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Overview

Here | attempt to explaimvhat physically happens when we pulse an object with neutrons,
specifically what we expect the time dependent behavior of the neutron population to look like.
Emphasis is on the time dependent emission of both prompt and delayed néalsmndescribe

how the TART [1] Monte Carlo trapsrt code models this situation; see the appendix for a
complete description of the model used by TARWill also showthat, as we expecVICNP {2]

and MERCURY [3], producsimilar results using the same delayed neutnmulel (again, see

the appendix).

Thegenerakquation that we wish to solve is,
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E% +WFDN + St*N = fj F{r.f/.E t- >WEHN(r,W,E t)dWdEdt + S
V

N(r,W, E,t) - neutron flux

v - neutron speed (speed, not velocity)
St(r,E,t) - total cross section
F - transfer fromW, E't' to W,E,t

S(r,W,E,t) - extraneous (flux independent) source

Note,ther e the HfAscatt,d&rmasteran integmlnogef: dinectiok,eenergy and
time, where time must be included if we are interested in delayed neutrons.

There are special, simpler, cases thatoften deal with, such as sahtical systems where the

source is time independent and we assume the system has been running in a steady state forever.

In this case the flux will also kene independent and we need not integrate over time,

WFBN + St*N = f§ F{r.f/,E- >WE)N(r,W,E')dWdE + S

A further simplification isin criticality calculations, where we modifying the neutron
production of the system to make the systemsgdtaining inlie absence of a source. For ease

of notation | will write this as 1/ K multiply

multiplies the neutron production, i.e., fission, (n,2n), (n,3n), etc.

WFDN + St* N = [UK] fj F{r.f/,E- >WE)N(r,W,E')dWdE

Let me stress here that this criticality, or eigenvalue, approach to calculating systems is
extremely useful and therefore widely used, but please do not lose sight of the fact that strictly

speaking thigs only a math problem, ard it does not represergny real physical system
Remember that this equation salysi let me repeat, if | could change th multiplication of the
systemby 1/K it would be selsustaining, which is an interesting eigenvalue problem, but
physicallywe @ vi ously cannot miracul ously change
pretty biglF, si mi |l ar to Aif pigs could flyodo, but

A different simplification is to maintain the time dependence, but eliminate $patial
dependence to derive th®int Kinetics Equations[7]; see the appendix for detadéthe point
kinetics equations. | will not use the point kinetics equations here, and below | explaisowhy,
will not list the egations heredgain see the ggendix for details).

Our Model

For our calculations I will use only one system and keep it as geometrically simple as possible. |

will use a simplified model based on God{}, and slightly decrease its sizeitsure that it is
sub-critical, so that we can run time dependent calculatidres.will us a simpldhomogeneous
sphere of highly enriched uranium,

t
t
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1) Radi useé 8 .
2) Densityé.
3) Relative atom densities
U235ée 4-024994d
U234éée 4-00184d
U238ée 2-034984d
That isall we need to uniquely define this simple system.

= o

41 cm
8. 74 grams/ cc

K -effective

The definition ofK-eff seems simple enough; it is the ratio of neutron production to neutron
losses.

K-eff = Production/[Absorption + Leakage]

In nature there is one and only onelefinition. But for our studiesin our codes we can us@y
number of different definitions, depending on how we deffmeduction: is it only due to

fission or does it also include (n, 2n), (n,3n), etc. [TART includes (n,2n), (n,3n), etc.], and how
we ddine Absorption: TART defines this as any collision/reaction in which the outcome is not
one neutron; basically anything but neutron scatter (elastic and inelastic). We can also define
Production and Absorption amalogor expected[TART calculates both].

For fission we can use different definitions of %, and the fission neutron spectra. We can use

the Total <n > and emit all neutrons promptly, in the prompt fission neutron spectra, or we can
use thePrompt <n > by ignoring all delayed neutrons, or we can usePttoenpt + Delayed<n

> with the Prompt emitted promptly, in the prompt fission neutron spectra, and the Delayed
emitted in the delayed fission neutron spectrdeeiprompt (for time independent calculations)

or delayed (for time dependent calculatioM$die that for criticality problems since we assume

the flux is independent of time, the delayed emission is also independent of time, so we need not
consider itgime delay, e.g., we can emit both prompt and delayed neutrons promptly, each with
its own energy spectrum.

Lastly with Monte Carlo the answer will depend orwhmany neutrons we sample, ang
assume that as we use progressively more and more sapkasswers improve§or example,

for a time independent criticality calculation here are the answers TART calculates, using the
three different definitions of &>, described above, and progressively more neutron samples
(Sentl 3 isthe number of neutrons per Cycle; here we 1@3@ times more than the preceding
case) In this case we assume that our BEBGdst physically acceptable answer using BEST
physics i90.99133Zsee the below table).



After 100 Settle Cycles

Sentl3 Total Prompt Prompt + Delayed
100 0.992361 0.979096 0.989871
10,000 0.991283 0.984978 0.991407
1,000,000 0.991205 0.984878 0.991332
After O Settle Cycles
Sentl 3 Total Prompt Prompt + Delayed
1,000,000 0.991091 0.984720 0.991217

Multiplication (M)

For subcritical systeman interested quantity is thdultiplication ; its definitionis based on
summing the generation by generatimsults of one typical chain of neutrons.-&ff (for
simplicity written as K below), is the net change in the neupapulation is one generation, and
the production for one chabased on generatiday generationwould be,

M=1+K+K*+K3+K*+¢é. . K] hér¢farK=0:M=1

An alternative definition of multiplication does not include the initial neutron,

M= K+K+K3+K*+é . K], leérg fdr K =0, M =0

I will include the initial neutron in the definition, because this definition tells us how many
neutrons TART has to process for each initial neutron. Readers who are not used to thinking in
terms of multiplication are often initially surprised when theéydfthat relatively small
differences in Keff can resulin large changes in the multiplication, particularly wherefKis

close to unity, i.e., when the system is close to critical.

K=0.9 M = 10; K=0.99, M=100, K=0.999, M=1000; K=1,M = Infinity

Here are the multiptations based on the above results foefK this definition of the
multiplication gives us.

Sentl 3 Total Prompt Prompt + Delayed
100 130.907187 47.837734 98.726429
10,000 114.718366 66.569032 116.373793
1,000,000 113.700966 66.128819 115.366867

Think about what the above table tell us,

1) For every neutron sampled we have to track over 115 neutrons for an average fission
chain.

2) If we ignore the delayed neutrons this drops of about 66. This may really surprise you
that for the small delayed fraction, so many of the neutrons are delayed; almost half.
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The above description is fan idealized case of aub-critical system in its fundamental
mode for an extended period of timsp long, that we can solve the problem as acatity
problem {ime independentjo source andll terms in the equation are uniform in the flux). In
this case K is the same for every generation, and weusanthe above equation to define
multiplication,

M=1+K+K+K3+K'+é. . K] hérdfdrK=0:M=1

For a pulsed systenthis is not the case As we will see below, in this case for the early

generations K will differ from one generatiom the next: K, Ky, Kzé é Ky, We assume that
eventually the system will relax into its fundamental mode, and each generation after that point
will have the same K, say\KIn this case the multiplication will be,

M=1+Ky+K*Ko+ KK K 3+ 66 K*K*K3* é K/[1-Kn]

This can be very different from simple definition based strictly on the fundamental mode, where
M = 1/[17 K]. The model of Godiva we are using here is-subcal in its fundamental mode,

i.e. K < 1. But we will see below that dependinghmw we define ouneutronpulse K for the

initial generations can be very different from the K eventually reached for later generations in the
fundamental modé make that VERY DIFFERENT. Below we will see that if we place our
initial source at the origiof the sphere, for short time periods (early generations), K can be
much greater than unity, meaning the system at this time is super critical, causing the neutron
population (proportional to flux) to increai potentially dangerouslif care is not usetb limit

the maximum flux in the system.



What Do We Expected the Answer to be

| will use a time dependent neutron source only a timeuni@rmly distributed throughout the
entire sphereand follow the time deendent behavior of the neutrpopulation Let me first
addresswhat we expect thdime Dependentsolution tolook like and what we calculate,
particularly what | have seen code users actually calculateumfiodtunatelymisinterpret the
results based solely on what | will refer toaas optital illusiond Below are pictures of what
we THEORETICALLY expect our calculated answers should look like.

Theoretical Time Dependent Flux
for a Pulsed Sphere
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This is certainly nothing new; you can find similar results in Bell and Glasstb®e() (8], or
AA Procedur e f or PHisedNeuirent Sourcg EXderichents iineSlibcritical
Nucl ear Reactor so, by M&8t(le6r) §8]. Sorikse Gauttsywere NS E
known and reported at least 50 years a&tgre | merely want to demonstrate that when properly
usedand the resultare properly interpreted o day és Monte Carl o codes
what we expect them tdwill also address some pitfalls to avoid when using our cdgielew

is what Bell and Glasstori8] predictedand described in detail in 1970; this baskow in the

public domain and freely available-tine.
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Theoretical Time Dependent Flux
for a Pulsed Sphere
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We expect the solution to be a relatively simple shape, or shapes, composed of two very different
time scales. First at very short times we expect an exponential decrease on the scale of
microseconds describing the emission of the initilompt neutrons. Next we expect another
exponential decrease at much long times on the scadeaninds describing the emission of
delayed neutrons(seethe appendix for the TART model of delayed neutrons as a sum of 6
terms). Remember that the long time response will be due to delayed ndrtdrorike initial

source at t=Pbutdo not forget the multiplication of the delayed neutrons once they are@mitt
Remember that the delayed neutrons are emitted into our system and they will multiply basically
in the same manner as our prompt neutrons. Each delayed neutron looks just like any other
source neutron, and the above table tells us that each delayszhmenittedwill produce over

115 neutrons (the multiplication of the system).

Convergence vs. Sample Size

Below | show the results | calculate using progressively more neutron samples with each sample
being 100 times larger than the proceeding samyith, 100 thousand (£, 10 million (10), 1

billion (10%) and 100 billion (18" samplesFor each case | have scaled the below figure to the
number of neutron samples, to separate the curves basically by a factor Befh@¥mber that

based on the abovable of multiplications | expect on average to have to track 115 neditnons

each source neutroBo that for a neutron source of 100 billion (1) samples this required

TART to track over 11 trillion (10 *®) neutrons.

An important point to understand that the below results are based on tallying results on very
short time intervals, basically microsecond or narrower time bins; this is basically what leads to
an Aoptical il 1l usiono.

What the below results show is that even a small number neutronesacal fairly accurately
describethe first exponential at microsecond times due to the prompt emissioweBdid not

clearly see anothegxponential timevariation due to the delayed emission until we use 100
billion (10™) sampes. Dowe really need this many samplég&?e answer is no welo not; this
iIswhatlcallanfiopt i c al il 1l usiono, whi chshawpresened ct | y
the below results.



Results of Godiva
Pul=ed Sphere

5 ol IR T, R B, LIPS, Y AL T 1.D+11 Samples

10 E : 3 D+0O9 Samples

10 - : - .D+0O7 Samples

! .D+05 Samples

Neutron Population
»

The first noptical i | | utkeilogXlagY scaling ofthe plat.bfove e  f i ¢
use linXlogY scaling then we can see the short term exponential due to the prompt emission, as
shown in the below figure. An exponential Y = Exg¥X] is a straight line on a serwog plot,

which is what we see ae below figure. For very short times (1 microsecond) all four curves

show roughly the same exponential variation. For longer times (1 to 5 microseconds) the curves
using a smaller number oamples show statistical variatigrBy 5 microseconds the promp

emission is virtuallyover, having decreased @most a factor of 1 million (20 decreaseso

10°). Everything beyond this point in time is due to the longer time period release of delayed

neutrons.

Results of CGodiva
Pul=c=d Sphere

Neutron Population

Let medescribe thetheri o pt i ¢ a |l hout thewcamplexity®f amyi Monte Carlo code. We
expect the longer time emission of neugda be asum ofexponentiad with time constargon

the order of seconds (not the microseconds we see for the prompt emission). So basically for the
delayed neutron emission we galeman exponential distribution with a time constant T, on the

order of seconds.

p(t) = ExpFt/T] d[t/T] and integral wesample is P(t1) = 1 Exp(t1/T)
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for small t1/T we can expand to exponential to find,
Pt =1-{27(t 1/ T) + (+@mT) 2/ 2 ¢&.

The fAopti cal whHeh wesampleotmsodistribaet®rufiorn gery small times, << T,
and present the salts in the abovogX-LogY figure. For example, for t1 = 1 microsecond and
T = 10 seconds, t1/T is only 10so on average we would need’ 3amples to get even one
result in this time range. Therefofer 10° neutron samplesve expect zero samples, "1@e
expect @outone completely rdomresult 10’ we expect about 100 samples [assuming /sqrt(N)
convergence, about 10% uncertajnty0'" we expect about 10,000 samplesbgut 1%
uncertainty. So the above figure shows extly what we expectto see.Doesthis mean we
need this many samples? No!!! It means we should not present the data in the form shown
in the above figurg as | will explain below

It is worth noting that the above remarks apply not only to TART [1}, but also to MCN&h{R]
MDERCURY [3]. As one of the authors of MCNP, Gregg McKinnstated il never
considered there to be any optical illusios related to this,a s t h e webegabvpys 6
understood to be a statistical artifact and the long decay slopes known to be defined by the
combination of dominate delayedneutron (DN) emitterso [4]. So experts, such a Cgg,
understandhat the source of thispparentfig a ppoblemis merely due to poor statistics.
Unfortunatelymany code users do nbave the experience tanderstand thiswhich is one
reason | am writing this paper.

Below are MCNP [2] results supplied by Joe Durkee (LAN&]) showing exactly the same
phenomenon as we saw above using TART, i.e., the resul@san® expechot specific to any

one neutron transport codemust stress that this apparent gap is not due to any error in our
neutron transport codes. It is, sorry to say, strictly due to users not fully understanding how to
use the codes, which is what we woulgeat in any field where there is no substitute for the

three most important points: EXPERIENCE, EXPERIENCE, EXPERINQEA#ll not even try

to define here what fAPooro and fAiGoododo statist
dependent. | willonly stress that you should use as much of the now available inexpensive
(CHEAP!) computer power as you can = you have little to lose in running your PC 24/7.

MCNP Results with Poor Statistics MCNP Results with Good Statistics

"
T
10c:3 ] \’H E 1.0e-3
]

1 E 1.0e-6 4

. 1.0¢-9 |

1.0¢-12
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g ;
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"
Neutrons/cc/Source Neutron

1.0e-15 §

T T Ty T T Tt vy T L0e-18 vy v " T T T T vy T
LOe-11 1.0e-8 1.0e-5 1.0e-2 LOe+1 1.0e-11 1.0e-8 1.0e-5 1.0e-2 1.0e+1
Time (Seconds)

Time (Seconds)
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Below are the MERCURY [3] results supplied by Scott McKin{eiNL) showing the same
phenanenawe saw usingrART [1] and MCNP [2]. In this casBy normalizing the results per

Source Neutron we can see the convergence as we increase the number of Source Neutrons. We
can also see that if you are only interested in the Prompt response at vetyresand/or the

Delayed response at very long times, this can be accomplished by sampling a relatively small
number of Source Neutrons; the figapd or conve
time range near a few microseconds.

MERCURY Results Showing Convergence

v Lo P P P b P b P n P P P by Baaa |

Number of A 1.0e+5
Source B 1.0e+7
Neutrons

Leakage/Second/Source Neutron

T I T I [T I [T I I I I I a7

TT T [ TT T [ T T [ TTT TTT 7 B TTT TTT TTT TTT LI I B TTT
1e-10  1e-03  1e-08 1e-07 1e-06 1e-05 1e-04 1e-03 1e-02 1e-01 1e+00 1e+01 1e+02 1e+03

Time (Seconds)

Itisfarlyeasy to avoid t hi sromptoemissios shbuld ibé binnemd o n o .
presented using a neanicrosecond time scaldut the delayed emission should be binned and
presented using near second time schlés avoilst he fiopti cal sultswhersi ono
trying to present both on one time scale, when the two time scales difeefdrtor of a million

or more.

When this is done instead of having to use the brute force approach that | have shown above,
using up to 100 billion (28) samples, wean get accurate answers usaimputl million (106)

neutron samplesT h a t ighs 100,000 times fewersamples, i.e. minutes on a single PC,

instead of days and days on as many processors as | could esx to run100 billion (10"
samples

Below are example results using only 1 million samples, with appropriate bins of microseconds
for short times (to accurately represent the prompt emission) and seconds for longer times (to

12



accurately represent the delayed emissi@Qompare this to the abowesults obtained using
microsecond tally bins over the entire time range.

| should mentiontoday the cost of computer timg $0 much less than your salary that | suggest
the most efficient use of your time is to use as much computer time as posgitédkett no

sense at all to spend days or weeks preparing to perform a calculation, and to then try to finish
the calculation in minutes. It costs me nothing to leave my PC at home all night, and run for
many hours, to try and obtain the statistically masueate answers that | can.

Hopefully this will serve as anexample to code users, that when faced with very low
probability tallies in (space, energy, time, or whatever), you have several options that you

can use to statistically improve your results. You can 1) Use the brutal force approachas |

first did above to run more samplesor 2) You can increase the size of your tally bins to

i ncrease the probabil i next by increasmd thesize sf;tallytbinsat 6 s
from microseconds toseconds, thereby increasing the tally probability by a factor of a
million.

Results of Godivea
Pul=ed Sphere
T
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Three Different Results

Below are the time dependent results using three different models for <

Results of Godiva
Pul=ed Sphere
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What Can We Calculate vs. WhatCan We Measure

The above figure shows timeutron population vs. ime; this is strictly a census of timmber

of neutrons that reach a given time defined by TAEEhtim input option (this is NOT the
neutron flux) This is convenientor meto use here to illustrate both convergence vs. Sample
Size and the TARTcentim option to calculate neutron populationHowever, this is not
something that we can actually experimentallyneasurg i.e., how could | possibly measure
the total population of ngrons inside the sphere versus time.

For the belowesults | will use the TARTtype 12 input option tocalculate the time dependent
leakage from the sphere; this is something that we at least in principieeeaare However, in
order to properly interpret oureakage results we must kndwow many neutrons leak per
source neutron. Remembering the definition eéfk

K-eff = Production/[Absorption + Leakage]

TART uses the definition of 1A¢ff in order to define in its output tmeimber of neutrons that
areAbsoibed and Leaker neutron produced,

1/K-eff = Absorption/Production + Leakage/Production

From our static criticality calculation ohis system the ART output filetells me that about
57.7 of the neutron source and those produced (théiphohtion of the system) leakom the
system the remaining 43% are absorbed inside the sphé¥ete: that these do not sum to 1
because the system is stiitical, i.e., tle losses exceed the production.

After 100 Settle Cycles

Total Prompt Prompt + Delayed
Absorption 0.431 0.434 0.431
Leakage 0.577 0.581 0.577
After O Settle Cycles
Total Prompt Prompt + Delayed
Absorption 0.431 0.434 0.431
Leakage 0.578 0.581 0.577

The below results show the time dependent neutron leakage from the system, as well as the
integral number of neutrons per source neytiotegrated from 0 to 10 microseconds, to show
the prompt yield, and from 10 microseconds to essentially infinity, to show the delayed yield.

15



Results of Godivea
=ed

Spher

Leakage (per psec)

Leakage [ntegral

Results of Godiva
Pulsed Sphere

e

Leakage (per psec)

‘Prompt
Exponential
................. Variation....._.

Note that
Time Scale is
104 microseconds

Results of Godiva
Pulsed Sphere

Leakege (per psec)

———- Delayed I

Delayerjln s
i Exponential
Variation

ime Scalg is
0 600 seconds

100




Point kinetics do not Apply Here

Let me first say a few gl words abouPoint Kinetics. In general Point Kinetican be a very

valuable tool; it has been all the way back to the earliest days of reactor calculaions, well before
high speed computers were generally available. Even today it can be a simple, but powerful tool

to use in some applications. Depending on what we want to calculate it could even be used here

to fairly accurately calculate what happens in a pusled sphere. However, below we will
investigate what happens when we change the spatial distribution of thleni@ittron source at

t = 0. Obvioiusly in this case because we will investigate the effectpaifal dependence

Point Kinetics cannot be used, since by defin
please do namnake the mistake of assumitigat just because we cannot use it here implies that

Point Kinetics cannot be used in other applications.

You might think that this system is so smalB.641 cm radius) we can ignotke spatial
variation and use PointiKetics generally Point Kinetis apply best to large, essentially infinite
systems where we can ignore spatial dependddoéortunately, such is not the cabkere

spatial variation plays an important role here. We can clearly see this by considering three
differentinitial spatialsaurce distributions. In all three cases we will use an isotropic, neutron
fission emission spectrum, and the only difference will be the spatial distribution,

Center = a fAgowde atthé origin of the sphere
Uniform = a uniformly distributed source throughout the sphere
Edge = a fApointd source at the surface of the

Here we can cover several items all at the same time. The first item is

1) In a time independent criticality calculation we assume thaour final answer is
independent of our initial Afguesso for the
starting froma ny r e a s o nfarltHe dlux Bugaessigesgénerations of neutrons will
eventuallyrelax into the fundamental mode of the syst

We use what we cabettle Cyclesto ignore the starting generations (which will not be in

the fundamental modednd then surover all subsequemgenerations (which we assume are

all in the fundamental mode). The first point to cover is: What doegén to be in the
fundamental mode? Below we will see that what we are assuming is that each generation of
neutrons has the sarB&1APE, but notnecessarilyhe saméVJAGNITUDE.

2) For ourtime dependent sukcritical calculation the short timeflux will be strongly
dependent on the initial spatial distribution of our neutron source. This strong initial time
dependence will have a major impact on the longer MAGNITUDE of our flux, but not
on theSHAPE of the flux, which will be dependent solely tre fundamental mode of the
system, and not the initial flux guess.

| have been asked numerous times: For criticality problems what does it miear thaect the

system to relax into its fuathental mode; when do all of the results using variouslrgtiesses
for the fluxall converge to one final solutioithe simplest answer is: NEVER!!'Think about
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it T any system can be critical at ANY POWER LEVEL. So we should not expect all initial
guesss toproducethe same MAGNITUDE. Our fundamental mode describes only the SHAPE,
not the MAGNITUDE of the final distribution. As we will see below, the MAGNITUDE will
very definitely depend of the initial guess, but THIS DOES NOT EFFECT the results of our
criticality calculations, since our criticality equation is uniform in the flux, we can only use it to
define the SHAPE of the flux, not its MAGNITUDE.

The following two figures illustrate the very short time (0.01 microseconds) response for two

very different quantities: First | show the time dependdBAKAGE for the three different

source distributions described above (Center, Uniform and Edge). Nskow the time
dependence of thleutron Population (census). You might think that this is redundant in the
sense of I wildl fseedo and Al earno exactly the
this is not the case here.

From the below plot othe LEAKAGE we see very different results for the three different
spatial sources. For the source at CENTER it takes almost 0.002 microseconds for a neutron to
transport from the origin to the surface, so there is no leakage for shorter times. For the
UNIFORM source we see an exponential decrease with time almost from 0 time. For the EDGE
source, because the source is isotropic 1/2 the neutrons leak immediately (the 1/2 emitted
oriented away from the sphere).
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For the LEAKAGE , as shown in thi$ i gur e, we can fiseeod time de

something we can actually measure. Formtéetron population, shown in the below figure, we
can see these very different time dependent leaKagevell as production and absorptias we

will see béow) indicatesa potentially dangerous situation, where for very short times with a
source at the center the systasn actually supecritical, resultingan increasing neutron
population Unfotunately theneutron population is NOT something we can measuré&oonly
measuring LEAKAGE will not WARN up of this potentially dangerous situation
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The above figure shows that for short times all 3 sources quickly follow the same exponential
time dependence, and the belbigure shows similar results for lorignes. In both cases we see
different magnitudes, in the approimate ratios: Center 100%, Uniform 50%, and Edge 20%. So
that in this case depending on which source we start from the MAGNTUDE of our results can
differ by up to a factor of 5 not 5%- a fador of 5; 500%. What these results showthat
regadless of which initial source avuseALL CONVERGE TO THE SAME SHAPE (the
fundamental modejut not the same MAGNITUDE. Needless to say the better onitial flux

guess (closer to theridanental mode), the faster our convergence will be.
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