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The medium-term energy requirements at a 
global scale have brought renewed interest in 

the nuclear energy production.

The known issues concerning the nuclear power 
production, such as the proliferation resistance, 
the operational safety and the minimization of 

radiotoxicity waste, need to be addressed.

For that purpose, solutions based on ADS 
systems or Gen-IV reactors with the Th/U fuel 
cycle and transmutation have been proposed.

The 236U builds-up in the equilibrium fuel 
composition of the Th/U cycle.

The International Atomic Energy Agency issued 
the demand for the knowledge of the 236U(n,f) 
fission cross section data with 5% accuracy for 

the technology design and development.
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The Th-U fuel cycle (figure extracted from
Abbondanno et al. CERN-INTC-2001-025).

Measurement of the 236U(n,f) cross-section at n_TOF
rsarmento@itn.pt & Marco.Calviani@cern.ch on behalf of the n_TOF Collaboration

mailto:rsarmento@itn.pt
mailto:rsarmento@itn.pt
mailto:MarcoCalviani@cern.ch
mailto:MarcoCalviani@cern.ch


Log10 E(eV)
5.5 6 6.5 7 7.5 8 8.5

(U
-2

35
)

(U
-2

36
) /

 

0.2

0.4

0.6

0.8

1
W. Nyer (1951)              

J. Wahl, R. Davis (1954)     

R. Lamphere, R. Greene (1956)        

P. White et al. (1965)    

P. White, G. Warner (1967)    

W. Stein et al. (1968)    

J.W. Behrens, G. Carlson (1977)  

J. Meadows (1978)         

C. Nordborg et al. (1978)   

A. Goverdovskii et al. (1985)

B. Fursov, et al. (1985)

A. Goverdovskii (1986)

H. Terayama et al. (1986)

Y.Watanabe,ET.AL. (87)   

F. Manabe et al. (1988)   

J. Meadows (1988)         

Y.Watanabe,ET.AL. (87)   

D. Shpak et al. (1990)    

P. Lisowski et al. (1991)

5

Log10 E(eV)
-1 0 1 2 3 4 5 6 7

cr
os

s 
se

ct
io

n 
(b

ar
n)

-410

-310

-210

-110

1

W. Nyer (1950)              

W. Nyer (1951)              

R. Henkel (1952)          

J. Wahl, R. Davis (1954)     

R. Lamphere, R. Greene (1956)        

J. Perkin et al. (1965)   

P. White et al. (1965)    

P. White, G. Warner (1967)    

J. Cramer, D. Bergen (1970)   

H. Rosler et al. (1972)     

J. Meadows (1978)         

F. Manabe et al. (1988)   

J.W.MEADOWS (88)         

C.Wagemans et al. (2000)

B. Lyles et al. (2007)

C.Wagemans et al. (2008)

A. Alekseev (2008)

The experimental data on the 
236U(n,f) cross-section

extracted from the 
Experimental Nuclear 

Reaction Data (EXFOR)

The experimental data on the 
ratio between the 236U(n,f) 
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sections
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1972 - Theobald et al. in 
Geel

(the uncertainty in the widths of the 
resonances is 2.5% of the width value)

1994 - Parker et al. at 
LANSCE

2008 - Wagemans et al. 
at GELINA

*these resonances were also 
observed, although no resonance 

parameters were given

 ENERGY        WIDTH         WIDTH-ERR
 EV            MILI-EV       MILI-EV

 5.4500E+00    2.9000E-01
 5.4500E+00    1.3000E-03    1.0E-04
 5.4500E+00    1.7000E-03    1.0E-04

 2.9900E+01    1.6000E-01
 3.4000E+01    1.8000E-01
 4.3700E+01    4.3000E-01
 7.1100E+01    2.9000E-01
 8.6400E+01    3.0000E-01
 1.2080E+02    3.4000E-01
 1.2470E+02    2.1000E-01
 1.9400E+02    5.0000E-01
 2.1400E+02    3.2000E-01
 2.7240E+02    4.0000E-01
 2.8820E+02    4.8000E-01
 3.0250E+02    4.6000E-01
 3.7100E+02    4.2000E-01
 3.7900E+02    3.0000E-01
 4.1500E+02    5.9000E-01

 1.2688E+03    8.2000E-01    3.0E-01 *       
 1.2817E+03    7.7000E+00    5.0E+00 *      
 1.2917E+03    9.3000E-01    1.1E-01 *      
 2.9589E+03    1.4000E+00    6.0E-01        
 6.3000E+03    1.0800E+01    6.0E+00 *        
 1.0400E+04    4.6000E+00    2.6E+00 * 

The 236U(n,f) cross-section resonances 
observed and presented in the literature.
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Summary of the shortcomings attributed to the 236U(n,f) cross-
section evaluated data which are inconsistent with the present 

demands of nuclear data for the design of ADS systems

1. The thermal cross-section - overestimation by two orders-of-
magnitude

2. The 5.45 eV resonance width - overestimation by two orders-of-
magnitude

3. The resonance region is filled with false 236U resonances

4. Intermediate energy resonances are missing

5. No agreement on the absolute value up to few hundred keVs
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The n_TOF spectrometer and the 
experimental setup
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The	  n_TOF	  facility	  at	  CERN	  is	  a	  spalla6on	  target	  facility	  to	  measure	  
neutron	  capture	  and	  fission	  cross-‐sec6ons	  by	  the	  6me-‐of-‐flight	  method.

10

➡	  Beams	  of	  protons	  were	  accelerated	  to	  20	  GeV	  by	  the	  PS	  
proton	  synchrotron.
➡	  A	  60x60x80	  cm3	  Pb	  block	  was	  used	  as	  the	  spallaBon	  target.
➡	  Neutron	  beams	  go	  through	  the	  185	  m	  long	  flight	  tunnel	  	  -‐	  
the	  neutron	  tube	  which	  has	  the	  collimators	  -‐	  to	  reach	  the	  
experimental	  area.

n_TOF 185 m 
flight path 

Proton Beam 
20GeV/c 
7x1012 ppp 

Pb Spallation 
Target 

Neutron Beam 
10o prod. angle 

CharacterisBcs	  of	  the	  facility:

•	  broad	  energy	  range	  
•	  high	  instantaneous	  
neutron	  flux	  
•	  low	  background
•	  low	  repe77on	  rate
•	  unique	  detectors
•	  fast	  electronics.
•	  high	  energy	  resolu7on
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The 236U fission data taking - experimental conditions:

The collimation system was adjusted to the fission setup - the diameter of 
the beam at the entrance of the experimental area was 8 cm. The neutron 

flux at the experimental area was 10E+05 neutrons/cm2 ppp.

The experimental area was mounted with the fission setup, consisting of a 
fast ionization chamber containing 236U and 235U samples.

The signal was amplified by a Current Feedback Operational Amplifier 
AD844 and was digitized with Flash Analog-to-Digital Converter channels 

with 8-bit resolution working at a 250 MHz sampling rate.

A total of 1.56 E+18 protons from dedicated PS beams generating 
2.30E05 spallation events plus 4.52 E+17 protons from parasitic PS 

beams generating 1.76 E+05 spallation events was used for the 
measurement.

A run with no neutron beam was also taken to obtain data for 
background corrections.
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➡ The ionization chamber operates in the 
ion saturation region - no avalanche 
multiplication occurs.

➡ The fission cross‐section is measured by 
detecting the fission fragments (FF) - 
electrons and ion pairs are produced in 
the gas by the FF and this charge is 
collected by applying a voltage between 
the electrodes.

➡ One single fragment is detected per 
fission event - 2π detection efficiency. The 
other fission fragment is absorbed in the 
Al electrode backing the sample to 
measure.

➡ The gas was chosen by its fast timing 
properties to avoid pile-up problems.

The detector used for the 
measurement was a Fast 
Ionization Chamber - FIC
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The intrinsic detection efficiency 
was calculated by performing 

computational simulations with 
FLUKA. The values were obtained 

for setting a threshold on the 
energy deposited by the fission 

fragments at 35 MeV.

Gas 90% Ar + 10% CF4

Gas pressure 720 mbar

Gap between the electrodes 20 mm

Electric field 550 V/cm

Electron drift velocity 12 cm/μs

Complementary information on the FIC detector.
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236U samples informationU samples information
Isotopic composition

(mass %)

U-235     0.05
U-236   99.85
U-238       0.1

Mass (mg)
sample 1
sample 2

11.1 ± 1.4%
10.2 ± 1.4%

Diameter (mm) 80

Activity of alpha-radiation
at 04/02/04 (mCi)

2.6E-02

for high vacuum vessels to ensure proper containment of the
radioactive samples. The detector body and windows are made of
stainless steel entirely metallic sealed, while the feed-through are
ceramic.

A total of 16 samples can be mounted in the detector
perpendicular to the neutron beam. An additional chamber with
a sample of 235U is mounted outside the neutron beam to provide
a measurement of the neutron background, in particular that
related to neutron scattering from the detector windows and
electrodes.

The length of the detector along the neutron beam is
approximately 60 cm. All welded parts have been certified by
X-ray imaging. In order to avoid a spill of contaminated gas into the
atmosphere, the chamber is operated below atmospheric pressure
at all times. Since the chamber is sealed before being transported
into the experimental area, the alignment of the samples relative
to the neutron beam is performed in two separate steps. During
mounting, the samples are aligned inside the detector body, with
their position determined relative to external reference points on
the detector chassis. After the detector is sealed and transported
into the measuring station, the external reference point is used for
aligning the whole detector relative to the beam direction.

ARTICLE IN PRESS

Fig. 1. Schematic view of the FIC0 and FIC1 detectors for highly radioactive
isotopes (upper panel), and a photo of one of the detectors mounted on the n_TOF
beam line (bottom panel).

Fig. 2. Schematic view (upper panel) and photo (bottom panel) of the FIC2
detector used as neutron flux monitor.

M. Calviani et al. / Nuclear Instruments and Methods in Physics Research A 594 (2008) 220–227222

A stack of cells mounted along the beam allows the 
simultaneous measurement of the multiple samples.

The cross‐section was measured relative to the 
reference 235U(n,f) cross-section, known as 

standard, using simultaneously a 35.6 ± 1.4% mg 
and 80 mm diameter sample.

The samples were produced by the 
painting technique. The 236U samples 
thicknesses are 5.66E-07 atoms/barn and 
5.18E-07 atoms/barn respectively.

The samples were placed at a 186.4 m 
flight-path.
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The data analysis
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The signal reconstruction from the raw data was 
made by applying C++ routines developed using the 

ROOT framework and based on the Advanced 
Spectra Processing Function class TSpectrum.

Dedicated files are created storing the amplitude, 
baseline, time information and area of the signal 

peaks, as well as the time and intensity of the proton 
bunch originating the respective spallation neutrons.

amplitude (channel)
100 120 140 160 180 200 220 240

co
un

ts
 (a

rb
. u

ni
ts

)

1000

2000

3000

4000

5000

parasitic dataU-236 amplitude spectra parasitic data
dedicated data
parasitic data > 1 MeV
dedicated data > 1 MeV

16

88 Chapter 3. The experimental fission setup

Figure 3.13 – Typical FIC signal of a fission fragment, digitized with a 100 MS/s Flash
Analog-to-Digital Converter.

time-of-flight. However, since usually the saturation plateau lasts at maximum 50-
60 ns, the maximum error in the TOF is of 0.5% in the MeV neutron energy range,
where, due to the absence of neutron resonances, precise evaluation of the energy is
not required. At low energies the indetermination in neutron energy is much smaller
and will therefore be neglected.

3.5.2 Peaks finding procedure

After the FIC data are retrieved from the Central Data Storage of CERN, a signal
reconstruction procedure, operating on the LXPLUS public linux machines3 at CERN
and running within the LXBATCH cluster infrastructure with LSF4 jobs, is applied.
The routine allows to determine the signal amplitude, its area and its time flag5. Two
different approaches can be used for this purpose: a detailed pulse shape analysis,
typically used in the data reduction at n TOF, or a simpler solution, adopted in this
case, which consists in a C++ routine developed using ROOT [89] libraries. The
routine is based on the advanced Spectra Processing Function class TSpectrum. In
order to determine the baseline, i.e. the low frequency component of the digitized
waveform, the routine uses the Sensitive Non-Iterative Peak-clipping algorithm de-

3The PLUS service (Public Login User Service) is the interactive logon service to Linux for all
CERN users. The cluster LXPLUS consists of public machines provided by the IT Department for
interactive work.

4Load Sharing Facility is a job scheduler software suite, used to execute batch jobs on networked
Unix systems.

5It is the time recorded by the FADC, so its physical meaning is not the ”real” time-of-flight, which
has to be evaluated with Eq. 3.8.

The event reconstruction

The digitized waveform of a typical FF signal.
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The neutron-induced fission cross-section of
236

U was measured at the neutron Time-Of-Flight

facility at CERN, Geneva.
236

U and
235

U samples were placed in a fast ionization chamber at a

flight-path of 186.4 m. The analysis of the detector signal was performed to remove the effects of the

detector’s dead-time, of the alfa-particle background and of the
235

U impurity in the
236

U sample.

The
236

U(n,f) cross-section was extracted from 200 meV to 2 MeV as well as the parameters of the

resonances found. A comparison of the results with other experimental and evaluated data leads to

the conclusion that there is an evident need to update the data libraries.

I. INTRODUCTION

1. the 236U nuclide and the (n,f) cross-section are re-
ferred in a wide and relevant context

2. the nuclear physics importance of the cross-section
is explained

3. the nuclear technology motivation of the measure-
ment is explained

4. the state-of-the-art of the 236U(n,f) cross-section
measurement is summarized

5. the conclusion that a new measurement of this
cross-section at n TOF was required follows
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II. EXPERIMENTAL CONDITIONS

The 236U cross-section was measured
III. DATA ANALYSIS

A. Background removal

1. Removal of the 235U contamination

IV. RESULTS

V. CONCLUSIONS
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The energy calibration of the signal 
was made from the 235U data and 

then applied to the 236U data.

A perfect agreement between the latest 
235U(n,f) cross-section of ENDF and 
the data obtained allowed to check 

good time reconstruction of the signals.
The comparison of the n_TOF 235U fission counts 

after performing the TOF-to-energy calibration 
and the superimposed ENDF 235U(n,f) cross-

section data (scaled).

The energy calibration
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The neutron flux

2

The neutron-induced fission cross-section of
236

U was measured at the neutron Time-Of-Flight

facility at CERN, Geneva.
236

U and
235

U samples were placed in a fast ionization chamber at a

flight-path of 186.4 m. The analysis of the detector signal was performed to remove the effects of the

detector’s dead-time, of the alfa-particle background and of the
235

U impurity in the
236

U sample.

The
236

U(n,f) cross-section was extracted from 200 meV to 2 MeV as well as the parameters of the

resonances found. A comparison of the results with other experimental and evaluated data leads to

the conclusion that there is an evident need to update the data libraries.

I. INTRODUCTION

1. the 236U nuclide and the (n,f) cross-section are re-
ferred in a wide and relevant context

2. the nuclear physics importance of the cross-section
is explained

3. the nuclear technology motivation of the measure-
ment is explained

4. the state-of-the-art of the 236U(n,f) cross-section
measurement is summarized

5. the conclusion that a new measurement of this
cross-section at n TOF was required follows
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1
σ235U

ENDF/B−V II.0

(1)

σ236U =
(c− b)236U

(c− b)235U

(N�∆dt)235U
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The neutron flux is obtained from 
the 235U data, using the 235U(n,f) 

cross-section extracted from the 
ENDF evaluation, for control 

purposes.

c : FFs detected
b : background
ε : detection efficiency
Δdt : dead-time correction factor
N : sample thickness
σ : evaluated cross-section

In black, the neutron flux 
obtained from the data 
(correctly scaled to the 

position of the measurement) 
and compared with the flux 

the flux obtained from a 
different fission measurement.
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Evaluation of the alpha background from the U-236 samples

• The alpha background removal was 
made by setting an amplitude threshold - 
particles depositing fewer than 35 MeV 
were cut off from the analysis.
• Data from runs with no neutron beam 
was also subtracted (after normalization) 
from the signal.

The background subtraction
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U-236 fake resonances and resonance groups

• The removal of the background due to the 
contamination of 235U in the 236U samples 

is a critical step in the data analysis!
• Most of the resonant contribution above 

10 eV disappears at this step.
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The neutron-induced fission cross-section of
236

U was measured at the neutron Time-Of-Flight

facility at CERN, Geneva.
236

U and
235

U samples were placed in a fast ionization chamber at a

flight-path of 186.4 m. The analysis of the detector signal was performed to remove the effects of the

detector’s dead-time, of the alfa-particle background and of the
235

U impurity in the
236

U sample.

The
236

U(n,f) cross-section was extracted from 200 meV to 2 MeV as well as the parameters of the

resonances found. A comparison of the results with other experimental and evaluated data leads to

the conclusion that there is an evident need to update the data libraries.

I. INTRODUCTION

1. the 236U nuclide and the (n,f) cross-section are re-
ferred in a wide and relevant context

2. the nuclear physics importance of the cross-section
is explained

3. the nuclear technology motivation of the measure-
ment is explained

4. the state-of-the-art of the 236U(n,f) cross-section
measurement is summarized

5. the conclusion that a new measurement of this
cross-section at n TOF was required follows
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The dead-time correction becomes 
important for the 236U above the 
energy threshold and for the 235U 

above 100 keV.

This correction is higher for the 
dedicated data than for the parasitic 

data, as there are higher count-rates for 
the dedicated pulses.
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The dead-time correction

Log10 E(eV)
0 1 2 3 4 5 6

D
ea

d-
tim

e 
co

rr
ec

tio
n 

fa
ct

or

1.00
1.02
1.04
1.06
1.08
1.10
1.12
1.14
1.16
1.18

THE DEAD-TIME
CORRECTION FACTOR

Measurement of the 236U(n,f) cross-section at n_TOF
rsarmento@itn.pt & Marco.Calviani@cern.ch on behalf of the n_TOF Collaboration

mailto:rsarmento@itn.pt
mailto:rsarmento@itn.pt
mailto:MarcoCalviani@cern.ch
mailto:MarcoCalviani@cern.ch


Results

21Measurement of the 236U(n,f) cross-section at n_TOF
rsarmento@itn.pt & Marco.Calviani@cern.ch on behalf of the n_TOF Collaboration

mailto:rsarmento@itn.pt
mailto:rsarmento@itn.pt
mailto:MarcoCalviani@cern.ch
mailto:MarcoCalviani@cern.ch


- ENDF/B-VII.0 evaluation
- JENDL/AC-2008 evaluation

- Alekseev et al. data
- nTOF data
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The low energy cross-section
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5.45 eV resonance of the U-236 (n,f) cross-section
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Low energy U-236 (n,f) cross-section

- The first resonance at 5.45 eV was measured 
with excellent resolution and was found to have 
a much smaller width than evaluated by ENDF.

 
- The absolute value of the cross-section below 

the resonance resulted with a more pronounced 
slope in the range 10-3-10 -2 barn.
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The low energy cross-section

2

The neutron-induced fission cross-section of
236

U was measured at the neutron Time-Of-Flight

facility at CERN, Geneva.
236

U and
235

U samples were placed in a fast ionization chamber at a

flight-path of 186.4 m. The analysis of the detector signal was performed to remove the effects of the

detector’s dead-time, of the alfa-particle background and of the
235

U impurity in the
236

U sample.

The
236

U(n,f) cross-section was extracted from 200 meV to 2 MeV as well as the parameters of the

resonances found. A comparison of the results with other experimental and evaluated data leads to

the conclusion that there is an evident need to update the data libraries.

I. INTRODUCTION

1. the 236U nuclide and the (n,f) cross-section are re-
ferred in a wide and relevant context

2. the nuclear physics importance of the cross-section
is explained

3. the nuclear technology motivation of the measure-
ment is explained

4. the state-of-the-art of the 236U(n,f) cross-section
measurement is summarized

5. the conclusion that a new measurement of this
cross-section at n TOF was required follows

σ236U =
(c− b)236U

(c− b)235U

(N�∆dt)235U

(N�∆dt)236U
σ235U

ENDF/B−V II.0 (1)

II. EXPERIMENTAL CONDITIONS

The 236U cross-section was measured
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A. Background removal
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c : FFs detected    b : background
ε : detection efficiency  Δdt : dead-time 
correction factor
N : sample thickness  σ : evaluated cross-section
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- The triple resonance at 1.25 keV was 
observed with very good resolution.

- The energies of the triple resonance 
are below the values presented in the 

literature.

- Resonances at 2.95 keV, 6.17 keV, 
10.3 keV and 36.5 keV were observed.
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The resonance and intermediate 
resonance regions
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- No 236U(n,f) resonances were 
observed between 5.45 eV and the 
1.25 keV.
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The cross-section around the threshold 
energy
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The cross-section below the energy 
threshold

The experimental cross-section ratio to the 
235U cross-section
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• The cross-section was extracted from 200 meV to 2 MeV in a single 
measurement for the first time.

• The 5.45 eV resonance was measured with good energy resolution and fission 
width similar to the measured by Wagemans et al. at GELINA (2008). This is the 
third measurement confirming that the cross-section value at this energy in most 
evaluated data libraries is highly overestimated.

• As on the most recents measurements, no 236U resonances were observed from 
10 eV up to 1 keV. The structure, if existing in this energy region, does not 
provide any significant or wide cross-section resonance. Mean values of the 
cross-section were taken after removing the contamination in this energy region.

• Intermediate energy resonances were observed which are missing in the 
evaluated data. These were measured with high resolution and are consistent 
with the latest results at LANSCE (1994), confirming the existence of 
intermediate structure in this nucleus.

• Below the energy threshold, the results obtained confirm the approach followed 
in the JEFF evaluation.
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