of long-lived groups of 
photoneutrons. To overcome this difficulty, the per iod of the divergent 
reac to r is m e a s u r e d during the t rans ient growth of power to about one tenth 
of the operat ing power p r i o r to shut-dow^n. This method will now be desc r ibed . 

The c r i t i ca l height must be known fair ly closely (to w^ithin half a 
centimeter) in o rde r to get a good m e a s u r e m e n t . The weir box is set so 
that the modera to r level is about 1 cm higher than cr i t ica l and t ime is 
allowed for the t rans ien t d is turbance of the modera to r to die out (about half 
an hour) . The shut-off rods a r e ra ised and then two of the control rods . 
The cur ren t in the ionisation chamber which is to be used to m e a s u r e the 
growth of power is obse rved , to check that no e r r o r has been made in the 
es t imate of excess react iv i ty to be expected when the remaining pa i r of 
control rods is withdraw^n. This being confirmed, these a r e Avithdrav^n as 
quickly a s poss ib le and the t ime when they have come to r e s t at 300 cm 
from the base of the calandria is noted. The t imes a r e noted at which the 
galvanometer indicates the same suitably chosen cur ren t with success ive ly 
decreas ing set t ings of the Ayrton shunt a r r angemen t between the ion-
chamber and the ga lvanometer . The shunt set t ings have been prev ious ly 
chosen so as to yield approximate ly equal t ime in te rva ls between read ings . 
The rec ip roca l (n) of the shunt r e s i s t ance is then plotted semi - loga r i th -
naically against the t ime . F r o m this plot , the per iod (T) for the r e a c t o r 
power to double is found in the following way. By t r i a l a constant i s found, 
which when added to n makes the plot a s t ra ight line the slope of which yields T 
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The data for one t rans ien t chosen as an example a r e shown in 
F igure 1 together with the der ived s t ra ight line the slope of which was 
computed to find T. 

The justification of the foregoing procedure is as follows. If 
sufficient t ime has elapsed since the r eac to r was last operated, the photo­
neut rons generated by y - r a y s originating in nuclei derived from previous 
operat ion consti tute a near ly constant source (S) of neutrons in the pile 
during the per iod t rans ien t . It is then easy to deduce (one-group model) 
that since 

dn ^ 0. 693 n ^ ^ 
dt T 

ST 0. 693t 

°̂g ^"^07693 ^ = ~ r ~ " 

In a s e r i e s of m e a s u r e m e n t s at low power the relat ion between T 
and excess mode ra to r height (above cri t ical) was found for a pa r t i cu la r 
mode ra to r depth. This can be applied at any other depth by remember ing 
that the per iod is de termined by excess k, so excess heights a r e proport ional 
to dh/dH which is near ly propor t ional to the cube of the cr i t ica l height at 
w^hich the m e a s u r e m e n t i s made (see S e c 5 below). The t rea tment has been 
justified in our exper ience . F o r a good m e a s u r e m e n t , T should lie between 
100 and 200 seconds. 

In a lengthy numer ica l t r ea tmen t of delayed and photoneutrons in 
relat ion to r eac to r kinet ics the theore t ica l counterpart of the relat ion 
between T and excess height has been worked out from the data supplied by 
B. W. Sargent based on m e a s u r e m e n t s in Z E E P , published Amer ican 
f igures , and with an allowance for the different X-rod d iameter in the NRX 
pi le . In the ins tances for which calculat ions were made , the reac tor was 
supposed to have been operating continuously for a long t ime at fixed power 
then shut down for an hour with shut-off rods or control rods inser ted after 
w^hich, for a ce r ta in assumed excess reac t iv i ty , the t rans ient growth of 
power resul t ing was computed. The succeeding t ransient an hour la te r was 
likewise calculated. The theore t ica l curve relating T and 5k ag ree s 
adequately with the exper imenta l r e su l t s for start ing t r ans ien t s . These 
covered the range of doubling per iod 20 to 200 seconds. 

F u r t h e r , a typical t r ans ien t has been calculated on the bas i s of the 
same data , and when submitted to the same t rea tment as the experimental 
observat ions in the per iod t r ans i en t , yielded a period in excellent a g r e e ­
ment with that deduced for the excess k assumed. 

It is fel t , t he re fo re , that the p rocedure descr ibed is well founded. 
There a r e , however , two points of p rac t i ca l importance which should be 
mentioned. The ion chamber m e a s u r e m e n t was adopted, because of i ts 
convenience and re l iabi l i ty , only after a long and careful study of many 
t r ans ien t s made with severa l neutron counters and two ion -chambers . 
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Secondly, this simple method is not useful when the t rans ien t p a s s e s 100 kW, 
for the r eac to r loses react iv i ty due to heating of the uran ium and due to the 
ea r ly production of xenon poison. The poisoning of the r eac to r subsequent 
to the t r ans ien t can be calculated and consti tutes only a minor effect even 
for t r ans i en t s to 1 MW. 

REVIEW OF REACTOR OPERATION IN THE COURSE OF THIS WORK 

For reference in explaining the sources of exper imenta l information 
on the poisoning of NRX reac to r it i s useful to p resen t an outline of v/hat has 
been done. 

On F e b . 3 and 5 the effect of changing the t empe ra tu r e of the 
modera to r was measu red at 4 kW. In the ensuing w^eek the technique of 
measur ing the reac to r per iod to de te rmine cr i t ica l height was es tabl ished. 

On F e b r u a r y 12 a 10 hour poisoning t rans ien t at nominally 1 MW 
w^as run , c r i t i ca l height being m e a s u r e d by the method of Sec. 2. After 
shut-down the cr i t ica l height was m e a s u r e d (Sec. 3) by hourly per iod t r ans ien t s 
to 1 MW for the f i r s t 24 h o u r s , thereaf te r to 100 kW until the c r i t i ca l height 
had dec reased to i ts initial value 84 hours l a t e r . Unfortunately the 10 hour 
t rans ien t was in terrupted by a 2 hour shut-down due to a t r ip of the r eac to r 
occasioned by the leakage of cooling w^ater entering delay tank No. 1 d i rec t ly 
to delay tank No. 2 thus actuating the radioactivi ty monitoring t r ip . In 
addition to th is complication of the pow^er-time graph during the run, another 
unexpected one occur red . This was due to the fact that the rod with i ts X-rod 
a s sembly cooled by "40 lb -wa te r" lost react ivi ty in the course of reaching 
power , thus causing a marked drop (20%) in power before recover ing i ts 
intended value when m o r e mode ra to r had been added to the calandria . These 
two d i s tu rbances of the power added grea t ly to the labour of calculating the 
poisoning to be expected. It was guessed that the loss on react ivi ty r e f e r r ed 
to was due mainly to w^arming the u ran ium. Accordingly exper iments were 
at once undertaken to m e a s u r e the loss of react ivi ty produced by rais ing 
the t empe ra tu r e of the X-rod a s sembly . 

It was a r r anged to c i rcula te hot water through the X- rod a s sembly 
and to m e a s u r e cr i t ica l height as the sys tem cooled. Correc t ions for modera tor 
t e m p e r a t u r e were applied. This exper iment , which caused misgivings in 
advance a s to the poss ible p reva lence of leakage from the X- rod sea l s , was 
successfully ca r r i ed through on Feb . 24. The magnitude of the effect observed 
is such that the change in t e m p e r a t u r e of the Ottawa River water from close to 
freezing point in nnidwinter to over 70°F in ea r ly September produces a loss 
of react iv i ty in summer operat ion rep resen ted by 4 or 5 cm in cr i t ica l height 
with the calandria near ly full. 

These exper iments having been completed, it was planned to 
m e a s u r e the growth of poison during continued operation at 1 MW (nominal) 
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and to follow subsequently the i nc rease of c r i t ica l height whenever possible 
during the operat ional approach to full power. Since "175 lb" water cooling 
of the X-rod a s sembly had to be put in service it was neces sa ry to r e ­
invest igate by a separa te exper iment the prompt loss of react ivi ty due to 
power . This was c a r r i e d out in the following way. With the reac tor running 
steadily at 2 MW, and steady cr i t ica l height, the modera tor level was 
ra i sed so as to bring the r eac to r to equi l ibr ium under No. 3 control rod at 
a suitably chosen posi t ion. The control rod was inser ted rapidly to dec rease 
the power to a p rede t e rmined fraction of 2 MW and then withdrawn so as to 
keep the power s teady at the new value. By extrapolation to the instant of 
the t rans ien t d rop , the change in control rod setting charac te r i s t i c of the 
known change in power level was found. F r o m the calibration of the rod 
under the conditions of the exper iment the equivalent change in modera to r 
height and hence in k w^as knoAvn. Severa l t rans ien ts of this type were 
m e a s u r e d . The prompt loss in r eac t iv i ty i s proport ional to the power. 

When the operating pov/er had been ra ised by steps over severa l 
weeks to what vAas believed to be 5 MW, advantage was taken of the shut-
dow^n requi red to p r e p a r e for continued operat ion at full pow^er, and the 
differential t h e r m o m e t e r sys tem E - I - T - 1 0 was overhauled. This ins t rument 
purpor ted to give the r i s e in the t empe ra tu r e of the cooling water due to 
operating the r eac to r and i ts pe r fo rmance had been questioned. 

When the r eac to r was s ta r ted up May 13th at 5 MW as judged by 
the total heat p roduced , it was quite obvious that the neutron flux measu red 
by severa l i n s t rumen t s around the r eac to r was noticeably lower than it had 
been during operat ion p r i o r to shut dov/n. By careful weighing of all the 
evidence, including radioact ivi ty of the cooling w^ater and poisoning of the 
r e a c t o r , it w^as now concluded that p r i o r to May 10 the nominal 1 MW was 
1.4 MW. 

The r eac to r power was r a i sed in steps to 10 MW and maintained 
for severa l days until the cr i t ica l height had become steady. Then after a 
few days internnittent operat ion, the pow^er was ra ised to 12 MW and 
remained so for nine days . It had been intended to observe the dec rease 
in c r i t i ca l height at 1 MW immedia te ly following the high power operat ion. 
However, an enforced shut down on May 3 1 to remove a b l i s te red X-rod 
prevented the m e a s u r e m e n t of the decay t rans ien t during the f i rs t 24 hours . 
F r o m June 1 to 4 the cr i t ica l height was followed at 1 MW. Then, since 
the modera to r level had beconne steady it was decided to shut down and 
follow the c r i t i ca l height by per iod t r ans i en t s to 100 kW. This was done 
until June 23 when the reac to r was "cold" and no change in cr i t ica l height 
( tempera ture effects being allowed for) had been detected for some days . 
Reactor maintenance was then ca r r i ed out and just p r i o r to operating 
continuously at 10 MW a high power t rans ien t was run on June 30. 
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The experiment consisted of measuring the critical height and 
setting the moderator level so that the excess reactivity would be removed 
by the prompt poisoning of the reactor due to increase in power during the 
transient. The reactor power would therefore grow to a maximum. It 
was measured as a function of the time during six hours. Corresponding 
temperature measurements were made. The maximum in power (5-1/4 MW) 
was reached in 34 minutes, the starting doubling period -was 113 sees. This i» 
transient has now been analysed. 

On July 1 the reactor ŵ as started up at 10 MW and a record of the 
increase in critical height -was obtained. Profiting by previous experience 
in this operation, it was arranged that the po"'ŵ er as determined by heat 
production should be kept constant. The ion-chamber connected to the 
galvanometer at the control desk served only to operate the reactor over 
short periods; as the reactor poisoned and the moderator depth had to be 
increased, the setting of the potentiometer bias was changed so that the 
zero of the null instrument corresponded to the desired heat output instead 
of a particular current in the ion chanaber. Since the moderator depth was 
increasing, the flux at the ion chamber corresponding to constant heat 
production would change first because the size of the reactor core was 
grow îng and secondly because the position of the maxinnum of the flux 
distribution was correspondingly being raised. Hence the ion chamber 
does not yield a current proportional to the power; it is sensitive to the 
extent to which the reactor is poisoned. 

On September 1, after the satisfactory operation of the new catalyst 
in the recombination unit had been proved at 10 MW, the pow êr was raised to 
14 MW and the corresponding equilibrium setting for the w êir box was estab­
lished. It was estimated that it would be just possible to operate steadily at 
20 MW with the calandria full, so it was decided to observe the poisoning at 
20 MW. After running for 40 hours but before the critical height had levelled 
off, it was decided to drop the power to 10 MW in order to reduce the production 
of deuterium. The change in power was effected gradually in 1-1/2 hours; 
thereafter, the reactor ŵ as observed to poison and the moderator level was 
gradually raised to the limit. Poison continued to grow and the reactor was 
no longer critical. The power dropped practically linearly with time. The 
control and shut-off rods were kept withdrawn and at low level the flux was 
observed on the power-measuring ionisation chamber. The descent of the 
flux to its minimum was noted and thereafter its growth to 10 MW. The 
course of the phenomenon in time was roughly in accord w îth an elementary 
calculation. 

• 
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ANALYSIS OF POISON MEASUREMENTS AND PRELIMINARY RESULTS 

The detailed analys is of c r i t i ca l height measu remen t s in relat ion 
to poisoning depends essent ia l ly on the conversion of differences in height 
into differences in the mult ipl icat ion factor k. So long a s we a r e dealing 
with changes in height within a comparat ively small range the conversion 
is not important for the kinetic ana lys i s , but it is when differences of 
height have to be compared at marked ly different modera tor depths such 
a s occur in poisoning at 10 MW for example . One is dependent in the f i rs t 
place on the ana lys i s of flux dis t r ibut ions in the reac tor at low power. In 
the second p lace the effect of the ref lector must be taken into account in 
some simple way, otherw^ise the complication of calculation becomes 
prohibi t ive . 

P r i o r to the completion of the analys is of ver t ica l flux distr ibut ions 
at low power , the constant to be added to the w^eir box setting to yield the 
height (hf.) of the sine ver t ica l flux dis t r ibut ion was taken to be 14 cm and 
the migra t ion a r e a 271 cm^ - the value for the co re . It i s not known that 
this a s sumed constant difference to be added is at least 20, 7 cm.* F r o m 

"two-group theory" we can compute —'^ , Y being the Laplacian of the 
dhc 

reac to r in which the r ea l boundary conditions at the base and top of the 
core a r e replaced by the assumpt ion that the neutron density vanishes at 
z = 0 and z = h^,, the fo rmer level being suitably chosen with respect to 
the calandria bottom. The ref lector a lso is a s sumed infinite in extent. 
F r o m a m e a s u r e m e n t of the r eac to r per iod and the delayed and photoneutron 
data , we can compute the value 5g by which the effective multiplication 
constant kg exceeds unity. 

^e '- T r „ L^ T^ + T-

0. 693 Tg is the t ime required to double the power in a growth t rans ien t . 
As has been pointed out by Rumsey ' ' , T in this formula should stand for 
the mean life of a neutron in the core plus ref lector . Computed for NRX 
it tu rns out to be 1. 077 x 10"^ sec . F o r T^ > 100 sec . only a minor 
cor rec t ion is involved here in replacing T ,̂ for the bare core by Xp. Such 

dk m e a s u r e m e n t s lead to £. . 
dh 

* The figure to be adopted for this quantity is not yet finally settled; in this 
repor t the value quoted has been used . 
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In o rde r to p a s s to the dec rease in k w^hich w^ould exactly 
compensate an inc rease Ah in the depth of m o d e r a t o r , we must take into 
account the p r e sence of the ref lec tor in the manner indicated by Rumsey 
(loc. cit. ). In effect we have to employ a fictitious value of M different 
from that connputed for the ba re core (271 cm^). The required value can 

be found by taking the rat io 
dk^ 
dh 

iiL 
dh^ 

Here a r e some values: 

Ah 

c m 

1. 15 

1.65 

1. 12 

Te 

s e c 

155,8 

99 .8 

-

^ X 10^ 
dh 

cm"^ 

4.82 

4 .83 

4.30 

^^' X 10^ 
dh^ 

cm-3 

1.53 

1.53 

1.375 

"M^ " 

cm^ 

316 

-

312 

The f i rs t two rows w^ere obtained in F e b r u a r y with a weir box 
cr i t i ca l setting of 219. 91 cm; the l a s t , in June with a c r i t ica l setting of 
228.45 cm. 

F o r low pow^er opera t ion , the c r i t i ca l w^eir box setting in the 
vicinity of 220 cm gives 

-3 
2. 1 cm 10 in k or 1 mi l l i -k 

This figure will be used in the future in p lace of the provis ional 
2. 4 c m / m i l l i - k which was adopted in F e b r u a r y and used until the r e su l t s 
of analys is made the be t te r es t imate poss ib le . 

In dealing with the fully poisoned r eac to r at 10 MW (weir box 
reading 269 cm) one na tura l ly questions whether the boundary condition 
at the liquid surface is a l t e red by the reduction of the height of the 
empty lat t ice above the m o d e r a t o r . F u r t h e r , how should t e m p e r a t u r e 
co r r ec t ions , de te rmined for the unpoisoned r e a c t o r , be applied to the 
poisoned reac to r •which contains a considerably g r e a t e r depth of m o d e r a t o r ? 
This l a t t e r question a r i s e s quite apar t from the t e m p e r a t u r e coefficient 
of the poison c r o s s - s e c t i o n . 

Since at the p re sen t t ime the represen ta t ion of the radial d i s t r i ­
bution of flux in the unpoisoned r eac to r is unsa t i s fac tory , the resolut ion 
of a l l of these m a t t e r s is being postponed for they cannot be worked out 
co r r ec t ly until the bas ic represen ta t ion is improved. 
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In pr inc ip le the p rope r t r ea tmen t of a r eac to r with reflector 
r equ i r e s at l eas t two-group theory if the diffusion approximation is to be 
used. F o r a high flux r eac to r the size of which has to be increased by 
20-30% to overcome the loss of reac t iv i ty due to poison, it is essent ia l 
to have a good represen ta t ion of the unpoisoned r eac to r , otherwise good 
numer ica l ag reement with exper iment cannot be expected. Per tu rba t ion 
theory can be applied to calculate the equil ibrium cr i t ica l height for 
known poisons at different power levels of steady operat ion, but the actual 
calculation requi red to r ep re sen t poisoning in a high flux reac tor may still 
tu rn out to be m o r e involved than can be managed with our p resen t com­
puting r e s o u r c e s . 

The exper imenta l p r o g r a m m e has been a r ranged to cover different 
a spec t s of the m a t t e r . 

(i) Studies of weak poisoning in -which small changes in c r i t ica l height 
take p lace . One obse rves the growth of poison during steady running at a 
low po-wer (judged by per turba t ion of c r i t ica l height) and the growth and 
decay of poison during shut-down after the chosen period of steady operat ion. 
The object of such m e a s u r e m e n t s is to elucidate the scheme of p r o c e s s e s 
by •which the main poison is produced, to m e a s u r e t ime constants and to 
es t imate the c r o s s - s e c t i o n of the main poison nucleus. 

(ii) Measurement of gro-wth of c r i t ica l height to equil ibrium for steady 
operat ion at success ive ly higher po^wers. This is intended to lead to a good 
genera l descr ip t ion of xenon poisoning of the high flux r eac to r . 

(iii) Observat ion of decay of c r i t i ca l height to i ts equil ibrium value in 
shut-down after substantial operat ion at high power. This experiment w^as 
a imed pr inc ipa l ly at detecting poisoning by stable Sm-149. Since this poison 
builds up rapidly to an equi l ibr ium independent of power , this experiment 
could be repeated only after charging the reac tor with f resh uran ium. It 
was also des i r ed to detect any other poisons of long life (or stable) , being 
produced. 

(iv) Careful observat ion of the c r i t i ca l height over long per iods of 
high power operat ion is intended to sea rch for effects pecul iar to a high 
flux r eac to r . 

(v) The t rans ien t to high power was designed to reveal poisoning 
effects assoc ia ted •with shor t - l ived subs tances . P rob l ems ar i s ing from 
the des t ruct ion of poison by neutron capture in a high flux a r e minimised 
by the short durat ion of the main surge of power. It is now believed that 
the best way to pe r fo rm this exper iment is to pulse the power and observe 
the convergent r eac to r at a lô w flux instead of allowing the power to 
remain in the range dictated by the na tura l loss of react ivi ty due to the 
high po^wer pu l se . 
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On the bas i s of the analys is so far ca r r i ed through, th is method 
is by far the best one for studying how^ the xenon poison is produced. 
However, it r equ i r e s p r e c i s e calculation of delayed and photoneutron 
effects - a major computing task . 

We shall nô w review these invest igat ions . 

Study (i) 

Let us consider weak poisoning of the r eac to r in which the cr i t ica l 
height is changed by a few cen t ime t r e s . To a f i rs t approximation the 
amount of poison is m e a s u r e d by the annount x by which the actual c r i t i ca l 
height (corrected for t empera ture ) exceeds that of the unpoisoned r eac to r . 
On the assumpt ion that x is due ent i re ly to Xe-135 of mean life T (13. 3 h) and 
that th is substance is produced ent i re ly from 1-135 of mean life Tj (9. 5 h) the 
production of x may be r ep resen ted by the pa i r of differential equations 

di 
dt 

dx 
dt 

= ai n 

i 

Ti 

1 

Ti 

X - yxn 
i 
Ti 

X 

w^hen n r e p r e s e n t s the r eac to r pow^er, ai n the ra te of production of i, 
and yxn r e p r e s e n t s the des t ruct ion of poison by neutron capture . In 
steady power operat ion ŵ e may r ep re sen t the decay of x in a single 
t e r m x/Tz •where 

+ -yn 

is a function of the power . When n cor responds to a flux of 1. 4 x 10 
neut rons /cm^ sec the ra te of des t ruc t ion of xenon by neutron capture is 
equal to the na tura l ra te of decay outside the reac tor and then 

T' = — T^ . It is obvious that in NRX with i ts high flux, the des t ruct ion 

of poison at high po-wer is of major impor tance . Since the flux distr ibution 
is conditioned by the dis t r ibut ion of poison in the r eac to r , the ra te of 
des t ruct ion of poison is dependent on the pas t h is tory of operat ion. The 
amount of xenon p resen t is l ikewise dependent on h i s to ry not only from 
this cause but a lso because it is derived from a radioact ive paren t -which 
is produced in the running of the r eac to r and which, by continuously 
t ransforming itself into xenon, p roduces poison during shut-dow^n. The 
equations governing the growth and decay of x a r e then 

d̂  - ^ ^1^ - i_ — ^ 
"di ~ ~ Y, dT^Y, " T . 
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The solution of equation 3, when at t = 0 x and i have the initial values 

XQ and IQ respectively, is 

- t /T ioT t /T , - t /T. . , - t /T , . 
1 = IQ e ' ; X = ^ 4 (e 2 _ e i) + XQe 2 4 

2~ 1 

By fitting the poison transient during a shut-down to an equation 
of form 4 we can compute the ratio XQ/IQ at the beginning of the shut-down 
and, of course, the mean lives T̂  and T^ can be determined. The importance 
of the ratio XQ/IQ is that its value determines whether or not x may be 
expected to grow to a maximum before decaying. In fact, since the time 
to reach Xj-̂ ax ^^ 

T T "̂ 2 
^max = T^ ;i— l°ge ; ?p 7^ ^ 5 

^ 1 ^ Tz 

ŵ e see that if 

^o > T^ 

no maximum can occur in shut-down. 

Since, when equilibrium has been attained in steady running at 
a fixed power, equation 2 

the poison should always grow initially in shut-dov/n provided that the 
xenon is derived exclusively from iodine. If however, xenon is produced 
in sufficient quantity by an alternative process of short life there will be 
no increase in x after shut-down from operation at not too large a power. 

This phenomenon was actually observed on June 4th in the shut­
down from 1 MW operation. The clear indication of the tinne constant of 
the rapid production of xenon came from the high po-wer transient of 
June 30. We now believe the mean life of the immediate parent to be 
20 minutes and that about 13% of the xenon comes by this quick route. 
Since the poison Xe-135 is known to descend from the isomer Xe-135* 
of half life about 13 min. , the most reasonable hypothesis is that the 
latter isomer is produced either directly in fission or is derived from 
a chain of short-lived products. Once this fact had been grasped the 
analysis of the first poison transient (Feb. 12) was repeated and the 
growth transient of the succeeding operation at nonninal IMW -was recal­
culated. Notable lack of fit between theory and observation was then 
found to have disappeared. 
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The r e s u l t s of t h i s w o r k a r e sho-wn in F i g u r e s 2 and 3 . The 
f o r m e r p r e s e n t s t h e o b s e r v a t i o n s of t h e c r i t i c a l he igh t d u r i n g the 10 h o u r 
t r a n s i e n t and t h e s u b s e q u e n t shut-do-wn t o g e t h e r w i t h the t h e o r e t i c a l c u r v e s . 
In the i n t e r v a l I t h e c u r v e i s c o m p u t e d f r o m t h e d a t a g iven be low. In II t he 
l ine i s c a l c u l a t e d on t h e a s s u m p t i o n tha t no p o i s o n i s p r o d u c e d by the 
t r a n s i e n t s u s e d to n n e a s u r e c r i t i c a l he igh t . T h e do t t ed l ine in III i s f i t t ed 
to the e x p e r i m e n t a l da ta wi th iod ine m e a n l ife 9- 6 h and xenon rnean l ife 
13 .2 h , and t h e d i s c o n t i n u i t y b e t w e e n the t h e o r e t i c a l c u r v e s for II and III 
i s c o n s i s t e n t wi th -what i s e x p e c t e d f r o m an e s t i m a t e of t h e p o i s o n p r o d u c e d 
in t h e t r a n s i e n t p r e c e d i n g i t . The d i s c o n t i n u i t y b e t w e e n I and II i s c a u s e d 
by the l o s s of r e a c t i v i t y due to p o w e r . In F i g u r e 3 i s sho-wn the t r a n s i e n t 
d e c r e a s e in X^ in o p e r a t i o n a t 1 . 4 M W . It i s s e e n tha t t he e x p e r i m e n t a l 
p o i n t s follow the t h e r o e t i c a l c u r v e w h e r e we a s s u m e d t h a t 13% of the p o i s o n 
c o m e s r a p i d l y f r o m f i s s i o n and do not fol low the c u r v e s c a l c u l a t e d on the 
a s sunnp t ion tha t a l l of the p o i s o n i s f o r m e d f r o m 1-135. 

The e q u a t i o n s c h e m e a c c o r d i n g to w h i c h -weak p o i s o n i n g i s 
c a l c u l a t e d i s 

dx , . i , y X / 
— = (a, n) + — + -i— - —r 6 
dt 2 ' T J T3 T2 

d t ^ 3 ^ 
y di 

~ T , dT a^n 
1 

T^ 

w h e r e 

T J = 18. 8 m i n . 

aj = 7. 17 X 10"^ c m / m i n MW 

a^ = 1 . 8 0 x 10"^ c m / m i n MW 

a^ < 0 . 2 X 10"3 c m / m i n MW 

T h u s d i r e c t p r o d u c t i o n of X e - 1 3 5 m a y be n e g l e c t e d . 

We m a y c o m p u t e the ef fec t ive c r o s s - s e c t i o n (TĴ  fo r the p o i s o n 
a s fo l lows 

a, + ^3 = 
8. 97 X 10 ^ X 10 

2 . 1 
c m / m i n MW 

= 4, 27 X 10-6 c m / m i n MW 
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Assuming f = 0, 888^^^ 

N^cr^ = 1. 32 X 10 , (for 220 cm of modera to r in the tank + 14 cm 
extrapolat ion above modera tor ) 

°"f 
0, 55 

""u 
No. of f i s s ions / sec /MW = 3. 1 x 10^^ 

Xe-135 fission yield - 6.0% 

4 .27 X 10"^ X 1. 32 X 10^ x 0. 55 
0" 

^ 3 . 1 x 1 0 ^ ^ x 6 0 x 0 . 0 6 x 0 . 8 8 8 

= 3. 13 X 10^ ba rns 

If N^o"^ is a s sumed to be 1. 24 x 10 (no allowance for extrapolation) 

o-jj. = 2. 94 x 10^ ba rns 

The re su l t s a r e in reasonable accord with the calculations in^ ' where 
the per turba t ion of flux is r ep resen ted and the per turbat ion averages a r e 

computed. Using cr̂ j. = 3. 0 x 10 b a r n s , Clayton's formulae give for 

1.4 MW, Ay\ = 1,43 X 10 ; the corresponding exper imental resul t i s 

A\( = 1. 38 X 10 with M assumed equal to 312 cm . 

The analys is of weak poisoning of the reac tor can therefore be r e ­
garded as sat isfactory. It may be well to remind the reader that the elucidation 
depended on allowance for the t e m p e r a t u r e of the modera tor and for that of 
the incoming X-rod cooling wate r . It depended a lso on est imation of the 
power by subsequent d i rec t c a lo r ime t r i c measuremen t of a higher power. 
P e r h a p s the most d isconcer t ing element in the work was the est imation of 
the loss of react iv i ty assoc ia ted with the steady running of the reac to r . 
This loss is now kno-wn to be 0. 15 mi l l i -k /MW when the uranium rods a r e 
cooled with "40 lb . " wa te r supply and 0. 73 mi l l i -k /MW when the uran ium 
rods a r e cooled with the "175 lb, " supply. The la t te r figure was strikingly 
confirmed in the June 30 t r ans i en t , for the loss of react ivi ty sho-wed 
immedia te ly in the growth of power and was proport ional to it. Indeed it 
is this loss of react iv i ty which l imited the maximum power attained in the 
t r ans ien t . The xenon poisoning appeared significant only in the subsequent 
decay of r eac to r po-wer. 

Study (iii) 

It has a l ready been mentioned that we a r e reconsider ing the basic 
represen ta t ion of the r eac to r from which calculation mus t proceed in the 
theore t ica l predic t ion of the effect of Xe poison on the cr i t ica l height. 
F u r t h e r , the computations themse lves a r e p ro t rac ted even for the est imation 
of equi l ibr ium heights at success ive ly higher powers of operation. 
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Neve r the l e s s , by comparing the change in y due to equi l ibr ium 
poison as a function of power , with that computed from the change in cr i t ica l 
height der ived by per turba t ion theory^ ' for a r eac to r somewhat sma l l e r than 
NRX, we can t r y to a s s e s s the value of the theory. Of course , t empe ra tu r e 
changes mus t be allowed for. At low power it is poss ible to maintain the 
modera to r t e m p e r a t u r e near 60*'F but at 20 MW the equil ibrium modera to r 
t empera tu re is 120°F when the incoming r ive r water is at 63°F. The 
allowance has been made by converting changes in c r i t ica l height in the 
unpoisoned r e a c t o r due to t empe ra tu r e into changes i n y ^ (assumed inde­
pendent of the modera to r depth)*. Secondly, one has a lso to allow for the 
production of Sm-149 which is a stable poison -with-fission yield 1. 5% and 
c ross section 5. 3 x 10 b a r n s . This poison comes from Nd-149 (half-life 
1. 7 h) through P m (half life = 47 h). Third ly , the enrichment of the r eac to r 
due to the product ion of plutonium is significant. Four th ly , at the highest 
power one might expect to detect the modification of the Xe c r o s s - s e c t i o n 
due to the higher t e m p e r a t u r e of the t h e r m a l neu t rons , but this effect would 
requi re very carefully controlled exper imenta l conditions to es tabl i sh it. 

The Sm poisoning is noteworthy in that the stable or nea r ly stable 
poison observed in NRX after 300 MW days operat ion was much l e s s than 
expected from the quoted fission yeild and c ro s s section. It has been 
suggested that the cause of the low poison yield in that p r o g r e s s of the fission 
chain of m a s s 149 to stable Sm-149 is a r r e s t e d in a long lived i somer of 
Sm-149. This h-ypothesis is being examined e l sewhere . The following a r e 
the facts a sce r t a ined to date with NRX. 

In the shut down-subsequent to 12 MW operation at the end of May 
it was observed that the cr i t ica l height dec reased in the t rans ien t c h a r a c t e r ­
is t ic of xenon decay to a constant level -which was 4. 60 cm above the level 
at Feb . 27th, when steady operat ion at 1. 4 MW began, leading eventually 
to high power . Apar t from the t e m p e r a t u r e of the X-rod a s sembly the 
conditions of r eac to r operation were identical when the two m e a s u r e m e n t s 
were made . There had been no measu rab l e change in the isotopic ra t io 
for the mode ra to r but loss of react ivi ty might have taken place due to 
foreign m a t t e r taken up by the modera to r in the course of operat ion. The 
correc t ion for the 17. 5°F difference is I. 09 cm leaving 3. 51 cm inc rease 
in cr i t ica l height due to nuclear changes in the r eac to r . Due to Pu p r o ­
duction the es t imated gain in react iv i ty -was 0,61 cm. Hence the stable 
poison produced in the operat ion of the pile up to May 31 was equivalent 
to 4, 12 cm or to Ayl = 5. 9 x 10 ^. In operat ion after July 1, for two 
months at 10 MW and thereaf te r for seve ra l days each at 14 and 20 MW 

* This p rocedure a lmost cer ta inly ove re s t ima te s the t empera tu re 
co r rec t ion , for p a r t of the m e a s u r e d change in yi^ due to change in 
modera to r t e m p e r a t u r e is brought about by change in M . The c o r r e s ­
ponding fract ional change in X is then the quantity which should t r ans fe r 
unchanged when the modera to r depth is a l t e red . 
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in success ion , the equil ibrium cr i t ica l height was measu red . If we compare 
AX^ for 12 MW interpolated from these data with the corresponding AK^ 
p r i o r to May 31 , both being cor rec ted for modera to r and X-rod as sembly 
t e m p e r a t u r e , for the loss of react iv i ty due to power (0, 0047 mi l l i -k at 20 MW) 
and for Pu production we find that the e a r l i e r A)fi exceeds the l a t t e r by 
5, 5 X 10 . That i s , within the l imi ts of exper imenta l uncer ta inty , sub­
stantially the whole of the stable poison had been accumulated by the middle 
of June when the c r i t i ca l height was m e a s u r e d during the long shut-down. 

Now the approximate represen ta t ion of the production of Sm 
poisoning would, on the bas i s of f ission yield and c ross - sec t ion data only, 
be expected to follow the equations 

^ = - P + an 
dt T 

7 
ds p 
dT = T - P"^ 

-where p and s stand for the announts of P m and Sm respect ively , measu red 
in a sys tem based on these equations and the poisoning effect of Sm, a is 

the ra te of production of p pe r MW, — is the constant 0. 693/47 hr~ and 

P is the fract ional ra te of des t ruct ion of Sm p e r MW. The solution for the 
init ial ly unpoisoned r eac to r operated at steady power is 

s =l[l - e-P^^ + P^T (^- t /T _ ^-pnt) ^ 
P 1-pnT 

The equi l ibr ium loss of react ivi ty is independent of the power and is given 

^ a ^ yN^Ofpv X ^"^s 

P o-gT^ N^o-^ 

= fy ^ = 0 . 8 8 8 x 1 . 5 x 0 . 5 5 % = 0.73% 
'^a 

y being the f ission yield of the chain of m a s s 149 

f is the t h e r m a l ut i l isat ion 

We have there fore to compare the exper imental resul t 
AV(2 = 5. 9 X 10"6 with the expected 2. 35 x lO'S i. e. only 25% of that 
expected appeared . 
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Study (ii) 

The r e c o r d s of the c r i t i c a l h e i g h t , t h e p o w e r of t h e r e a c t o r and 
the r e l e v a n t t e m p e r a t u r e s h a v e b e e n m a i n t a i n e d , t o g e t h e r wi th tha t of 
o t h e r cond i t i ons wh ich could affect r e a c t i v i t y . F o r s tudying the g r o w t h 
of c r i t i c a l he igh t a t s t e a d y po-wer i t i s a l m o s t e s s e n t i a l to have s e v e r a l 
c o n s e c u t i v e d a y s of s t e a d y o p e r a t i o n , f r e e f r o m shut-do-wn, the r e a c t o r 
be ing i n i t i a l l y v e r y w e a k l y p o i s o n e d . Whi le t h e effect of s h u t - d o w n can 
be e s t i m a t e d a p p r o x i m a t e l y , the t r a n s i e n t d i s t u r b a n c e due to a s h u t - d o w n , 
e s p e c i a l l y f r o m high p o w e r , i s d e t e c t a b l e o v e r abou t t w e n t y - f o u r h o u r s and 
it i s doubtful tha t suff ic ient p r e c i s i o n can be a t t a i n e d to jus t i fy d e t a i l e d 
t r e a t m e n t of da t a c o n c e r n i n g f r e q u e n t l y i n t e r r u p t e d o p e r a t i o n of the r e a c t o r 

To c o m p u t e t r a n s i e n t gro-wth of c r i t i c a l he igh t d u r i n g p o i s o n i n g , 
p r o p e r m e t h o d s have not ye t b e e n w o r k e d out and t h e r e i s not a l a r g e 
n u m b e r of good s e r i e s of m e a s u r e m e n t s wi th wh ich t h e o r y could be c o m ­
p a r e d . On t h e b a s i s of o b s e r v a t i o n s of p o i s o n i n g a t h igh p o w e r one can 
offer t h e a p p r o x i m a t e r u l e a s to ho-w t h e e q u i l i b r i u m he igh t a t a p a r t i c u l a r 
p o w e r i s a t t a i n e d . A s ing le e x p o n e n t i a l wi th half l ife abou t 8 h o u r s can 
be u s e d to' e s t i m a t e t h e t r a n s i e n t by -which c r i t i c a l he igh t t e n d s to i t s 
l i m i t i n g v a l u e a t a g iven h igh po-wer. 

The w a y in -which the a p p r o x i m a t e e q u i l i b r i u m c r i t i c a l he ight 
d e p e n d e d on p o w e r i s shown in F i g u r e 4 . It wi l l be no ted tha t the o b s e r v a ­
t i o n s fa l l on t-wo c u r v e s ; t he l o w e r c o r r e s p o n d s to o b s e r v a t i o n s p r i o r to 
M a y 31 and the u p p e r s u b s e q u e n t to J u l y 1 when i n f o r m a t i o n w a s ob t a ined 
for 10, 14 and 20 MW o p e r a t i o n . The c r i t i c a l he igh t of the r e a c t o r w a s 
228 . 5 c m b e f o r e o p e r a t i o n a t t h e s e p o w e r s ; due to S m p o i s o n and added 
J - r o d s t h i s he igh t w a s g r e a t e r t han the c r i t i c a l he igh t of the u n p o i s o n e d 
r e a c t o r in F e b r u a r y . 

Us ing the r e l a t i o n b e t w e e n X and h ( F i g u r e 5) d e r i v e d f r o m t w o -
g r o u p t h e o r y , t h e s e r e s u l t s m a y be u s e d to connpute the change A>( -ŷ  in 
the L a p l a c i a n of the r e a c t o r c o r e w h e n the he igh t l e v e l s off for the p o w e r 
W, t e m p e r a t u r e e f fec t s be ing a l l o w e d for in t ha t we h a v e to t a k e into 
a c c o u n t t h e t e m p e r a t u r e of the m o d e r a t o r and of the i n c o m i n g r i v e r w a t e r 
and to a l low for the l o s s of r e a c t i v i t y p r o p o r t i o n a l to the p o w e r which h a s 
a l r e a d y b e e n m e n t i o n e d . In a d d i t i o n , in o r d e r to c o m p a r e wi th the t h e o r y 
of xenon p o i s o n i n g , t he s m a l l ga in of r e a c t i v i t y due to p l u t o n i u m p r o d u c t i o n 
h a s b e e n e s t i m a t e d and a l l owed fo r . T h e r e s u l t s a r e shown in F i g u r e 6. 
We c o m p a r e AK-̂ ^ due to p o i s o n a s a funct ion of the p o w e r wi th AM ^ 
wh ich would have o c c u r r e d had t h e r e b e e n no d e s t r u c t i o n of the p o i s o n 
by n e u t r o n c a p t u r e . L e t u s i n t r o d u c e a n ef fec t ive p o i s o n l i f e - t i m e T-yy 
such tha t 

A X ' w = C ( a j + a , ) T ^ 

-where C i s a c o n s t a n t to c o n v e r t u n i t s . 
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S ince ^M\w = C ( a i + a , ) T^ 10 

we h a v e 

T^ ^ AK^oW ^^ 

T ^ ' ^ X ' W 

and a c c o r d i n g to equa t i on 2 t h i s q u a n t i t y should depend n e a r l y l i n e a r l y 
on W. In sp i te of the fac t t ha t t h e s i z e of the r e a c t o r c o r e i n c r e a s e s 
wi th W it t u r n s out t h a t t h i s l i n e a r r e l a t i o n i s f a i r l y c l o s e l y fol lowed 
(see F i g u r e 7) and -we m a y w r i t e 

-— = — + 9. 0 X 10"^ W h r . "̂  12 
T w ^2 

W b e i n g , of c o u r s e in MW. Now in the l i m i t of w e a k po i son ing we m a y 
c o m p u t e t h i s coef f ic ien t of W a s 

Fo- pv^ 3. 1 X 10^^ X 3 X 10"^* X 3600 2 
— . = X 1. 37 X —- = 7, 7 X 10" h r " ' /MW 

N^o-^ "^^ 1 , 3 2 x 1 0 ^ x 0 , 5 5 ^ 

(F = n o . of f i s s i o n s / h r MW) The f i g u r e 1, 32 x 10 (N^(r^) i s c h o s e n to 
c o r r e s p o n d to the s i z e of the c o r e of the u n p o i s o n e d r e a c t o r . 

We r e a c h t h e r e f o r e the e m p i r i c a l f o r m u l a 

. ^ 2 AW 

w h e r e A = l , 0 9 x l O " ^ / M W 

B = 0 , 12/MW 

0 . 0 2 8 4 
o r A k = 14 

'1 + 8 . 3 3 
W 

and t h i s f o r m u l a a g r e e s r e m a r k a b l y w e l l wi th the r e s u l t s c a l c u l a t e d by 
p e r t u r b a t i o n t h e o r y . It i s not a t a l l obv ious why t h i s s i m p l e r e s u l t 
a p p r o x i m a t e s the n u m b e r g iven by e l a b o r a t e c a l c u l a t i o n for it i s n a t u r a l 

Who 
to e x p e c t tha t in e q u a t i o n 13 W should be r e p l a c e d by c o r r e s p o n d i n g 

^W 
to t h e m e a n f lux , h^ be ing the he igh t of t h e u n p o i s o n e d c o r e and h-y^ the 
he igh t for po-wer W, One i s t e m p t e d to s u g g e s t tha t t he po i son ing i s m a i n l y 
p r o d u c e d in a r e g i o n of s u b s t a n t i a l l y c o n s t a n t v o l u m e in wh ich the m e a n 
flux i s p r o p o r t i o n a l to the p o w e r . T h i s would be e x p e c t e d if the r a d i a l 
f l a t t en ing in the c o r e (which, it should be r e m e m b e r e d , i s a c t u a l l y con ta ined 
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between two coaxial cylinders) were to take place towards the inside of the 
core thus compensating the longitudinal extension due to increased modera to r 
depth. 

In conclusion it may be r emarked that the effect of the Xe resonance 
at 0, 1 eV on the capture of t he rma l neutrons has been examined. F o r an 
assumed Bre i t -Wigner half-width r / 2 = 0 , 025 eV the fractional i nc rease 
in the the rma l capture c r o s s section due to a neutron t empera tu re i nc rease 
of 22°C is 7%, This range in neutron t e m p e r a t u r e is chosen because it is 
believed that the neutrons nmake on the average one collision in t r ave r s ing 
the water sheath surrounding each X-rod and a r e thereby cooled to the 
average of the mode ra to r and -water-sheath t e m p e r a t u r e s . The figure of 
22°C r e p r e s e n t s the range of this average in the exper iments descr ibed . 
How^ever, in o rde r to deal -with t empe ra tu r e effects on poisoning it would 
seem n e c e s s a r y to look into the m a t t e r in considerably g rea t e r detai l . Since 
the xenon resonance occurs appreciably above t h e r m a l energ ies pe rhaps one 
should consider resonance capture as influencing the t r ans fe r of fast neutrons 
into the t he rma l range . Since the xenon is held in the uran ium at different 
t e m p e r a t u r e s in different p a r t s of the r e a c t o r , the distr ibution of xenon 
resonance escape probabi l i ty should be introduced into the theory. 

Study v: 

In pr inciple the method of analysing the t rans ien t growth and decay 
of the r eac to r power (n) is a s follows. Since the poisoning produced in the 
t rans ient is weak, we apply the method of represen t ing it used in study (i). 
Let T€ n and xyx denote respec t ive ly the loss of react ivi ty propor t ional to 
the power and that due to the poison, T being the mean life of a prompt 
neutron. Then the course of n is governed by 

14 
1 dn ^ 1 V ^i ic 
— — = - a + — ) —^ - yx - e n 15 
n dt n / . Tĵ  

i = l 
where 

c-6 

6 being the excess reac t iv i ty deduced from its initial value by correc t ing 
for the t e m p e r a t u r e of the nnoderator during the t rans ien t ; t he re was no 
variat ion of the t e m p e r a t u r e of the incoming r ive r w^ater. The delayed and 
photo-neutrons a r e r ep resen ted by r^ which satisfy the differential equations 

dr^ r^ ckfii 
-JT- + — = n (i = 1.2 14) 16 
dt Tj T 

T^ being the mean life of r̂ ^ and |Xj the corresponding fraction of the 
delayed and photo-neutrons in this group. 
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The equations 16 a r e in tegrated numer ica l ly and the resu l t s 
applied to equation 15 to obtain the graph of yx + en against n. In the 
init ial r i s e during the f i r s t 20 minutes of the t rans ien t , th is graph is 
s t ra ight . F r o m its slope e is deduced; consequently the dependence 
yx on the t ime can be inferred. The completion of the analysis consis ts 
in finding the constants aiTa2 ja3 and T3 which fit the solution of equations 
6 to the exper imenta l curve . This p r o c e s s has shown that a2 is very 
smal l , not exceeding 2% of the total r a t e of product ions; T3 is close to 
20 nninutes, and has yielded numer i ca l values for ai and a3 in the rat io 
a l ready quoted. 
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- Calculated from CRT-385 for a ore which, 
when unpoisoned, has crit ical height 230 cm 

- Experimental results pr ior to May 31, 1948 
corrected for tempera ture , power loss of 
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- Experimental results subsequent to July 1, 
corrected for tempera ture , power loss , 
Pu production 
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FIGURE 6 

Change in Laplacian of NRX Due to Poisoning 
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