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Ø  General aspects of neutron and γ-emission 

Ø  PFNS - Measurement techniques 

Ø  PFGS - Measurement techniques 
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Ø During acceleration the deformed fragments 
reorganize to get close to their ground state 
state 

Ø After acceleration the fragments reach their 
final kinetic energy à total kinetic energy (TKE) 

Ø 150 < TKE and TKE > 200 
Ø E.g. <TKE>(252Cf) = 183.5 MeV 
 
Ø About 40 MeV goes into excitation energy of 

each fragment ranges between 0 < Ex < 40 MeV 



235U(nth,f) : JEFF 3.1.2  

De-
excitation 

E (MeV) σ (MeV) 

Prompt 
component 

Total kinetic energy 
<Etot>n 
<Etot>γ	

169.12 
4.79 
6.97 

0.49 
0.07 
0.50 

Delayed 
component 

<Etot>n,delayed 
<Etot>γ,delayed 
β-decay 
<Etot>anti-neutrinos 

7.4 × 10-3 

6.33 
6.50 
8.75 

 

0.001 
0.050 
0.050 
0.070 

Total 202.47 0.13 



@ scission 

fully accel. 

FIFRELIN, O. Serot, O. Litaize, D. Regnier 

TXE = Q - TKE	



Required input to describe 
prompt neutron and γ emission 

FIFRELIN, O. Serot, O. Litaize, D. Regnier 



from stable nuclei!!! 

LOHENGRIN 
measurements 

FIFRELIN, O. Serot, O. Litaize, D. Regnier 



Ø Excitation energy of the fragments is dissipated 
through particle emission, here essentially 
neutrons and γ-rays  

Ø In average 2 – 4 neutrons are released 
Ø The exact value depends on the isotope and the 

excitation energy of the compound nucleus 



Fragment mass number 

<
ν>
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A. Göök et al., Phys. Rev. C90, 064611 (2014) See also:  
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Ø Excitation energy of the fragments is dissipated 
through particle emission, here essentially 
neutrons and γ-rays  

Ø In average 2 – 4 neutrons are released 
Ø The exact value depends on the isotope and the 

excitation energy of the compound nucleus 

Ø The average energy of a neutron in the LS is 
around 2 MeV 

 



PhD thesis, A. Sardet, Université Paris Sud (2015) 



252Cf(SF):   T = 1.42 MeV 
              <E> = 2.13 MeV 
                 Ep  = 0.71 MeV 

Ef : energy/nucleon 
Te : temperature after neutron emission 

Ef (AL) ≈ 1 MeV 
Ef (AH) ≈ 0.5 MeV 

Ø Parameterization of prompt neutron spectra: 
 



Boikov et al., EXFOR: 41110 

Ø Energy dependence of PFN emission 
 

A. Tudora et al. et al., ANE 35 (2008) 1131 



Ø Energy dependence of PFN emission 
 1.13 eV 

8.76 eV 

12.39 eV 

19.30 eV 

235U(nth,f) 



Cd overlap filter 

 
10m flight path 

Ø Energy dependence of PFN emission 
 

235U(nth,f) 

235U(nth,f) 



D. Regnier, PhD-thesis (2013) 

Nuclear levels are quantized 
No level in A-1 after neutron emission 
Ø  γ-emission instead 



O. Litaize et al., GAMMA-2 Workshop, Sremski Karlovci, RS 
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D. Regnier, PhD-thesis (2013) 
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Ø Excitation energy of the fragments is dissipated 
through particle emission, here essentially 
neutrons and γ-rays  

Ø In average 2 – 4 neutrons are released 
Ø The exact value depends on the isotope and the 

excitation energy of the compound nucleus 

Ø The average energy of a neutron in the LS is 
around 2 MeV 

Ø In average 6 – 10 γ-rays are emitted too, with a 
mean total energy release of about 7 – 9 MeV 



H. Albinsson, Int. Rep. AE-417 (1971) 

W. John et al.,  
Phys. Lett. 30B (1969) 

235U(nth,f) 

252Cf(SF) 



H. Albinsson, Int. Rep. AE-417 (1971) 

H. Nifenecker et al.,  
Nucl. Phys. A189 (1972) 285 

235U(nth,f) 

252Cf(SF) 



Ø  252Cf(SF), thermal neutrons on 235U, 239Pu 

Ø  Nifenecker: review article (IAEA-SM-174/207, 1973) 

235U(nth, f) 

252Cf(SF) 



252Cf(SF) 

PhD thesis work of R. Billnert 
R. Billnert et al., Phys. Rev. C 87, 051602 (2013) 



PhD thesis work of R. Billnert 
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A. Oberstedt et al., Phys. Rev. C92, 014618 (2015) 



I. Stetcu et al., Phys. Rev. C90, 024617 (2014) 



We need more information about σ !!!	

I. Stetcu et al., Phys. Rev. C90, 024617 (2014) 



Spectra are normalized to 1 and off-set 



Ø Observable quantities: 

Ø  Spectral characteristics (neutrons and γ-rays) 
-  Average multiplicity (/fission) 
-  Average total energy (/fission) 
-  Average photon energy (/fission) 

Ø Correlations with fission fragment characteristics 
-  ν(A*, TKE), <Etot>(A*, TKE),  

Ø Correlation of prompt γ-ray data with PFN 



Ø Prompt neutron measurements 

Ø Prompt γ-ray measurements 



center of mass 
frame laboratory frame 

fragment velocity 

Ø Prompt neutron measurements 



center of mass 
frame laboratory frame 

fragment velocity 

Ø Prompt neutron measurements 

To extract physics What you measure, 
relevant for application 



Ø Emission of neutrons from fully accelerated fragments 

-  Obtain basic kinematic information in laboratory-frame 
-  Reconstruct emission process in fission fragment rest-

frame 
 
 
 
 
 
 

 
Ø Unbiased selection of events: cosθCM ≥ 0 

 
 
 
 
 



Ø mn = 939.56533 MeV/c2 

Ø c = 0.299792458 m/ns 
Ø Δt : time of flight (TOF) 

PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Prompt neutron measurements 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø  Use of massive targets (several g) 
Ø  Pulsed neutron beam (usually low beam currents; 1 – 2 µA) 
Ø  In general leads to a sufficiently high event rate 

Ø  Resolution depends on beam pulse 
Ø  Minimum neutron energy depend on incident neutron energy 
Ø  Multiple scattering in the sample 

Ø Measurement with passive sample 



Ø Measurement with an active sample 

Ø  Use of thin targets                                     (several layers) 
Ø  Continuous neutron beam (high beam currents; > 20 µA) 
Ø  Allows to measure neutrons below the beam energy 
Ø  Allows measuring at different energies at the same time with 

a pulsed particle beam 

Ø  Multiple scattering in the detector to be taken care of  

PhD thesis, A. Sardet, Université Paris Sud (2015) 



Ø Suitable detectors 

Ø Any detector containing boron (BF3) 

Ø Lithium-glass detectors 
Ø Liquid scintillator detectors 



Ø Lithium-glass detectors: 

Ø Containing lithium 
Ø Enriched in 6Li:   6Li(n,t)α	
Ø Doped with cerium 

PhD thesis, A. Sardet, Université Paris Sud (2015) 



Ø Lithium-glass detectors: 

PhD thesis, A. Sardet, Université Paris Sud (2015) 



Ø Lithium-glass detectors: 

PhD thesis, A. Sardet, Université Paris Sud (2015) 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Lithium-glass detectors: 

Li-glass: 12.7 mm 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Lithium-glass detectors: 

Ø Relatively low detection efficiency 

Ø Bad timing resolution prevents from 
using longer crystals 

Ø One would have to use many detectors 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Detectors based on liquid scintillator(s): 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Detectors based on liquid scintillator(s): 

Ø Allow pulse shape discrimination 
Ø  Electrons and recoil protons excite different 

fluorescent levels 

Ø Detector signal shows different fall times 



PhD thesis, A. Sardet, Université Paris Sud (2015) 
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PhD thesis, A. Sardet, Université Paris Sud (2015) 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Detectors based on liquid scintillator(s): 

Ø Very fast detectors: σt < 1 ns 
Ø Neutron – γ separation by means of TOF 



A. Sardet, et al., NIM A792 (2015) 74 
PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Response of LS detectors to neutrons and γ-rays: 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Response of LS detectors to neutrons and γ-rays: 
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Ø Response of LS detectors to neutrons and γ-rays: 

Ø  Response for mono-energetic neutrons 

Ø  Selection from the TOF information 
Ø  Calibrated neutron beam 

A. Sardet, et al., NIM A792 (2015) 74 
PhD thesis, A. Sardet, Université Paris Sud (2015) 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Response of LS detectors to neutrons and γ-rays: 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Response of LS detectors to neutrons and γ-rays: 
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P-terphenyl crystal scintillator 



Fluxes on target 
O(106 n/cm2/s) 

5-10 cm  

1-3 cm  

Actinide Target 

108 n/s 

Ø  Typically 99% of neutrons wasted! 
Ø  Wasted neutrons contribute to the room background 
Ø  Placement of n-detectors impossible w/o heavy shielding 

Ø The measurement environment (direct reaction): 



Ø The measurement environment (direct reaction): 

PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Limited number of detectors 
Ø Contributions from neutron scattering 
Ø Simulation by means of MCNP or Geant4 



Ø The measurement environment (direct reaction): 

Ø Limited number of detectors 
Ø Contributions from neutron scattering… 

PhD thesis, A. Sardet, Université Paris Sud (2015) 



7Li p n 7Be 

Ø Neutron beam from inverse kinematics reactions: 

M. Lebois, J.N. Wilson, A. Oberstedt, SO et al., NIMA735 (2014) 



Ø Neutron beam from inverse kinematics reactions: 

LICORNE 

Fluxes on target 
O(106 n/cm2/s)! 

Fluxes from source 
O(106 n/cm2/s) 

M. Lebois, J.N. Wilson, A. Oberstedt, SO et al., NIMA735 (2014) 



PhD thesis, A. Sardet, Université Paris Sud (2015) 

Ø Neutron beam from inverse kinematics reactions: 

13 

  4 



Ø Neutron beam from inverse kinematics reactions: 
 

Ø  Nothing is perfect (yet J) 



Ø And finally: a prompt fission neutron spectrum 



center of mass 
frame laboratory frame 

fragment velocity 

Ø And for extracting physics, remember this: 

Transformation from the LS to CMS 



Ø The angle between the fission axis and the neutron 
vector is needed: 



Ø The angle between the fission axis and the neutron 
vector is needed: 



Ø  Position Sensitivity is required 

ü  Electron collector in ionization chamber 
replaced by position sensitive electrode 

ü  Charge-division readout 

ü  Orientation of fission-axis in 3D-space 

A. Göök 



Ø  Demonstration of position sensitivity 

-  (x,y)-coordinate on anode plane for 
selections in polar angle 

Ø  Analysis of the width of circles 

ü  Resolution ≈ 1.8 mm (FWHM) 

A. Göök 



ü  Array of 15 neutron 
detectors 
ü  10 SCIONIX LS301 (Ф=13 cm, h=7 cm) 
ü  5 P-Therphenyl (Ф=8.5 cm, h=6.8 cm) 

ü  Double Frisch-grid (θ, φ) -
sensitive IC 

Ø SCINTIA array (2015) 



Ø Prompt γ-ray measurements 

Ø Separation of γ-rays from prompt neutrons 

-  Time-of-flight method 

-  Excellent timing resolution of the combined γ-ray 
and fission detector 

-  Determines the geometrical efficiency of your 
instrument 

Ø Best possible energy resolution  



Ø Prompt γ-ray measurements 

Ø Fission detectors: FGIC, Si-detectors, single-
crystal diamond detectors (σt < 100 ps) 

Ø Choice of suitable γ-ray detectors: 

-  High purity germanium detectors 
ü  Excellent energy resolution, bad timing resolution 
-  Fragments moving à Doppler broadened γ-peak 
-  Very neutron sensitive 



Ø Prompt γ-ray measurements 

Ø Choice of suitable γ-ray detectors: 
-  High purity germanium detectors 
ü  Excellent energy resolution, bad timing resolution 
-  Fragments moving à Doppler broadened γ-peak 
-  Very neutron sensitive 

-  Scintillation detectors 
-  Limited energy resolution, worse peak-to-total 
ü  In general much better timing resolution 
ü  Higher efficiency, larger sizes available 



Ø Scintillation detectors: 

In the 1970s sodium iodine (NaI) was used 
ü  Timing resolution of the order of 5 – 7 ns 
ü  Energy resolution 7% @ 662 keV 
ü  TOF distance 1m or larger 
-  Limited geometrical efficiency 

Nowadays we have to cope with limited resources in 
terms beam time, staff… 

Need of a more compact, efficient set-up! 
 



Ø Lanthanide halide detectors:   
-  Cerium-doped lanthanum chloride (LaCl3:Ce) 
-  Cerium-doped lanthanum chloride (LaBr3:Ce) 
-  Cerium bromide (CeBr3) 



Photons	in	coincidence	with	fission	fragments	

A. Oberstedt, R. Billnert, SO et al., NIM A708 (2013) 7 
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A. Oberstedt, R. Billnert, SO et al., NIM A708 (2013) 7 
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A. Oberstedt, R. Billnert, SO et al., NIM A708 (2013) 7 



A. Oberstedt et al., Nucl. Inst. 
Meth. A668 (2011)14-20 

252Cf(SF) 

LaCl3:Ce(5%) 

A. Oberstedt, SO et al., NIM A668 (2012) 14 



252Cf(SF) 

LaBr3:Ce(5%) 



Measured 252Cf(SF) prompt fission γ-ray energy spectrum 

→ e.g. zooming into region around 3 MeV 

Ø Unfolding the detector response 



Simulating response function for mono-energetic γ-rays, 

distance: FWHM from energy resolution measurements 

Ø Unfolding the detector response 



Adjusting simulated spectra to measured γ-ray spectrum and 
determining the scaling factors 

Background 
from higher 
γ-energy 
Compton 
plateaus 
etc. 

Sum 

Ø Unfolding the detector response 



Properly normalized scaling factors 

→ emission spectrum! 

Ø Unfolding the detector response 



PhD thesis work of R. Billnert 

PENELOPE 

Ø Unfolding the detector response 

R. Billnert, A. Oberstedt, SO et al., Phys. Rev. C87, 024601 (2013) 



PhD thesis work of R. Billnert 

Ø Et voilà, the emission spectrum 

R. Billnert, A. Oberstedt, SO et al., Phys. Rev. C87, 024601 (2013) 
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FIG. 2. (Color online) (a) The prompt fission �-ray emission
spectrum from this work taken with one of the 2 in. � 2
in. LaBr3:Ce detectors (full red line) is shown together with
experimental data from Ref. [4] (full black line) and from
ENDF/B-VII.1 [23] (dotted green line). For comparison, a
simulated spectrum from Ref. [24] (dashed blue line)is shown
as well. In the high energy range, all spectra agree rather well
with each other. (b) The low energy part of the spectrum ex-
hibits some di�erences. While the historical data from Ref. [4]
and from the recent ENDF/B-VII.1 [23] are well reproduced
by our data, while the result from a detailed simulation [24]
seems to be shifted in energy.

other data agree well with our measured spectrum in
both shape and height, as visible in the upper part of
Fig. 2. However, looking again in more detail into the re-
gion below 1 MeV, as shown in the lower part of Fig. 2,
some di�erences are apparent. The historical data from
Verbinski et al. [4] is in good agreement with ours, tak-
ing the poorer energy resolution of the NaI detector used
in that work into account. The values from the eval-
uated data tables agree also well with both our results
and the ones in Ref. [4], the latter being not really sur-
prising, since the evaluation most probably was made
according to thitherto available experimental data, like
the one in just that reference. The calculated spectrum
from Ref. [24] also exhibits a very detailed structure, ac-
tually more detailed than our measured spectrum, which
is due to the fact that neither Doppler broadening nor
any energy resolution function had been included. We
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FIG. 3. Overview of results for the measurement of prompt
�-ray emission for the neutron-induced fission of 235U: (a)
Average photon multiplicity, (b) mean photon energy per fis-
sion and (c) total released photon energy from this work are
compared to experimental results from the early 1970s [4–6]
and values from ENDF/B-VII.1 [23] and results from recent
Monte Carlo Hauser Feshbach calculations [24]. Values aver-
aged over the results obtained with the first three detectors
and their uncertainties are displayed as full drawn and dashed
lines, respectively.

observe obvious similarities between the measured and
the calculated peak structure, but there seems to be a
shift in energy between them by about 10 - 20 keV. The
reason for this discrepancy is still unknown to us.

Characteristic parameters for prompt fission �-ray
emission, like the average number of photons per fission
as well as mean and total energy, were obtained by in-
tegrating over the measured photon distributions. This
was done for all detectors used in this work up to ener-
gies of 6 MeV. However, since di�erent thresholds on the
pulse height had been applied during the experiment to
the individual detectors, di�erent lower integration limits
had to be used in some cases.

This threshold had been well below 100 keV for three
of the detectors used in this work, hence, for them the
integration was performed for the energy range 0.1 - 6.0
MeV. The characteristic parameters were determined and
average values, weighted with the uncertainties, were cal-
culated. One of the CeBr3 detectors (396) had a thresh-
old corresponding to below 300 keV, while it was around

PhD thesis work of R. Billnert 
A. Oberstedt et al., Phys. Rev. C 87, 051602 (2013) 
S. Oberstedt et al., Phys. Rev. C 90, 024618 (2014) 

235U(nth,f) 
241Pu(nth,f) 



Ø Other observables, as Y(Etot), Y(Mγ): 

Ø Calorimeter (LS tank, 4π array detector array) 

BaF2 



M. Jandel, GAMMA-2 Workshop, Sremski Karlovci, RS 





Experimental data, measurement techniques 
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