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Abstract:

Prompt fission neutrons are important ingredients in the simulation of most nuclear-based
technologies, including advanced reactors as envisioned in the Advanced Fuel Cycle Initiative.
From a fundamental physics point of view, they also shed some light on the configurations of
the nascent fission fragments near the scission point. In this talk, I will review the Los Alamos
model used to calculated the average neutron multiplicity and spectrum in most evaluated data
libraries. The methodology used to quantify uncertainties associated with the evaluated
spectrum will be presented, and preliminary results in the case of n(1 MeV)+Pu239 will be
discussed. Finally, Monte Carlo simulations that describe in more details the emission
mechanisms of prompt neutrons and gamma-rays are presented. Results for Cf252, n +U235 and
n+Pu239 reactions will be discussed.
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Post-Scission Physics

= Near scission, fission fragments are formed in various configurations
(deformation, intrinsic excitation energies, pre-scission kinetic energy,

.2

= Very quickly (~10-2s) the fragments separate and their deformation
energies transform into excitation energies

= How the available total excitation energy TXE is distributed among the
two fragments remains an open question.

= TXE is then evaporated through the emission of prompt neutrons and y-
rays
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Why it matters

= Fundamental understanding of
fission physics L e e ENDL32 W) ——

= Impact on AFCI advanced reactor
sensitivity calculations

= Simple estimates lead to sensitivities as
large as for the cross-sections

= Impact on JEZEBEL critical &
assembly X | Jf |
« Estimates of standard deviations from il v, el Mitm Ui
LLNL and JENDL-3.2 (Kawano, LANL) e85 00001 000T 001 01 t 10
Ouigoing Neutron Energy (MeV)
« Very simple testing of +- one-sigma
using JENDL and LLNL evaluated
uncertainties
* PARTISN calculations of keff (M.White,
LANL) = (-0.3%,+0.4%)!

n(1 MeV)+* Py {

PFNS Standard Deviation (%)
8
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Prompt Fission Neutrons in Evaluated Libraries:
The Los Alamos or Madland-Nix model B.G Madiand and IR

Nix,
Nucl. Sci. Eng. 81, 213-271 (1982)

Neutron energy spectrum in the laboratory frame:

T
N( .l )/ ede x / k(T)Texp(—e/T)dT
0

\ J
I

Fission fragment moving with a Triangular distribution of

kinetic energy per nucleon E, Energy-dependent cross temperature from 0 to 7,
-secﬁon?or the inverse process

of compound nucleus formation

g = 1 /(‘/Eﬂ/-'_f
2/ E/ T J(VE- YT

= Assumptions:
» Average over fission fragments distribution
= Average over sequential neutron emissions
= Neutrons emitted from fully-accelerated fission fragments
A = Thermal equilibrium at scission... and at time of neutron emissions

T—-)
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Los Alamos Model
Successes... and limitations

Prompt Fission Neutron Spectrum Matmx
trmene Ppysyrem
(@n0ed by Te trermal specum?

¥

s Great prediction for PFNS over a wide range of
incident energies and isotopes

0 )

15 : %

T ", i3
05, &, . i (] LA
n(2.9 Mev)+ 2°u | Ml i 4 WS
'g 130 | A v 2 et
L]
S, Ix [T = No contributions from pre-
-] g . . .
£ e equilibrium neutrons; scission
g » 1 neutrons?
o Experment R s, &
2 | - Presentcaicuiation 1 T = Hypothesis of thermal
<1 ENDF/B-VI 1 o 9 o i
g unit ratio equilibrium at time of emission
0s i

A 1" = Computes averaged quantities
Laborsiry Smisakn Neiton ey (WeV) only < no correlations,

distributions.

Nuclear Data Sheets 107, 2931-3060 (2006)

M.B.Chadwick ef . ] Y
= No prescription for y-ray
7 spectrum
=
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3y Prompt Fissien Noutrons Spectrum | £~ 14 MeV
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Open Questions 7 5
L i S o ;- 0.01 ;
= Fundamental physics E S .
« Thermal equilibrium at time of emission? H oo
. - . . . L
« Fission fragment yields and excitaton & b
energies? E sopoa2et &?ﬁ‘é oo
= Pre-equilibrium neutrons i S I W T R T
Oulgaing Neulron Crergy (MeV)
= Low-energy outgoing neutrons 14 TR T
+  Very little experimental data = ""'-1?:5’?.3(‘),‘:5:"'::} B im
N 12 3 ermal . -
+ Scission neutrons? Cf. Kornilov, Maslov § 4 present caic./ ENBFBVILO (05 Me
= Uncertainty Quantification £
« How accurate? g ebp -l A
08 .\
=  What about y-rays? zZ ) 22\
+ Important for existing and advanced é 08 i \
reactors ost B\
.8 Y 0.1 1 10

QOutgoing Neutron Energy (MeV)
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Uncertainty Quantification in the LA Model Framework

= Uncertainties due to the model itself — very difficult to assess without specific
and accurate experimental data

= UQ focusing on:

+ Experimental uncertainties
* Model parameters uncertainties

= UQ Methodology
« Assess uncertainties (statistical + systematic) in experimental data sets
* Model parameters sensitivity calculations
* Bayesian method (Kalman filter) to combine both types of information

= Benchmarking
* In critical assemblies
» (n,2n) dosimetry reactions

A
P
s
NATIONAL LABORATORY UNCLASSIFIED Side 7
car i
Operated by Los Alamos National Securty, LLC for NNSA | anj f| | NI Fission Waorkshop, Feb,3-5, 2009, Los Alamas nNYSE

.

UQ of n+#%Pu: preliminary results

= New LA model code
« Module written in Fortran 95
* Tested successfully against D.G.Madland’s own code and results
* Reproduced successfully ENDF/B-VI.0 results

= Experimental data sets included
* Knitter, 1975, E =0.215 MeV
» Staples, 1995, E,=0.5 MeV

= Model sensitivity calculations performed with new code
» Varied parameters: <TKE>, <E,,...>, a (1/MeV)

= Preliminary covariance matrix obtained for n(0.5 MeV)+2**Pu PFNS
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NATIONAL LABORATORY UNCLASSIFIED Siido 8
o

Operatad by Las Alamos Nationsl Securtty, LLC for NNSA LANL/LLNL Fission Workshog, Feb.3-5, 2009, Los Alames N"&

«1/29/09


http:ANl.JU.N1

(0.5 MaV) Py n{0.5 MeV)-" Py
10 1
- - Syt /
Preliminary _ |%. |
5 / 01
results /
——— - o ot
[ / X
W i a1 Y
! Komer, !975532215 ?IMV i ‘
i K] \ x pmmutc.:ENg?aw.o _ e
-10 - 05 3
1e-05  0.0001 0.001 oo 0.1 1 10 0.1 1 10
Outgoing Neutron Enerny (MeV1 Quigoing Neutron Energy (MeV)

n (0.5 MeV) + Py

(0.5 MaV)+2**Pu PFNS Covariance Matrix

-400-200 0 200 400 800 800 1000

£
>
Z
a
T
§ 10'
£ 10
H :
{ I 10° m
no exp. data {(/100) —— 5
@ w/ exp. data (dill. correl.) —— 1
< JENDL-3.2 --orne 107 §
2 s
102
i ”
1e05 00001 0001 001 O 1 10 10
P Outgaing Neutran Energy (MeV) 107 102 107 10° 10’
~— £, (MeV)
NATIONAL [ABORATORY UNCLASSIFIED Siido 9
iy
Operated by Las Alamos Nationsi Secuky, LLC forNNSA | ANL/LLNL Fission Workshop, Feb.3-5, 2009, Los Alamos nNYsSE

Beyond the Los Alamos Model:

Hauser-Feshbach Description of the Emission of Neutrons

= Follow cascading neutron emissions
event-by-event . NEHAZY)

-
s Samples the entire fission fragments 0\
distribution Y(A,Z,KE) 0

s Provides (A',Z_']\ *.\.*,\b {U\,rw-z..ﬁ
.}“E

(AnZn)” (A1 .‘Z")'

* Detailed neutron and y-ray spectra

= Average multiplicities and multiplicity (AZ) \
distributions &

e

= Angular and energy correlations: n-n, y-y, \
n-FF, etc. ALZ)e | (Ar2.Z)
* Etc. X
‘\‘ é (A-vZ)
on an event-by-event basis 3
-
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Input Ingredients

= Neutrons emitted from a Weisskopf distribution at temperature T

= o.(e) calculated with the Koning-Delaroche global optical potential
(2003)

= Most probable charge from known deviations from UCD
= Nuclear masses from Audi-Wapstra (2003)

s Level density from Gilbert-Cameron-Ignatyuk formula, and RIPL-2
systematics

= Fission fragment yields Y(A,TKE) from experimental data

= Plus one model parameter R; to distribute excitation energy in light and
heavy fragments (in case of multi-modal fission, one parameter per
fission mode)
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Application: n+2%U (E;,.=0.5 to 6 MeV)

= Experimental yields Y(A,TKE) from Hambsch data (Geel, 2006)

= Decomposition in Brosa fission modes (S1, S2, and SL)
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Main results
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Calculated spectrum slightly too soft in the
6-10 MeV energy region
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Other Studies
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What’s next?

s« Theory
+ Expand Los Alamos model to include pre-equilibrium component and R, parameter
« Advanced Modeling of Prompt fission neutrons and y-rays spectra
— Full Hauser-Feshbach calculations
— Uncertainty quantification
— Fundamental calculations of Y(Z,A,E*,J)
— Goal: reach level of accuracy of current Los Alamos model evaluations
=+ Correlations, distributions

= Experiment
* Need for more detailed data: correlations, distributions
* Accurate assessment of uncertainties (and correlations)

= Evaluation / Benchmarking
= Inclusion of clean integral data (e.g., JEZEBEL) in the evaluation procedure
* Quick feedback
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