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The 235U(n,f) cross section plays a key role for nuclear physics due to its widespread use as a 

standard reference for neutron cross section measurements and for neutron flux measurements. 

Recent experimental data of the fission cross section have suggested the presence of discrepancies 

around 6–8% with respect to the most used libraries, precisely in the range between 10 keV and 

30 keV. In order to shed light on this disagreement, an accurate measurement of the 235U(n,f) 

fission cross section has been performed at n_TOF facility @CERN, using the standard reactions 
6Li(n,t) and 10B(n,α) as reference. A custom experimental setup based on a stack of silicon 

detectors sandwiched between pairs of 235U, 6Li and 10B targets, has been installed along the 

neutron beam line to intercept the same neutron flux, allowing the detection of the fission 

fragments and the products of the reference reactions at the same time. Such a technique allows 

calculation of the cross section via the “ratio method”, by normalizing the 235U(n,f) reaction yields 

with respect to the reference reactions and to the recommended data in the IAEA libraries; in 

particular, the integral between 7.8 and 11 eV has been chosen. Accurate Monte Carlo simulations 

have allowed evaluation of the neutron absorption in the different layers, as well as the detection 

efficiency of each detector. The data are in excellent agreement with the standard values and 

highlight the overestimation of the 235U(n,f) cross section between 9 and 18 keV in the most recent 

libraries. 

Keywords: Standard; cross-section; neutrons; uranium; fission; n_TOF. 

1.   Introduction 

Recently, a large number of applications have demanded new and more accurate data for 

neutron induced reactions. The International Atomic Energy Agency (IAEA) defines as 

standard a small group of neutron cross sections (see Refs. 1 and 2), known with high 

In
t. 

J.
 M

od
. P

hy
s.

 C
on

f.
 S

er
. 2

02
0.

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 G

E
R

M
A

N
 E

L
E

C
T

R
O

N
 S

Y
N

C
H

R
O

T
R

O
N

 @
 H

A
M

B
U

R
G

 o
n 

09
/2

9/
20

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



235U(n,f) cross section at n_TOF 

 

2060011-3 

accuracy in a well-defined neutron energy interval, that are used as a reference for several 

neutron cross section measurements, whose precision therefore depends on the accuracy 

of the standards. Among them, the 235U fission cross section is one of the most used, 

mainly because of the large energy interval in which it is a standard: at thermal energy 

and in the interval between 150 keV and 200 MeV. Even if it is not a standard between 

thermal and 150 keV, this cross section is currently used as a reference. Thanks to this 

wide energy range, the 235U(n,f) reaction is therefore the most used reference for fission 

and capture cross section measurements, in particular of actinides. This feature makes 

this cross section directly interesting for the design of new-generation fission reactors in 

the keV region, in particular for the Accelerated-Driven Subcritical reactors, and in the 

field of nuclear waste burning. The uncertainty of the 235U(n,f) cross section is typically 

lower than 5%, but a discrepancy in the 10 to 30 keV range has been observed between 

new experimental data and the evaluated libraries,3 due to possible overestimation of the 

latter. 

The consequent requirements of new data to verify these disagreements has triggered 

an experiment, performed in 2016, to measure the 235U(n,f) fission cross section from 

thermal to 170 keV with high accuracy. The measurement was performed at the n_TOF 

facility operating at CERN by using the standard reactions 6Li(n,t) and 10B(n,α) as 

reference reactions. The high energy resolution (up to 10-4) neutron beam and the high 

instantaneous flux available in this facility is well suited to measure the cross section in 

the energy range of interest, with an accuracy well below 5%. A custom experimental 

apparatus based on in-beam silicon detectors has been carried out, allowing for the first 

time the use of silicon detectors at n_TOF for fission cross section measurements. 

The results have confirmed the overestimation of the cross section by the most recent 

evaluated libraries between 9 and 18 keV. Furthermore, the measurement hinted at the 

presence of structures in the energy interval between 2.2 and 4 keV that currently are not 

included in the libraries. This new data improves the accuracy of the 235U(n,f) cross 

section, thus increasing its role as a reliable reference for neutron induced nuclear 

reactions. More details about the analysis are provided in the full article in Ref. 4. 

2.   Experimental Setup 

The measurement was performed in the first experimental area (EAR1) of the n_TOF 

facility at CERN.5 Here a pulsed neutron beam with a high instantaneous flux (105–106 

n/bunch) is produced by the spallation process, induced by the 20 GeV protons 

accelerated by the Proton Synchrotron interacting inside a lead target. The energy range 

of the neutrons arriving in the experimental area after a flight path of 183.49(2) m is from 

thermal to 1 GeV, with an excellent energy resolution of 10-4. The energy of neutrons is 

measured by time of flight techniques. 

Three pairs of reaction targets have been used in order to measure the 235U(n,f) 

reaction at the same time as the IAEA standards, 6Li(n,t) and 10B(n,α). Six 5×5 cm2  
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Fig. 1. Drawing and photo of the setup used for the measurement. 

Table 1. Characteristics of the six samples; all the active targets are deposited on an aluminum backing. 

Deposit Size (mm) Thickness (μm) Backing Enrichment 

LiF Square 47x47 mm 1.97 (3) Al 50 μm 95% 

B4C Square 70x70 mm 0.080 (5) Al 18 μm 99% 

H2O2U Circular with 40 mm diameter  0.1450 (16) Al 250 μm 99.999% 

 

silicon detectors with 200 µm thickness have been arranged, each one close to the 

corresponding target as shown in Fig. 1, in order to detect the reaction products emitted 

in the forward and backward direction with respect to the neutron beam. This 

configuration guarantees a sufficient level of redundancy and compensates (to a large 

extent) the forward/backward emission asymmetry due to the large geometric efficiency. 

Silicon detectors have been chosen because of their high energy resolution, which is 

required to discriminate the reaction products and efficiently reject the background. 

Moreover the compactness of the setup implies that all the samples share the same 

neutron beam, apart from small differences due to the absorption in the dead layers. This 

means that the ratio between the reaction yields is proportional to the ratio between the 

cross sections, and the so called “ratio method” can be used to measure the fission cross 

section. 

As was mentioned before, two samples with two corresponding detectors were used 

for each reaction, named according to the sample “Li”, “B” and “U”. Additionally we are 

referring to the detector in the forward direction with the suffix “_f” and to the one in the 

backward direction with “_b”. The properties of samples are reported in Table 1. It is 

important to note that the thicknesses of all the samples are small enough to prevent the 

self-absorption effects and use the “thin sample” approximation. 

3.   Data Analysis 

The accuracy of measurement of the neutron kinetic energy depends on the precise 

calibration of the flight path used to convert the time of flight spectra into neutron 
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energy. In our case, the calibration was performed via a linear fit of the time-to-energy 

relation for forty prominent resonances between 2 and 35 keV. The calibration was then 

refined by minimizing the χ2 between experimental data and ENDF-B/VIII evaluation in 

a small interval around the best value of the fit. 

The stability of the detectors during the whole measurement has been checked, with 

particular care to those coupled with the 235U samples that were exposed to fission 

fragments and alpha particles produced by 235U decay. The data have evidenced no 

significant deviation of the silicon detectors performances that worked very well during 

the complete measurement. 

The “ratio method” has been used in order to be independent of any flux evaluations 

done with other devices, thus making the measurement absolutely self-consistent. In 

particular the 235U(n,f) cross section was obtained with respect to the reaction references 
6Li(n,t) and 10B(n,α), by the following equation: 

 𝜎235𝑈 =
𝐶235𝑈𝑓𝑟𝑒𝑓𝜌𝑟𝑒𝑓𝜖𝑟𝑒𝑓

𝐶𝑟𝑒𝑓𝑓235𝑈𝜌235𝑈𝜖235𝑈
𝜎𝑟𝑒𝑓  , (1) 

with CX the number of counts for a given sample X, ρX the areal density of the sample, fX 

the neutron beam fraction hitting the sample and εX the detection efficiency of the 

corresponding reaction products.  

The experimental count rates CX were obtained by selecting the events with high 

accuracy, using the tritons for the 6Li(n,t) reaction, the alfa particles for 10B(n,α) and the 

fission fragments for 235U(n,f). For each detector, an energy threshold was chosen by the 

two-dimensional scatter plots, with the deposited energy as a function of the neutron 

energy. The experimental thresholds for the 6Li and 10B reactions took into account the 

kinetic energy of the incident neutron and the angular distribution of reaction products. 

As can be seen in Fig. 2, starting from a neutron energy of a few keV, the threshold of the 

detectors in the forward direction increases, while it decreases for the detectors in the 

backward direction. Thanks to the large fission Q-value (around 200 MeV), the threshold 

to discriminate the fission fragments from the natural alpha decay of 235U has been 

maintained constant. As examples, the plots for backward 6Li(n,t) and 235U(n,f) are 

shown in Fig. 2. 

3.1.   Monte Carlo simulations 

The correction factors needed to compensate the small differences in the neutron flux 

impinging on each target have been evaluated by means of a GEANT4 Monte Carlo 

code, where the full experimental apparatus has been implemented. A realistic n_TOF 

neutron flux, with a Gaussian transverse profile of σ = 7 mm, has been used to calculate 

the correction factors via the ratio of the energy spectra of the neutrons hitting each target 

to the generated ones. The results are shown in Fig. 3, where the fractions of the neutrons 

to the total ones are plotted for the three targets in the backward direction as a function of  
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Fig. 2. Two-dimensional scatter plots of backward detector coupled with a 6Li sample (left) and a forward 

detector coupled with a 235U sample (right). 

 

Fig. 3. Correction for the absorption of neutrons in the materials placed along the beam for the backward 

detectors. 

 

their energy. The correction is in general quite small, except at the thermal region where 

the 6Li(n,t) and 10B(n,α) cross sections are larger, and at the aluminum capture resonance 

at 5.9 keV.  

A further GEANT4 simulation was done to estimate the efficiency for 6Li(n,t) and 
10B(n,α) reactions. For the 235U(n,f), reaction, the simulation was not necessary, because 

its efficiency is constant over the whole neutron energy range. For 6Li and 10B, the 

efficiency is mainly determined by the angular distribution of the reaction products 

provided by ENDF-B/VIII6 that has been used in the simulation. The calibrated 

experimental data and the experimental threshold used to select the reaction products 

were included in the simulation. 

The efficiency estimated with the simulation for the reactions 6Li(n,t) and 10B(n,α) are 

shown in Fig. 4. As expected, the efficiency increases with the neutron energy for the  
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Fig. 4. Estimated efficiency for 6Li(n,t) (left) and 10B(n,α) (right), for the forward (blue) and backward (red) 

detectors. 

 

forward detectors, while it decreases for the backward ones. The dependence on the 

neutron energy is greater for the 6Li reaction due to the strong anisotropic emission of 

products in the keV region for the 6Li(n,t) reaction. In particular, from a few keV, the 

tritons are mainly emitted in the forward direction, reaching an efficiency up to 45%. For 

the 10B(n,α) reaction, the forward/backward differences are smaller since there are not 

such large anisotropic emissions, and the differences mainly depend on the incident 

neutron kinetic energy. 

3.2.   Reference consistency and normalization 

The reliability of the measurement is assured by the two independent standard cross 

sections 6Li(n,t) and 10B(n,α) used as reference. This has allowed a check of the 

consistency of the references with respect to each other in order to verify the validity of 

the efficiency and the absorption corrections with a high accuracy. The correction for 

absorption and efficiency described in the previous section has been applied to the 

experimental count-rates; then for each reaction, the data from the forward and backward 

detectors have been combined using a weighted average.  

The consistency between the standard references has been evaluated by comparing 

the ratio between the count rates of lithium and boron, after the corrections for efficiency 

and absorption, with the ratios of the cross sections provided by ENDF-B/VIII. The 

experimental and expected ratios are shown in Fig. 5, where the experimental data are in 

good agreement with the foreseen values. Once the consistency of the two standard 

references was verified, the data collected with lithium and boron were divided by the 

corresponding cross section and combined using again a weighted average. 

Knowing the efficiencies of the reference reactions, the 235U(n,f) cross section can be 

calculated with the “ratio method” by means of the Eq. (1), even if a suitable 

normalization is required to take into account the areal densities and the 235U(n,f) 

efficiency. To do this, the range between 7.8 and 11 eV has been chosen as recommended  
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Fig. 5. Ratio between experimental count ratio of lithium and boron (blue) compared with expected values 

provided from standard libraries (red). 

 

in Ref. 1, in which the correction due to the absorption of neutrons is minimal. 

Furthermore we have verified the agreement with the values at thermal energy, where all 

three cross sections are standards. The ratio between thermal and the [7.8,11] eV integral 

has been compared with the IAEA evaluations data and the major libraries, showing a 

good agreement. 

 

3.3.   Comparison with libraries 

The 235U(n,f) cross section has been obtained using the two standard reactions, 6Li(n,t) 

and 10B(n,α), and normalizing the shape of the cross section to the integral between 7.8 

and 11 eV. The resulting n_TOF cross section has been compared with the most recent 

evaluated libraries, namely ENDF-B/VIII6 and JEFF3.3,7 and with the last indication 

provided by IAEA in Ref. 1. This comparison has been made over significant integral 

intervals in the keV region where previous discrepancies were found. 

The ratio of n_TOF data and the libraries is reported in Fig. 6, together with the 

deviation in standard deviation units. Over the interval from 9 to 18 keV, in a region 

where discrepancies have already been observed, the deviation of the n_TOF data from 

all the references considered is more than three standard deviations; in terms of 

percentage, this deviation is around 4–5%. It is important to note that this deviation is not 

present in the 18 to 30 keV integral, and if we consider the full interval from 9 to 30 keV, 

the deviation is no longer statistically significant. The reliability of the n_TOF data is 

further guaranteed by the good agreement in the 150 to 170 keV interval, since in this 

energy range the 235U(n,f) cross section is again considered a standard. 
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Fig. 6. Top panel: ratio between n_TOF measured fission cross section in four integrals and the values provided 

by major libraries. Bottom panel: deviation of n_TOF integral from the libraries expressed in units of standard 

deviation. 

4.   Conclusions 

A very accurate measurement of the 235U(n,f) cross section was performed at n_TOF 

from thermal to 170 keV, using the standard reactions 6Li(n,t) and 10B(n,α) as reference. 

For the measurement, a dedicated setup based on in-beam silicon detectors was used. The 

experimental data have been corrected for neutron absorption and detection efficiency, 

and the consistency of the two standard references has been verified during the analysis.  

The results indicate the presence of an overestimation in all the major standard 

libraries in the energy interval from 9 to 18 keV. The reliability of the measured cross 

section is assured by the agreement with the libraries in the energy range where 235U(n,f) 

is considered a standard, namely at thermal energy and from 150 keV to 170 keV. 

The performance of silicon detectors exposed to the n_TOF neutron flux and to 

fission fragments remained stable throughout the campaign; thus, an apparatus based on 

silicon detectors can be used for a systematic study of actinide fission cross sections at 

n_TOF, which are currently of great interest for the design of new-generation reactors 

and nuclear waste burning. 
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