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INTRODUCTION
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Very « useful » neutrons:
DN are used to « tag » nuclear content 
DN play an important role in reactor control

àfor ADS, DN yield of minor actinides have to be known

Fundamental study :

DNY vs Eneut : dependence not well understood

Special trend:
Opening of the second chance channel?
Excitation energy sharing ?
Even-odd effects ?

Reminder :
(fissioning nucleus , E*)à fission fragments
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DELAYED NEUTRONS
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nd= Fdet(0) / (eNfiss)

S300 s Ncycles * 8sec

Fdeti(0)

equilibrium

Experimental scenario: neutron-induced fission

Each fissioning nucleus à
DN characteristics:

- absolute yield : nd 
- group parameters : ai, li

1=å
i

ia
Yd (t) = υd ai exp −λit( ) 1− exp −λitirr( )( )

i=1,6
∑

Absolute DN yield nd: yield at t=0 
after reaching the equilibrium
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FACILITY AND EXPERIMENTAL SETUP
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Charged
particle
beam

Production 
target

Neutron 
Detector

PTB Low Scatter Hall

PTB facility (Physikalisch Technische Bundesanstalt)

- Van de Graff or Cyclotron
- Precise time structure of the beam
- Neutron flux measurement
- Low background (neutron pit)

Monokinetics n(1 to 16 MeV) + 237Np -> Fission …. DN
≠reactor measurements

Neutron detector
12 3He tubes (4 bar)
CH2 matrix
Cd wrap
Efficiency  determined 

with 252Cf & simu

237Np target
Φ = 80 mm
Dx = 0.5 mm
M = 49.47g (0,27)
50 µSv/h (100 cm)

Np target

p + t, d + d, d + t reactions



MEASUREMENTS
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Measurements :
- Background of Np sample (10 counts/s)
- DN det. efficiency meas. (252Cf source, different positions, simulations) à e~12-15 %

- For each beam energy
v Incident neutron energy and flux meas.: proton recoil telescope, long counter
v Background measurements:

- DN with beam without Np

- DN with beam & Np target & empty gas production target (deuterium)

v DN measurement with Np and beam



ANALYSIS
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Analysis:
• Identify the beginning of the cycle
• Sum of the cycles
• Corrections for dead time
• Fit to extract the value at T=0 
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Fit

o 6 exponentials 
with ai li parameters 
and corrections 

(equilibrium)

Different ai & li values (literature)

nd= Fdet(0) / (eNfiss)
Simu & Flux

Measured background taken into account
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DN Up and Down:
- calculated with estimated nd (iterative 

process)

Fission number calculations
MCNPX Simulations : full geometry
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RESULTS
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237Np DN yields vs 
neutron incident energy

Literature

² DN yields & uncertainties are preliminary
² Covariance matrix calculations are in progress

ü Propagation of uncertainties
ü Corrections :

o Dead time
o Quasi-Equilibrium
o Impurities in the target
o Neutron diffusion
o …0,00E+00

2,00E-03

4,00E-03

6,00E-03

8,00E-03

1,00E-02

1,20E-02

1,40E-02

0 5 10 15 20

D
N

 y
ie

ld
s

/  
fis

si
on

Neutron Energy (MeV)

237Np DN yields vs 
incident neutron energy

Literature

This work
Literature

This work

Absolute measurements 
(flux normalization) 



INTERPRETATION / MODELS
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235U and 237Np show different trends !

U, Th, Pu à same behaviour : even Z
Np : odd Z

Yoshida et al.
Np-237

U-235



DN NEUTRONS YIELDS VS ENERGY

D. Doré Page 10ND2016

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40

D
el

ay
ed

 n
eu

tr
on

s 
/ 1

00
 fi

ss
io

ns

Neutron energy (MeV)

Piksaikin
Saleh
Cesana
endf

239Pu 241Am

232Th

X. Ledoux et al.

B. Yu et al.

238U

Janis 



INTERPRETATION / MODELS
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235U and 237Np show different trends !

U, Th, Pu à same behaviour : even Z
Np : odd Z

Yoshida et al.
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CONCLUSION
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237Np absolute DN yields from 1 to 16 MeV incident neutron energy
was measured at PTB 

- monitoring of neutron flux

- precise time structure of the beam 

- detector efficiency measured

- corrections applied for non-equilibrium, diffused neutrons, …

- Uncertainties are propagated

- Correlation matrix will be finalized soon

Interpretation/models/libraries
- Standard libraries do not reproduce experimental DN energy trend

- Fifrelin calc. closer than GEF calc. for 237Np

- Energy dependence to investigate…
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