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(n,xn) reactions are important

Motivations

235U and 238U (n,xn gamma) cross-sections
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238U (n,n')

Few data available (esp. between 1 and 14 MeV)
Precision requirement for data bases (OCDE/NEA – HPRL)

(n,xn gamma)
 → Sensibility on reactor features : k 

eff
, radial power (D. Bernard et al.)

 → Exclusive cross-sections :   constraints on theoretical models

Entry in HPRL for (n,n') on 238U

Motivations
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Experimental area 

GELINA @ IRMM, Geel, Belgium
●  Pulsed electron beam on neutron production target (Uranium)
●  Bremsstrahlung (photofission; gamma flash)
●  Wide energy-range neutron beam (few eV to 20MeV)

Flux @ FP16 – 30m

235U and 238U (n,xn gamma) cross-sections
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Fission chamber (neutron flux determination)
Sample (nucleus of interest)
Germanium planar detectors (prompt gamma spectroscopy)

Pulsed beam (800 Hz)
Digital data acquisition (100 MHz): 
●  gamma energy
●  Time of Flight (ToF) measurement

Experimental set-up

beam

1.5 m
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Data analysis

radioactivity

(n,n'  )

235U and 238U (n,xn gamma) cross-sections
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Cross-section

d
d

n,xn=
N



FC

NFP

235Un ,f 
N235U

N sample

For one detector (at a given angle), for one gamma transition: 

Uncertainty sources : 
Number of counts (N

 
, N

FP
)..... ~1-20 % 

Efficiencies......................................... ~1-2 %
Neutrons loss.................................. ~1 %
Dead-time & pile-up................... < 1 % 
Fission cross-section.............. < 1 % 
N

235U
  ....................................................... ~ 0.5 % 

Samples figures : 

Angle-integrated information using Gauss quadrature

 → Total uncertainty budget (optimum) ~ 3 % 

235U and 238U (n,xn gamma) cross-sections
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Weak transitions (low xs, high internal conversion)  high statistics→

Over 1200 hours of beam time  continuous gain correction→

ToF determination for low amplitude signals  shift  corrected E→ «   » g < 200keV
Sample characterization : oxydation layers?  simulation + target lab.  →

Challenges

238U “raw data” 238U “corrected data”

235U and 238U (n,xn gamma) cross-sections
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235U : peaks overlap (radio + FP) 

238U : first level de-excitation 

Challenges

235U and 238U (n,xn gamma) cross-sections
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Experimental results

235U and 238U (n,xn gamma) cross-sections
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Results for 235U (n,n' gamma)

235U and 238U (n,xn gamma) cross-sections

A. BACQUIAS – IPHC/GRACE NEMEA-7/CIELO, November 2013, Geel

Available data: 
Younes et al., LLNL report UCRL-ID-140313

Model calculations :  
TALYS with various inputs & optical models
(P. Romain et al.)

Kerveno et al., PRC 87, 024609 (2013)
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Results for 235U (n,2n gamma)

235U and 238U (n,xn gamma) cross-sections

A. BACQUIAS – IPHC/GRACE NEMEA-7/CIELO, November 2013, Geel

Available data: 
Younes et al., LLNL report UCRL-ID-140313
Hutcheson, PhD thesis, Duke University

Model calculations :  
TALYS with various inputs & optical models

Kerveno et al., PRC 87, 024609 (2013)

3 transitions in band 1 of 234U
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Results for 235U (n,2n gamma)
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Available data: 
Younes et al., LLNL report UCRL-ID-140313
Hutcheson, PhD thesis, Duke University

Model calculations :  
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Results for 235U (n,2n gamma)

235U and 238U (n,xn gamma) cross-sections

A. BACQUIAS – IPHC/GRACE NEMEA-7/CIELO, November 2013, Geel

Available data: 
Younes et al., LLNL report UCRL-ID-140313
Hutcheson, PhD thesis, Duke University

Model calculations :  
TALYS with various inputs & optical models

Kerveno et al., PRC 87, 024609 (2013)

 → phenomenological approach works best
 → Not many xs, but pointing out description problems

A more comfortable case, with more constraining power :   238U. 

3 transitions in band 1 of 234U
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 → 3 (n,2n ) transitions
 → 4 (n,3n ) transitions
 → 35 (n,n') transitions, among which : 

4 within Band 1
6 going to G.S.

Results for 238U(n,xn gamma) 

ANDES final meeting, october 2013, BruxellesNEMEA-7/CIELO, November 2013, Geel

235U and 238U (n,xn gamma) cross-sections

A. BACQUIAS – IPHC/GRACE
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Available data:  
29 (n,xn ) by Fotiades et al., PRC 69, 024601 (2004)
9 (n,xn ) by Hutcheson et al., PRC 80, 014603 (2009)
6 (n,n' ) by Voss et al., Kern. Karlsruhe reports, 2379 (1979)
28 (n,n' ) by Olsen et al., Knoxville proc., p.677 (1979)

  → 42 (n,xn ) in our data set, comprehensive & coherent

Theoretical models : TALYS & EMPIRE     No general agreement ! 

235U and 238U (n,xn gamma) cross-sections
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235U and 238U (n,xn gamma) cross-sections

A. BACQUIAS – IPHC/GRACE NEMEA-7/CIELO, November 2013, Geel

M. Dupuis et al. (CEA) – TALYS calc.
QRPA inelastic scattering model
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Outlook

235U :  TALYS calc. OK for fission & total inelastic but not for partial inelastic 
238U :  Large & coherent data set 
Good precision (~3% when optimum stat.)

Impulse collaboration with theoreticians: 
 → experimental: branching ratios (CHANDA)
 → theoretical: collective effects, spin distributions, level densities...

Next results :  
232Th
182,183,184,186W

Next measurements :  
233U (challenge, because high activity, very dense levels...)
239Pu ? 

235U and 238U (n,xn gamma) cross-sections
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M. Dupuis et al. (CEA) – TALYS calc.
QRPA inelastic scattering model
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235U levels

234U levels
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235U total (n,n') & (n,2n) cross-sections
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238U levels

See html interactive version
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