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Abstract

MCNPAC3featureto sampledeayed neutronsby using nove cross section datafile for fissle materialswas checked through a set of timeresolved
simulation of the well-known GODIVA fast assembly. Both criticality and source driven smulationswerecarried out in order to check data and
code consistency. The good agreement between results and experimental values permits the application of the methodology to more complex
sysems.

Introduction

The capability of MCNP[1] to estimatesthe time resolved behavior of the systemsunder simulationis awell know feature sincethe version 4B of the code
[2]. The lack of delayed neutrons data in the MCNP cross sections database precluded, up to version 4C, total time resolved transport anadysis on
multiplying media. Aimof thisreport isto check the capability of MCNPACjoined with the novel cross section dataon delayed neutrons (.61c series) [3,4,5]
to smulate the kinetic behavior of a well know and simple critica assembly as GODIVA [6]. The sub-critica, source driven, GODIVA system were also
investigated. The good agreement with the experimental values allows us to extend the simulation technique toward more complex systems such as the

TRADE and MUSE subcritical configuration.

M ethodsand plan of calculation

The GODIVA critical assembly is afast reactor built up realized during the early * 50s to extend the basic knowledgein the reactors physics from theoretical
and experimenta point of view. It congstsin a spherica assembly of metallic Uranium enriched at 94%°U (density 18.8 g cm®). Thecritical radius of the

assembly is 8.7037 cm. Our MCNP geometry is a sphere of a given radius filled with the proper metallic fuel composition expressed at isotopic level by
using new ENDFB-VI cross sections (.61c series). The source driver, where required, was aways assumed to be an isotropic, mono-energetic (2 MeV),
neutron point sourcelocated at the center of the spherica assembly. Three different sourcetime modul ations have been considered: an instantaneous neutron

burst (All neutron born at t=0), a“short” (100 ns) and a“long” (100 s) square wave period.



Figurel. Crosssection of the GODIVA modd fromtheM CNPplotter: thesystem wasdivided in 9 concentric spherical cells. On each cell flux
tallieswereestimated.

Theflux-timeresponsewas estimated by using track length tallies (F4-type) on a set of sphericd shellsin which the geometry wasfurther subdivided (see

fig. 1).
Tablel
Item Problemname Typeof smulation Kt Comments

1 TOTAL KCODE 1.00099 =+ 0.00011 Criticdity at roomtemperature.

2 PROMPT KCODE 0.99461 + 0.00011 Prompt criticality at room temperature.

3 PC KCODE 0.98118 =+ 0.00034 Sub-critica (r=8.6 cm). Prompt neutrons.

4 P4 SDEF 0.98118 + 0.00034 2 MeV isotropic source. Neutron burst. Flux tallies. Prompt.

5 PIM SDEF 0.98118 + 0.00034 2 MeV isotropic source. 100 ns shoot. Timedependent flux tallies.
Prompt.

6 PCR KCODE 0.98688 + 0.00034 Sub-critical (r=8.6 cm). Prompt and delayed neutrons.

7 PR SDEF 0.98688 + 0.00034 2 MeV isotropic source. Neutron burst. Flux tallies. Prompt and
delayed neutrons.

8 PIR1 SDEF 0.98688 = 0.00034 2 MeV isotropic source. 100 s shoot. Time dependent flux tallies.
Prompt and del ayed neutrons.

9 ACD1 ACODE 0.98688 * 0.00034 Alpha eigenvalue (2.74 £+ 0.14) x 10 st GODIVA sub critica
system.

10  ACD2 ACODE 1.00099 = 0.00011 Alphaeigenvaue(1.01 =+ 0.12) x 10° s*. Godivacritical system.

Tablel briefly resumesall the cal culation executed in the following flow sheet:

1) Estimation of Total and prompt K of the system (Items 1,2 - Tablel).

2) The GODIVA sysemis set to sub-critical state by radius reduction (from 8.7037 to 8.6 cm). Estimation of prompt and totdl I s (Items 3,6 -

Tablel).

3) A neutronisotropic point source (energy 2 MeV) was placed at the center of the sub-critical GODIVA sphereto simulate the source driver. Two
distinct time behavior of the source were investigated: neutron burst and square wave period (Items 4,7 and 5,8 of Table | respectively). Time
resolved flux tallies (figs 2a, 2b, 3, 4) were accumulated on nine sphericd shells(seefig. 1) in which GODIVA systemwasideally subdivided.

4) Edimationof Qvaueby:
i) Least square method from the kinetic data obtained in prompt sub-critical runs (item4 -Tablel, figure 2a).



ii) MCNPACODET outine (item 9,10 - Tablel).
iii) Point kinetic theory and thetabular data of the problem summary of the KCODE routine.
Theresults of those estimationswerereportedin Tablell.

5)  Estimation of ndn, ratio from the data.of the source jerk like simulation (Item 8 — Table | and figure 4) in the point kinetic approximation (see
discussion).

6) Tablelll reports the comparisons of the estimated ¢ and (3, versus the experimenta values. The effective delayed neutrons fraction, 3, was
estimated on the basis of the difference between prompt and total Kys [11].

7)  Anadternative method to eval uates the system response of a general time shaped source driver wasimplemented on computer code. The method
is based on the convolution of the Monte Carlo results for neutron burst (see Appendix B) to obtain the desired response.

In all cases, the calculation was executed until the KCODE and/or tally results had reached meaningful level of convergence. In the case of KCODE and
ACODE calculations convergence was achieved in 10-30 min. of CPU+time of our 677-MHz ALPHA-DEC bi-processor chipset, whereas source driven
systemsrequest more than 50 hours on the same computers. The use of 12 CPUs of the FeroniaBeowulf cluster at ENEA-Casacciacenter dlowsusto run
the source driven problemin parallel mode and reduces the calculation time of a factor 4. The main purpose of the whole simulation set has to assess the
Monte Carlo calculation methodology for kinetic simulation in a regime far from feedback effects. The entire analysis was performed assuming a constant

systemtemperature.
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Figure2a. Prompt neutronflux estimation ver sustimeon the 9 cells of the GODIVA model (Item 4-T ablel when driven by an isotr opic neutron point
sourceburg. Thefluxespassthrough a maximumfollowed by an exponential decay.



Resultsand Discussion

The critical GODIVA system behavior was smulated both for prompt and total neutron regimes and the K4s values were consistent with criticaity state
(Items1 and 2-Tablel). Theradiusreduction from 8.7037 to 8.6 cm drivesthe GODIVA systemin asubcritica statewith atotal K value of 0.98688. This
level of subcriticality wasassumed to be constant during the subsequent sourcedriven caculations.

The prompt flux behaviors versus time were reported on figures 2a and 3 for the neutron burst and square wave. In both cases the prompt flux shown arise
to amaximum, that wasdightly time shifted depending of the distanceof thetally shell from the source (seefig. 1), then an exponentia flux decay, withthe

sametime constant for dl shells, take place.
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Figure2b. Total neutronflux estimation ver sustimeon the9 cellsof the GODIVA model (Item 7-Tablel when driven by an isotr opic neutr on point
sourceburg. Thetimer esponseshowsa net separ ation between prompt and delayed neutr on contribution

The flux became negligiblein about 4 |$. Figure 2b reports the total flux time behavior when the subcritical system was driven by a source neutron burst:
after a4 |$ (from source shutdown) the flux decays of seven order of magnitude and then due to the delayed neutrons contributions, the flux remains almost

congtant upto 0.1 s (quas static state).
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Figure3. Prompt neutron flux estimation ver sustimeon the 9 cellsof the GODIVA modd (Item 6-T ablel when driven by an isotropicneutron point
sour cewith squar etimeshape (100 nsof shoot).

Thetotal flux becomes practically negligible after 1 s from the source shutdown. The total flux responsesin case of the system driven by a square wave
sourcewith a period of 100 s (sourcejerk response) was reported in figure 4a. Before the source shutdown the systemwasin a stationary statein which all

precursor familieswerenear at the equilibrium. After the source shutdown (100 s) the flux starts to decreaseand becamenegligibleafter 900 s.
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Figureda. Total neutron flux estimation versustimeon the 9 cdlls of the GODIVA modd (Item 8-Table | when driven by an isotropic neutron point
sour cewith squaretimeshape(100s of shoot).

Because of the poor resolution of the time logarithmic scale the quasi-static state due to delayed neutron contribution is not clearly visiblein thefigure. In
the figure 4b amagnification of thefirst 5 s after to source shutdown was reported. As expected the quasi-static flux was about the 26% of the flux of the

stationary state.
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Figure4b. Magnification of thetotal neutron flux estimation of the GODIVA modd (Item 8-Tablel Yor thefirst 5 safter thesourcejerk

The great difference between the flux in the quasi-static state for the source burst and the one induced by the source jerk was due to the smal amount of
delayed neutron precursors cregted in the former. From the quantitative point a view the code was checked for internd consistency by using different

egtimator for the main kinetic parameter of the system under simulation.

Tablell

QfromLinear Regression* QfromACODE Q from Point Kinetic **
3.517 x 1C¢° s*; StD=4.564 x1C* 2.740x 1C¢° s*, SID=1.400x1C 3.45EXx10° s, SID=6.00x10*

@ estimation based on differ ent techniqueswith MCNPsimulation data.
*Based on theprompt flux kineticevolution after a sourceneutronburs (Item5—Tablel and fig. 2a)
**Based on thepoint kinetic relationship=//\(see discussion).



The @ values reported in Table 11, caculated with three different methods, were in sufficiently good agreement. The ACODE estimator tends to

underestimate Qf respect to the other two estimators. It is worth of noticing that the point kinetic estimator (third column, Table 1) is based on the well-

known formula:

=N 1)
Where

2 = prompt reactivity;

/= neutron generation time;
If
9 = (Kpc' Kps)/(Kc* Kps),
where
K. = prompt K4 of the GODIVA critical system (Item 1 -Tablel)
Kps= prompt K¢ of the GODIVA sub-critical system (Item 3- Tablel)

And approximating /o the neutron generation lifespan [10] from the tabular data of MCNP K CODE calculation (Item 3 —Table1) theqy value reported in

Tablell isreadily obtained.

Tablelll

Theoretica MCNP
NN Standard Deviation NN Standard Deviation

0.332 0.007 0.26 0.05
Quas-staticto static neutron ratio comparison between the value obtained from thetheoretical formulation and the M CNP estimation based on the
Kineticdata of thesquarewavesour cer esponse(Item 10— Tablel).

Tablelll reportsacomparison between the quasi-static to static neutron ratio as obtained fromtheoretica relation[7]:

nqs _ 1
1-k
ns 1+ *75
ks B df
andthe MCNPtally flux dataaveraged on thefirst 7 msafter the sourcejerk shutdown (Item 8-Tablel).
TablelV
Experimental MCNP
Mean Standard Dev. Mean Standard Dev. Method
(3 (pcm) 659 10 637 16 k-eigenvalues
Q(sh 101x10° -- 1.0078x 10° 11x 10 ACODE

Comparison between calculated and experimental valuesof [3;and Q) from reference[8] and [9] respectively

The fraction of delayed neutrons was calcul ated as difference between the two Ky ' s values[11]. The so obtained [3; value appearsto be 2.8% lower than

the experimenta value quoted by Hansen [8] (first row of Table IV). The second row of Table IV reports a comparison between the experimental [8] and



calculated Qvalues that are in good agreement. The calculated QY value was obtained from ACODE routine in the case of critical configuration (Item 10

Tablel) differs substantially fromthe previousvalue, relativeto ACODE estimation on the sub-criticll GODIVA system (Item9—Tablel).
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Figure5. Comparison of thetotal neutron flux obtainedin theinner GODIVA shell inaMCNPrun (Item 8, Tablel, red solid lingpith theone
obtained by convolution of burst responsewith a squar eshaped sour ce(100 s of shooat, blueasterisk)

In order to avoid complicated time consuming simulation a computer program able to executes the convolution of a neutron burst source response with a
general source time shape wasimplemented by using OCTAVE[10] prototyping system scripts. The main advantage of this techniqueis in the speed up of
the caculation for more complicated source time shape. The relative simple GODIVA problems permit us to check the consistency of the results and the

robustness of the algorithm (see Appendix A for the technical details). Figures 5 reports a comparison between the direct and the convolute GODIVA
response: the agreement was excellent.

Conclusions

The inner consigtency of the results from the MCNP routines KCODE, ACODE and SDEF were optimal: the .61¢c microscopic cross section series from
ENDFB VI were adequate to represents the behavior of the GODIVA system. The ACODE routine shows discrepancy respect to kinetic methods when the
system was driven into a subcritical condition. The agreement with the experimenta values was adequate. The kinetic smulations, even in the relaive
simple GODIVA case, require very long calculation time and the use of paradlel computersbecamemandatory. Worksarein progressto extend thisanadysis
toward more complex systems in which heterogeneous effects, such the ones induced by reflector and/or moderator, could complicate the response. The

convolution codedevelopedin our lab could help the analysis of the transient response of the accelerator “beamtrip” in the smulation of Accelerator Driven
System.



Appendix A (Convalutiontechnique)

Definitions:
G: transfer function operator, timeindependent and linear;
f(t): input function;

Gt): Dirac deltafunction;

gt)=C[f(t)] ; h(t) =G[d(t) .
Fromthe delta-dirac definition we know that:

f(t) :j’f(t){)(t—T)dt

G[f(t) = } f()G[d (t—-t)dt = } f(T)h(t-t)dt = g(t)

from MCNPoutput we have:

h(t) = Z h[O(t~t, ;) -O(t—t, )

where;
* h i=12,...Naretheresultsof the system defined from the G operator to the deltafunctionthat, in the MCNPoutput, arein thetally histogram
form;
¢ t<b<...<t<t<...<tyisthe sequenceof the boundaries of thetime-bins of the MCNPtallies;
o O(t) istheheavisidestepfunction,

than:

=t

G f@t) = i hi}f(r)[@(t—T ~t_)-O(t-T -t )dt = i h [ fOd
1= r = =,

Thistechniqueis valid for the MCNP model in the hypothesis that the correlation introduced by the convolution from the G {it)] and G [dt+1)] resultsis

negligible.



References

[1] Briesmegter, JF. (Editor) (2000),”" MCNPAC— A Generd Monte Carlo N-Particle Transport Code”, LosAlamosNational
Laboratory report, LA-13709-M.

[2] D. J. Whalen, D. A. Cardon, J.L. Uhle, J.S. Hendricks (November 1991), “MCNP: Neutron benchmark Problems’, Los Alamos National Laboratory, LA-
12212, Problem 1, pag. 6

[3] Werner,C.J. (1999) “moadificationsfor MCNPAXT to Includea Delayed Neutron Treatment for secondary Neutrons Produced from
Fission”, LosAlamosNationa Laboratory Memorandum, X Cl:CIW-99-94.

[4] Werner, C. J,, "New data library for MCNP delayed neutron capability”, Los Alamos Nationa Laboratory, Memorandum
XCI:CIW-99-25.

[5] Werner, C. J. (2000), ” Simulation of delayed neutronsusing MCNP’, Los AlamosNationa Laboratory, MSF663.

[6] T.F. Wimett, “Timebehavior of Godivato prompt critical”, LosAlamosNational Laboratory, LA-2029.

[7] G.R. Kegpin,“Physicsof Nuclear Kinetics’ Addison-Wesley, Reading, MA.

[8] G.E. Hansen, “Status of Computationa and Experimental Correlations for Los Alamos Fast-Neutron Critical Assemblies’ Physics of Fast
and Intermediate Reactors 1, 445-455, |IAEA, Vienna(1962).

[9] JD. Orndoff, C. W. Jhonstone, Los AlamosNationa Laboratory, LA-744.

[20] S. Tacznowski, M. Kopec “Monte Carlo simulation of time dependent processesin external-driven subcritical systems’ Physor 2002, Seoull,
Korea, October 7-10 2002.

[11] JW. Eaton, “GNU-OCTAVEManud” www.octave.org

[12] M. M. Bretscher, “Perturbation-independent methods for calculating research reactor kinetic parameters’, ANL/RETR/TM-30, December

1997



	Bianca.pdf
	


