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 •Radioactive nuclear beam•Intense neutron sources•Transmutation of nuclear waste•Radioprotection electron accelerator•Nuclear waste active interrogation•Detection of nuclear materials
 •Study of excitation - desexcitation process•Comparison of (,fission) ↔ (n,fission)•Direct access to unique nuclear compound (237Np, 241Am, …)•Study of photofission fragment distribution
 Interest of photonuclear reactions
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3
 Photonuclear reactions
 •Photonuclear reactions: induce by photon on a nucleus Particle emission (neutrons, protons, …) or fission
 U*
 Excited nucleus
 Particle emission
 n
 FP
 FP
 Fissione-
 +
 U
 Bremsstrahlung
 Conversion target
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 Delayed neutrons (DN)
 Precursor : decay by -n emission
 n
 FP
 FP
 E* > Bn
 n
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5
 Prompt neutrons (PN)(,n), (,2n)Conversion
 target
 photonselectrons
 , (,fiss)
 Delayed neutrons (DN)Y(A,Z) β- - n
 actinides
 Active interrogation of nuclear waste
 Emission spectra of delayed neutrons
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6
 Contents
 I Development of a photonuclear activation file
 – Structure of the file– Cross sections from
 • IAEA evaluations• HMS-ALICE calculations (test, modification, validation)• GNASH calculations for actinides
 – Distributions fission products with ABLA and HMS-ALICE– Prediction of delayed neutron spectra with the previous
 distributions
 II Experiments– Calibration of the detector– Measures of delayed neutrons at the « 4 MV »– Measures of delayed neutrons at ELSA
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7
 Model of the activation file
 • Use of the same structure of the CINDER’90 neutron activation file
 • Energy : 0 to 25 MeV in 63 groups
 • 3400 isotopes – 259 stable nuclei– 736 nuclei with cross sections– 1325 fission products
 • 60 distributions of fission products for :– 30 nuclei– 3 energies of neutrons (slow, fast et 14 MeV) – spontaneous fission
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8
 Photonuclear activation file
 • Same energy than for neutrons (between 0 and 25 MeV)• Same activated isotopes• Same activation products
 • 25 groups instead of 63 – Energy step between each group : 1 MeV
 • 90 fission fragment distributions– 30 nuclei
 – 3 photon spectra : Bremsstrahlung Emax : 12, 15 and 25 MeV
 – Add of photofission products if necessary
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 File building
 PAF
 Photons E<25 MeV
 Z≤84 Cross sectionsIAEA
 155 isotopes
 Fission productsCross sections
 Z>849 isotopes
 Photonuclear cross sections from :
 •IAEA evaluations
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 235U
 IAEA evaluations133Cs (,abs)
 IAEA evaluations
 •164 nuclei among the most used ones
 •Often based on experimental data
 Good basis for evaluation calculations
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11
 File building
 PAF
 Photons E<25 MeV
 Other ones
 HMS-ALICE
 Z≤84 Cross sections
 Fission productsCross sections
 Z>84
 IAEA
 155 isotopes
 9 isotopes
 Photonuclear cross sections from :
 •IAEA evaluations
 •HMS-ALICE calculations
 Other ones
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 Validation of HMS-ALICE
 HMS-ALICE
 • Predictive code of cross sections
 • Quick and automatic calculations
 • Heavy nuclei : good reproduction
 • Light nuclei : difficult to reproduce
 Enough for an evaluation code (results 2-3 times magnitude)
 • Deformed nuclei : problem on absorption
 Modify photoabsorption cross section before calculation for actinides
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 HMS-ALICE: Actinides cross sections
 •Good results
 •More precise evaluations for important actinides such as 237Np,241Am … Use of GNASH
 238
 U2
 35U
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14
 File building
 Other ones
 PAF
 Photons E<25 MeV
 HMS-ALICE
 Z≤84 Cross sections
 Fission productsCross sections
 Z>84
 IAEA
 155 isotopes
 9 isotopes
 GNASH
 3 isotopes
 Photonuclear cross sections from :
 •IAEA evaluations
 •HMS-ALICE calculations
 •Cross sections evaluation with GNASH for:
 – 237Np
 – 240Pu
 – 241Am
 Other ones
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 GNASH results
 + 239Pu
 + 235U GNASH
 •Evaluation code Need of experimental data
 •First use for photofission of actinides
 – Absorption : use of RIPL2 model
 – Entree : neutron data without absorption channel
 – Adjustment of fission barriers Validation of the method on 235U,
 238U and 239Pu
 → Evaluation of actinides absent from the IAEA evaluation
 (,fiss)
 (,1n)
 (,2n)
 (,fiss)
 (,1n)
 (,2n)
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16
 GNASH: 237Np
 •No direct measurement of photoabsorption
 •Only two measures with monoenergetic photons (Bermann and Veyssière)
 Up to 30% difference between measurements
 •Validation with integral measurements
 + 237Np
 (,1n)
 (,2n)
 (,fiss)
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 237Np : Comparisons with integral measurements
 •Comparison of fission yields calculated with different experimental cross sections
 [Kas92] NSE 111, 368 (1992)
 •Comparison of relative fission yield of 237Np for different energies compared to 238U
 [Hui54] PR 95, 1009 (1954)
 [Ale86] YF 43 290 (1986)
 Emax=30 MeV Fission yield compared to [Kas92]
 Bermann 1.2
 Veyssière 0.93
 GNASH 1.06
 Maximum energy (MeV)
 GNASHExperimental
 data
 11.5 [Ale86] 2.55 2.71 ± 0.08
 17 [Hui54] 2.24 2.39 ± 0.10
 20 [Hui54] 2.11 2.40 ± 0.11
 max
 0
 E
 ff dEEECY
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18
 File building
 Other ones
 PAF
 Photons E<25 MeV
 HMS-ALICE
 Z≤84 Cross sections
 Fission productsCross sections
 Z>84
 IAEA
 155 isotopes
 9 isotopes
 GNASH
 3 isotopes
 ABLA
 Photonuclear cross sections from :
 •IAEA evaluations
 •HMS-ALICE calculations
 •Cross sections evaluation with GNASH for:
 – 237Np
 – 240Pu
 – 241Am
 Distribution of fission products
 – Model ABLA (GSI)
 – HMS-ALICEOther ones
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 Calculation results
 238U + Bremsstrahlung 25 MeV
 Close resultsEven-odd effect more important for HMS-ALICE
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 Iodine isotopic distribution
 Calculations results
 Charge distribution
 238U + Bremsstrahlung 25 MeV
 Isotopic distributions to improve:
 Even-odd effect for HMS-ALICE and average mass for ABLA
 Poor dataGood reproduction of charge distribution
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 File building
 Other ones
 PAF
 Photons E<25 MeV
 HMS-ALICE
 Z≤84 Cross sections
 Fission productsCross sections
 Z>84
 IAEA
 155 isotopes
 9 isotopes
 GNASH
 3 isotopes
 ABLA
 Photonuclear cross sections from :
 •IAEA evaluations•HMS-ALICE calculations•Cross sections
 evaluation with GNASH for:– 237Np– 240Pu– 241Am
 Distribution of fission products
 – Model ABLA (GSI)– HMS-ALICE→ Delayed neutrons
 Delayed neutron
 sOther ones
 M.L. Giacri-Mauborgne AIP Conf. Proc. 769: 195-198 (2005)
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 Study of delayed neutrons
 •The emission of delayed neutrons can be represented by:
 •In reactor physics, grouped in 6 depending on the half-life. The emission of delayed neutrons can then be represented by :
 6
 1
 exp)(i
 dnidn tatYi
 prec
 dndncdn tPYtY exp)(
 igroup
 dnci PYa
 i
 igroupdndnc
 i a
 PY
 2/1
 2ln
 Tdn
 Group Tmin (s) Tmax (s)
 1 30
 2 10 30
 3 3 30
 4 1 3
 5 0.3 1
 6 0 0.3
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 Calculation of spectra in six groups
 ABLA : individual distributions of fission
 fragments
 CINDER’90 : calculation of cumulative distributions
 g6.x : identification of precursors put in six groups
 Possible use with any fission fragments
 distribution
 First use for the study of activity due to delayed neutrons in the spallation (PbBi) target ofD. Ridikas et al. (ML Giacri-Mauborgne) , Proc. 3rd Int. Workshop on nuclear fission and fission-product spectroscopy (fission2005), 11-14 mai 2005, Cadarache
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24
 ABLA results for delayed neutrons
 Good half lives. Yields to be improved.
 Encouraging results. They can be improved by : model in ABLA et data on precursors.
 Emission of delayed neutrons (U238 15MeV)
 0
 0,2
 0,4
 0,6
 0,8
 1
 1,2
 1,4
 1,6
 1 2 3 4 5 6
 group
 neu
 tro
 ns/
 100
 fiss
 ion
 s
 Prediction
 Data
 Half lives (U238 15MeV)
 0,1
 1
 10
 100
 1 2 3 4 5 6
 group
 Half
 lif
 e (
 s)
 Predictions
 Data
 Données : Atom. Ener, 20, 268 (1965)
 JC David et al. (ML Giacri-Mauborgne) AIP Conf. Proc. 769: 1120-1123 (2005)
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 d and energy
 238U
 For neutrons: d constant decreases with second chance fission
 For photons: should have the same behaviourCan not be confirm with experimental dataBut predicted by ABLA
 Experimental data : poor, big uncertainties
 Need to do new measurements and at different energies
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 Experimental project
 Study of delayed neutrons emission after photofission
 • Measure of delayed neutrons spectra Improvement of the precision on the parameters of the six groups
 Influence of second chance fission
 • Measure of d
 Improvement of the precision Influence of excitation energy
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 Experiments at Bruyères-Le-Châtel
 •Calibration of the detector et comparison with simulated efficiency
 •Test on delayed neutrons spectra after 2 MeV neutron induced fission on 238U at the accelerator « 4 MV »
 – Measure of d
 – Decay spectrum
 •Measure of delayed neutrons spectra after photofission of 238U at the accelerator ELSA
 – Measure of d
 – Decay spectrum
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 Measure of delayed neutron spectra
 •Experiment in collaboration with DIF/DPTA/SPN
 •Experimental setup:– Target : 400g of depleted uranium – Detector
 • 3He at 4 bars• Active length 30 cm• Diameter 2.5 cm
 – Polyethylene as moderator – Detector + polyethylene coated by cadmium

Page 29
						

29
 Calibration of the detector at the « 4 MV »
 •Use of neutron sources and monoenergetic neutron beam•Good agreement with simulations•Constant efficiency between 0.1 and 1MeV
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 i
 irriiid TtatY exp1exp)(
 Importance of the irradiation time
 Need to adapt irradiation and decay to the group studied
 Tirr = 5 min Tirr = 140 µs
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 Experimental test at the « 4 MV »
 •Measure of delayed neutrons from fission of n2MeV+238U
 •Three series of measurements
 – 6 s - 6 s– 25 s - 25 s– 125 s - 125 s
 pnd
 np
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32
 Number of delayed neutrons by fission: d
 •Delayed neutron spectrum as a function of the irradiation time :
 •Particular cases:
 • At equilibrium (Tirr>> T1/2)
 • Very short irradiation time (Tirr<< T1/2)
 i
 irriidn TtatY iexp)(
 0
 )(1
 dttYT
 a dnirri
 id
 0dni
 id Ya i
 iidn tatY exp)(
 irri
 iidn TtatY iexp1exp)( i
 id a
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 Number of delayed neutrons by fission
 d = 4.560.62 neutrons/100 fissions To compare with
 JENDL d = 4.66
 ENDF d = 4.4
 JEFF d = 4.78
 •Major uncertainty comes from the beam intensity•Impossible to do very short measurement at the « 4 MV »
 •If the precursor yield is at the equilibrium (Tirr>> T1/2)
 3
 3 )0(
 Hefiss
 Hed N
 tN
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 Results for neutron induced fission
 Encouraging results but improvement need on:
 - irradiation and decay time- low level of noise
 Group T1/2 T1/2 [Kee57]
 1 55.6 52.38±1.29
 2 21.35±2.07 21.58±0.39
 3 5 5.0±0.19
 4 2.24±0.24 1.93±0.07
 5 0.477±0.038 0.493±0.023
 6 0.172 0.172±0.009
 Group ai ai [Kee57]
 1 1.08 ±0.9 1.3 ±0.1
 2 13.9 ±1.7 13.7 ±0.2
 3 17.5 ±4.7 16.2 ±2.0
 4 40.2 ±3.2 38.8 ±1.2
 5 21.3 ±3.7 22.5 ±1.3
 6 2.9 ±2.9 7.5 ±0.5
 [Kee57] : Keepin et al. PR 107 1044 (1957)
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 Photofission : experiment characteristics
 •Electron accelerator ELSA– Energy : 15 MeV– Intensity : 1 µA– Frequency of repetition : 5 Hz– Beam pulse : 140 µs
 •Three series de measurement :– 5 min - 5min– 5 s -100 s– 140 µs -30 s
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 ELSA : Experimental setup
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 •Two independent methods used
 – Infinite irradiation (Tirr >> T1/2)
 – Very short irradiation (Tirr << T1/2)
 •Nikotin’s results ([Nik65] Atom. Ener, 20, 268 (1965))
 •Caldwell’s results (NSE 56, 179 (1975)) Emax < 12 MeV
 Number of delayed neutrons by photofission
 20.005.3 d
 19.001.3 d
 2.091.2 d
 4.01.3 d
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 Results for photofission
 Group T1/2 T1/2 [Nik65]
 1 55.6 56.2±0.8
 2 21.88±0.66 21.3±0.3
 3 5.01±0.49 5.50±0.20
 4 2.07±0.14 2.15±0.10
 5 0.584±0.051 0.70±0.06
 6 0.174±0.019 0.19±0.02
 Group ai ai [Nik65]
 1 1.7±0.2 1.98±0.08
 2 16.5±0.5 15.7±0.5
 3 18.3±0.7 17.5±0.7
 4 37.3±0.8 31.1±0.8
 5 18.0±0.4 17.7±0.9
 6 8.5±0.8 16.1 +2 -5
 Results in agreement with Nikotin’s data except for the contribution of group 4 and 6
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 ABLA results for delayed neutrons
 ABLA’s prediction are closer of our data.
 Emission of delayed neutrons (U238 15MeV)
 0
 0,2
 0,4
 0,6
 0,8
 1
 1,2
 1,4
 1,6
 1 2 3 4 5 6
 group
 neu
 tro
 ns/
 100
 fiss
 ion
 s
 Prediction
 Nikotin
 Our data
 Half-lives (U238 15MeV)
 0,1
 1
 10
 100
 1 2 3 4 5 6
 group
 Hal
 f li
 fe (
 s) Predictions
 Nikotin
 Our data
 Data : Atom. Ener, 20, 268 (1965)
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 Comparison with experimental results
 Data in agreement with KullDifferences with Nikotin probably linked to irradiation No spectrum modification due to second chance fission
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 Experimental program
 2005Measures of 238U, 232Th (spectrum and d for different energies : 12, 15 et 18 MeV) Under analyse
 2006Measures of 235U, 237Np, 240Pu (spectrum and d for different energies )
 2007Measures of 241Pu, 242Pu, 241Am (spectrum and d for different energies)

Page 42
						

42
 Conclusions on the library
 Improvement of HMS-ALICE cross section calculations with the modification of the photoabsorption model
 Photonuclear evaluations cross sections for 237Np, 240Pu and 241Am with GNASH; re-evaluations of 235U, 238U et 239Pu
 To be added to ENDF-B VII
 Add of every photonuclear cross section needed in the PAF Add of fission products
 Encouraging results for mass distributions Need of more experimental data of a better adjustment of
 the model
 → Measurement of delayed neutrons
 PAF released soon Extension of the calculation to 150 MeV (JEFF)
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 Conclusions on experiments
 Measure of d in agreement with other experimental results
 Reduction of the error bars by a factor of 2
 Experimental spectra in agreement with Nikotin’s data except for the sixth group but smaller error bar
 Feasibility of the measurement of delayed neutron decay spectra after photofission at ELSA
 Measurement for other actinides (235U, 237Np, …) and at different energies
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 Collaboration
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