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Prompt fission neutrons

• Fission: Thermal neutron is absorbed, compound nucl eus splits up into fission fragments (FF)

• Scission point : Neck snaps between the forming fission fragments

• FF acceleration due to Coulomb repulsion ~~~~10-20 sec

• FF are strongly excited (2.4 neutrons released):

� Prompt neutrons t = 10-18…10-14 sec, and gammas: 10 -14 …10-7 sec

� Delayed neutrons t = sec …min (< 1%) : Neutron- rich FF, bbbb- decay, 

• PFN-Spectrum: Maxwellian <E> = 3/2 T M

• State-of- the art: Los Alamos Model (Madland- Nix): n emission from ful ly accelerated FF

Neutron-induced binary fission
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Motivation

• Nuclear energy production: 235U most important isotope

� Understanding the 235U Prompt fission neutron spectrum (PFNS) essential for safe 
and economic use of nuclear power

• 6 recent differential PFNS measurements since 1977 (E0= thermal - 0.5 MeV)
• 30 integral cross-section measurements compiled by Mannhart et al.                                

� Provide test of PFNS n(thermal) + 235U system

Persisting discrepancies between microscopic and ma croscopic data

• Calculated spectra from differential measurements o r based on a model don’t 
reproduce the integral measurements and differentia l data simultaneously

• Differential / integral measurements: C/E ==== <ssssCALCULATED >/ <ssssEXPERIMENT> ==== 0.9 … 0.6

• ENDF/B –VII (LA Model) reproduces integral cross sect. (10%), but not differential data

Request from Nuclear Energy Agency OECD- NEA WPEC-9 to re-measure PFNS
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EFNUDAT

Experiment made possible by EFNUDAT collaboration p roject 

http:// www.efnudat.eu
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Experiment: Budapest Reactor

• Experiment performed at Cold neutron PGAA facility (T = 100 K, beamline 1) at 10 MW 
Budapest Research Reactor 

• 10 days beam time (200h) 2 weeks measurement,1 st week setup & calibration, 15.09-
3.10.2008

• High flux: 7 x 107 neutrons /cm 2/s at sample position

• High stability , well- characterised beam (geometry, spectrum)

• Excellent support from Hungarian colleagues
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Experiment at Budapest Reactor
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Experiment: Setup

• TOF measurement technique used (L = 3 m)

• 3 neutron detectors LS301 (NE213 equivalent, size: 4’’ x  2”
=10.16 x 3.08 cm) SCIONIX in heavy shielding

• Thin 235U (97.7%) target 112 mmmmg/cm 2 at centre of Ionisation 
chamber, fission count rate 50.000 /sec

• 252Cf target placed simultaneously into the same chamb er  
shifted 5 cm relative to 235U target (20.000 fissions/s)

• High Fission Fragment counting efficiency 98%

3 m
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Electronic Setup

• MPD-4 Fast neutron 4- channel PSD NIM-module from ME SYTEC

– Fast pre-amps integrated

– Measurement  of Pulse height & Pulse shape simultaneously for n/g
discrimination. (On-line n/gamma discrimination possible)

– Optimised for liquid scintillators

• START by neutron detectors

• STOP for TOF: Fast cathode current signal used as “neutr on tagger”

• DAQ allows to tag FF events from U cathode or Cf cat hode separately
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DAQ and Data Analysis

• DAQ hardware: MPI 8100 Multi-Parameter-Acquisition-
Interface module ( SCSI, RS232) 

Software used: 

GENDARC:

GEel Neutron Physics Data Acquisition, Data Analysis
Run Control

• Developed in C++, based on ROOT (CERN-software)

• Unified framework, but can also be used as separate  DAQ 
or Data Analysis program

• Rich set of DAA – tools: GUI, histograms, fitting, e tc. 

• Easy to use, uses tested Data analysis software

• Developed at IRMM in the framework of EFNUDAT, 
available for use, no licences needed

I. Fabry, JRC Tech. Report GE/NP/01/2008/01/13, EC- JRC-IRMM 2008
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Experiment: Data Analysis

• Detectors had been previously thoroughly investigated an d well
characterized:

Total characterization of neutron detectors with a 252Cf source and a new light output 
determination.
N.V.Kornilov, I. Fabry, S. Oberstedt, F.-J. Hambsch , NlM A599 (2009) 226

Efficiency eeee most important : Determined from 252Cf – tagged
events

Analysis Procedure

• Calibration of PH scale with gggg - sources

• Neutron / gggg discrimination: Gamma suppression factor: 200

• TOF spectra were corrected for

• Pulse height dependent time walk

• Time-independant random and uncorrelated background

• Total count rate: 5·10 3 1/s (gammas and neutrons)

• Total neutron events:   ~ 1·10 6 for each detector (50 h)

• Timing resolution: 1.7 ns ( 235U) and 2.1 ns ( 252Cf)
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Experiment: Efficiency

• Correction for multiple scattering and attenuation on the ionization 
chamber were calculated by MCNP

– with and without chamber
– for U and Cf sources separately
– for each detector

• Energy-dependant correction-function C(E) applied to m easured 235U 
Spectrum for each detector

Efficiency eeee is measured using the evaluated 252Cf Spectrum by Mannhart
and normalised
N0 = <n> NFF/sec Tmeas DW/ 4p

N(E) = N(E)measured / eeee / C(E)

• Simultaneous relative measurement to 252Cf: 

Systematical uncertainties identical to 235U
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Efficiency: Monte Carlo Simulation

• Neutron detector efficiency eeee very complicated parameter and for the calculation 
sophisticated Monte Carlo codes necessary

• Specialised codes: NEFF7 / NRESP7 (PTB), SCINFUL (Oak Ridge NL) (GEANT4 and 
MCNP are toolboxes, not specialised codes)

• NEFF7/NRESP7: Highly successful in past 20 years:  

Very-well tested code, utilized in numerous publica tions. FORTRAN code.

At IRMM: 

CNRESP++ (C++ version of NRESP/NEFF7 code )

1) CNEFF:        Efficiency vs. Neutron Energy

2) CNRESP:     Response Functions (Pulse height spectr a)

3) CNRESP++: Detector and time response. Extended vers ion 
can be used as subroutine in other Monte Carlo simu lations

Can be used for complicated individual experimental  setups
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Efficiency: Monte Carlo Simulation

• Calculation of eeee or Response Functions:  Numerous effects have to 
be taken into account for a correct simulation 

– Inside simulation: All physical reactions & effects , extensive cross 
section data on H and 12C reactions, neutron transport

– Detector / housing geometries, Input energy spectra

– Calibration

– Resolution function of the detector

– Light output function (especially for protons, carb on, alphas)

• Should be measured

• New method for light output determination using mod ified BIRKS 
formula
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Test of measured Efficiency
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• To test measured efficiency, all experimentally det ermined parameters were 
included in the simulation

• Small difference at 8.7 MeV due to 12C(n, 3aaaa), a reaction not well measured

• Small difference 5-6 % at the very low threshold (0 .6 MeV)

Measured and simulated intrinsic neutron detector e fficiency agree very well
over the energy range

Measured efficiency used for PFNS determination
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Neutron detector spectra
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• Since 3 detectors were used, they can be cross-chec ked for reliability   
of results

• Each Run was analyzed separately to check for syste matic errors

• No angular effect 

Excellent agreement of 3 individual neutron detecto rs

Ratio to Maxwellian
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Individual detector results
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< nnnn > = 2.47 ±±±± 0.08    ENDF/B-VII:  < nnnn > = 2.421 

< E > = 1.988 ±±±± 0.010 MeV ENDF/B-VII: < E > = 2.03 MeV

• Detectors agree well with each other

• < E> agrees with nearly all literature data

• Mean Energy in ENDF/B-VII is higher than all measur ements
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• Lajtai et al. (1985), TOF, Li-Glass detectors, Budap est reactor

• Very good-excellent agreement with Lajtai over measured energy
range (E = 0.6 - 4 MeV )

• Our data and Lajtai et. al. don’t agree with ENDF/B-VII  evaluation and  
the Los Alamos Model (Madland Nix)

Our Data

ENDF/B-VII
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Imrich Fabry 19

Comparison to Literature Data

• Yufeng et al. (1989): TOF, NE213, efficiency from th eoretical calculation

• Excellent agreement with Yufeng et al. over full energy range-except
for threshold (E<1 MeV)

• Our data and Yufeng et. al. contradict ENDF/B-VII evaluation and  
the Los Alamos Model (Madland Nix) (10+%)

Our Data

ENDF/B-VII
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• Starostov et al.: Gas-scintillation-ionization detec tor + 235U, IC,
Reactor, relative to 252Cf

• Excellent agreement with Starostov et al. over full energy range

• Our data and Starostov et. al. contradict ENDF/B-VII  evaluation and  
the Los Alamos Model (Madland Nix)
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• Validation of the PFNS: Measured PFNS was used to calculate average integra l cross sections
and compared to set of integral measurements (activation reactions in reference neutron field)

• C/E = Calc. / Exp. spectrum-averaged cross sections  ���� ssss(E) N(E) dE/ ���� N(E) dE
• Only reactions used with good C/E agreement for 252Cf data. 

C/E (our data) = 0.938±0.010 C/E (ENDF-B/VII) = 0.998±0.009 

• Our 235U PFNS agrees with all literature differential experimental data 
• But no experimental data can describe the integral experiments 

Comparison to Literature Data

Source: IRDF-2002 
International Reactor 
Dosimetry Files library
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Three sources model

• Los Angeles Model (ENDF/ B-VII) doesn’t describe th e experimental data well.  Main model 
feature: Neutron emission from fully accelerated fr agments

• Discussed in Literature: Existence of Scission Neut rons, Fission probability with SCN 
emission may be 10 % - 40 % n/ fission, scarce info

• Three sources model (extension of LA -model):

1. Neutron emission from compound nucleus N COMPOUND

2. Neutron emission from nucleus after scission neut ron emission N AFTER

3. Scission neutron emission N SCN

• PFNS (E) = N COMPOUND + N AFTER + N SCN , Spectra from LA-model
• Scission neutrons describe spectrum very well with from 0.1-12 MeV . <E> = 1.986 MeV

Our Data

Three sources 
Model and
Literature Data
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Conclusions and Outlook

• A new measurement of the 235U(n,f) Prompt Fission Neutron Spectrum 
has been performed at the Budapest Reactor

• Simultaneous relative measurement to 252Cf minimized systematic errors

• Excellent agreement of all 3 individual neutron detec tors , no angular 
effect

• Very good - excellent agreement between our and literature data

• Our and literature data disagree with ENDF/B-VII and Los Alamos model

• All PFNS cannot predict integral data nor benchmark exp eriments

• Scission neutrons needed to describe the data

Imrich.Fabry@ec.europa.eu
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Comparison to Literature Data 0.5 MeV

• Over the full energy range, only one measurement agrees with ENDF/B- VII 
Johannsson & Holmquist (1977)

• Trufanov et al: Very large error bars , agrees to our data and less to ENDF/ B-VII 

• Staples et al.: Agrees with our data up to 4 MeV , disagreement to  ENDF/ B-VII 
for E n> 4 MeV

Staples et al. (1995)
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