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 a b s t r a c t

The 239Pu(n,f) cross section was measured with uncertainties below 4% from 20 meV up to 10 MeV of neutron 
energy at CERN’s n_TOF facility using a novel fission fragment detector with a 185.59 m flight path. Measured 
cross section was normalized to 1059(6) eV⋅b in the 9–20 eV energy range, and is consistent within uncertainties 
with the standard thermal value and the IAEA reference 239Pu(n,f) cross section. Experimental key values include 
the integral ratio 𝐼3∕𝐼1 = 41.20(42) defined by Duran et al. 2024 and the spectrum averaged cross section in 
252Cf(sf) reference neutron field of 1802(40) mb.

1.  Introduction

The neutron-induced fission cross section of 239Pu plays a key role 
in the design and operation of multiple types of nuclear reactors [1]. 
In addition, it is also crucial for a safe and efficient management of 
nuclear waste, including partitioning and transmutation processes [2,
3]. In addition, accurate prediction of fuel depletion and subsequent 
loss of reactivity in power reactors is vital for fuel management and 
determining the operating cycle length in commercial reactors, which 
has significant economic implications.

The nuclear power industry was generally satisfied with the perfor-
mance of the JEFF-3.1.1 [4] library (industry reference in Europe) and 
the ENDF/B-VII.1 [5] library (industry reference in the US). However, 
it was found that the loss of reactivity with fuel burn-up is significantly 

larger with the newer JEFF-3.3 [6] and ENDF/B-VIII.0 [7] cross section 
data compared to the industry reference libraries. This issue led to nu-
merous studies that highlighted the importance of the 239Pu resonance 
cross sections in reactivity as a function of burn-up, and the critical need 
for high-quality 239Pu capture and fission cross sections below 5 eV for 
nuclear power applications.

In addition, many fission cross section measurements [8–10] over 
the years used the 239Pu(n,f) cross section as a reference for fast neutron 
energies. Therefore, it is necessary to continue to update this reference 
cross section evaluated by the Neutron Data Standards (NDS) [11].

Since the mid-20th century, various techniques have been employed 
to measure the 239Pu neutron-induced fission cross section [12–28]. The 
time-of-flight (TOF) method was commonly used because it enables de-
termining the incident neutron energy in a broad range on the basis 
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of the neutron travel time from the generation point to the target. We-
ston et al. used the TOF method, covering a wide neutron energy range
between 2 meV and 20 MeV, in the 20 m and 86 m flight paths at Oak 
Ridge National Laboratory to undertake several high-resolution mea-
surements [25–28]. Tovesson et al. [29], at Los Alamos Neutron Science 
Center (LANSCE), conducted two measurements with a 99.1% purity 
sample at different target stations. At the Lujan center, neutron energies 
from 10 meV to 200 keV were measured utilizing a 7.93 m flight path. 
At the Weapon Neutron Research (WNR) facility, energies from 200 keV 
to 200 MeV were measured utilizing a 10 m flight path. The most recent 
measurements include an experiment performed at the China Spallation 
Neutron Source by Qiu et al. [30] in the range from 4 keV to 100 MeV, 
a measurement by Pérez Sánchez et al. [31] at the ALTO facility in Or-
say via a surrogate reaction, and two new measurements by Snyder et 
al. [32] and Dongwi et al. [33] with a Time Projection Chamber at a 
10 m flight path at LANSCE, reporting uncertainties below 1% in the 
239Pu(n,f)/235U(n,f) ratio, for neutron energies between 0.1 MeV and 
100 MeV.

No other measurement has ever spanned the extensive energy range 
from the thermal point up to 10 MeV. This is because it is technically 
very challenging to design and optimize an experimental setup that 
achieves both low uncertainty and high-energy resolution across such 
a broad energy range.

We introduce here the first measurement of the 239Pu(n,f) cross sec-
tion, which covers neutron energies from 20 meV to 10 MeV. Minimal 
corrections were required due to the outstanding features of the experi-
mental setup and the samples used. The measurement was performed at 
n_TOF [34–36], the neutron TOF facility at CERN. Our results demon-
strate unprecedented consistency and low uncertainties across the entire 
covered energy range, in agreement with many previous experiments 
conducted at different energy ranges.

2.  Experiment

The n_TOF pulsed neutron beam is generated by spallation of 7ns 
(RMS) wide proton bunches in a gas-cooled lead target [37,38]. The 
measurement was carried out in the first experimental area (EAR1), 
which is located approximately 185 meters from the neutron source in 
the horizontal direction. Such a long flight path makes n_TOF an ap-
propriate facility for measuring cross sections with a very high neutron 
energy resolution, ranging from a Δ𝐸𝑛∕𝐸𝑛 value of 0.03% at 1 eV to 
0.5% around 1 MeV [39]. Neutrons emerging from the spallation target 
are moderated by a 4 cm layer of borated water, producing a white neu-
tron spectrum from about 20 meV up to a few GeV [40]. Subsequently, 
the beam pulse is stripped of charged particles by a sweeping magnet 
and shaped by two collimators.

Ten 239Pu thin samples were produced and assembled inside a multi-
section ionization chamber at the JRC-Geel Target Preparation labo-
ratory [41]. The Pu material had an amount of 239Pu of 99.90% (see
Table 1), and was purified from 241Am by anion exchange at SCK CEN 
Belgium [42] removing the presence of any significant background re-
lated to contaminants in fission measurement.

Table 1 
Isotopic abundances of the plutonium used for 
the samples, determined by thermal ionization 
mass spectrometry at JRC Geel in 2017.
    Isotope  Amount fraction (%) 
 239Pu  99.90259(14)  
 240Pu  0.05818(4)  
 241Pu  0.02501(5)  
 242Pu  0.01288(7)  
 238Pu  <0.0002  
 244Pu  <0.0002  

The samples, with a total mass of about 9 mg, included nine samples 
of approximately 1 mg (about 300 µg/cm2 of areal density) each and one 
sample of 0.1 mg. The latter, with an areal density of about 40 µg/cm2, 
was manufactured with the aim of minimizing the absorption of fission 
fragments within the sample, i.e., to maximize detection efficiency. Thin 
samples also minimize the need for multiple scattering corrections. The 
samples were prepared by molecular plating the Pu material on 10 µm 
thick aluminum foils [43]. They were deposited using a circular mask 
with an inner diameter of 2 cm at the center of the aluminum backing.

The Fission Fragment Detector (FFD) [41], used in this work, con-
sists of ten independent parallel plate ionization chambers, each made 
of an aluminum anode separated by 4.5 mm from the cathode that con-
tains the 239Pu samples. Constantly flowing through the space between 
the electrodes, a gas mixture of 90% Ar and 10% CF4 at atmospheric 
pressure becomes ionized when fission fragments are emitted from the 
239Pu samples. The detector was optimized to provide fast signals with 
40 ns rise time and a high detection efficiency of 89.4(5)%. The sig-
nals were digitized using the n_TOF data acquisition system [44] and 
analyzed offline with a dedicated pulse shape analysis routine, partic-
ularly developed for this challenging measurement. The FFD was op-
erated simultaneously with a 𝛾-ray detector, the n_TOF Total Absorp-
tion Calorimeter (TAC) [45], in an experimental campaign dedicated to 
measure the neutron-induced fission, capture and fission-to-capture ra-
tio (also called 𝛼-ratio) of 239Pu, using a similar technique as in Balibrea-
Correa et al. [46], Guerrero et al. [47], Bacak,  M. et al. [48].

The distribution of the ten parallel plutonium samples covered a dis-
tance of 6.45 cm along the neutron beam axis. The time of flight of the 
signals from the ten ionization chambers has been corrected according 
to this space distribution of samples, using the fifth sample as the refer-
ence. As a result, an effective time-of-flight distance of 185.59(1) m is 
used. The exact value was found by adjusting the position of the fission 
resonances to the 239Pu(n,f) evaluation of the ENDF/B-VIII.0 nuclear 
data library.

3.  Analysis

The design of the FFD and the properties of the selected ionization 
gas ensure an excellent separation between 𝛼 particles and fission frag-
ments using the signal amplitude. This is particularly important since 
the 𝛼-activity of 239Pu is around 2 MBq/mg, which results in a counting 
rate in each of the ten detectors of about 1 count/𝜇s, which is 102-105
larger than the fission-fragment counting rate, depending on the TOF. 
This excellent separation is shown in Fig. 1, where the amplitude spec-
trum measured in the vicinity of the strongest resonance of 239Pu at 
0.3 eV, in red, is compared with the spectrum measured in the absence 
of the beam, in blue. The spectrum associated with fission fragments 
appears clearly separated from the contribution of 𝛼-particles, allow-
ing the isolation of fission fragment signals by applying an amplitude 
threshold, represented by the vertical dashed line in Fig. 1. The choice 
of this threshold ensures that nearly all fission fragments are selected, 
while the number of high-amplitude signals from alpha particles remains 
negligible.

The 239Pu(n,f) reaction yield, 𝑌𝑓 , has been obtained according to:

𝑌𝑓 (𝐸𝑛) = 𝑁𝑓
𝐶FF(𝐸𝑛)
𝜑2cm(𝐸𝑛)

 , (1)

where 𝑁𝑓  is a normalization factor independent of the neutron energy 
𝐸𝑛, 𝐶FF(𝐸𝑛) are the counts in the FFD using the threshold for the fission 
fragments, and 𝜑2cm(𝐸𝑛) is the shape of the neutron fluence that crosses 
a 2 cm diameter sample as a function of 𝐸𝑛.

The n_TOF neutron fluence as a function of energy is derived from 
dedicated measurements using different detectors based on the stan-
dard reactions 6Li(n,t)4He, 10B(n,𝛼)7Li, and 235U(n,f) [11]. The beam 
characterization process (energy, time, and spatial distribution) includes 
both experimental data and Monte Carlo simulations performed with 
FLUKA [40,49–53]. The simulations are validated against experimental 
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Fig. 1. Amplitude spectra obtained with the FFD for beam-on and beam-off 
measurements, showing the separation between alpha particles (𝛼) and fission 
fragments (FF). The inset displays a zoom to the FF peak in linear scale.

data and allow for a complete beam characterization, which would be 
virtually impossible to achieve with experimental measurements alone.

This process results in the evaluated neutron fluence 𝜙eval(𝐸𝑛). In 
practice, the fluence was further monitored throughout the entire 
239Pu campaign with four silicon detectors (SiMon [54]) through the 
6Li(n,t)4He standard reaction, obtaining values compatible with those 
of the evaluated fluence. All detectors used to obtain 𝜙eval(𝐸𝑛) covered 
the entire beam, while the 239Pu samples covered only a fraction of the 
beam. Therefore, the energy dependence of 𝜑2cm(𝐸𝑛) is different from 
the energy dependence of 𝜙eval(𝐸𝑛), especially below 0.1 eV and above 
1 MeV.

For low neutron energies, below 0.1 eV, the 𝜑2cm(𝐸𝑛) fluence cor-
rection was determined by measuring the 197Au(n,𝛾) cross section with 
a gold sample of the same size as the plutonium samples with the TAC. 
Above 0.1 eV, the fluence correction was derived from the beam char-
acterization with FLUKA mentioned above. The resulting corrections on 
the energy dependence of the neutron fluence remain below 2% in the 
0.1–105 eV energy range, 2–9% in the 0.1–1 MeV range, and 8–34% in 
the 1–10 MeV region.

The shape of neutron fluence 𝜑2cm(𝐸𝑛) can be seen as the gray curve 
in Fig. 2. The high instantaneous neutron fluence at n_TOF, combined 
with the large 239Pu(n,f) cross section, ensures sufficient counting statis-
tics to measure data from 20 meV up to about 10 MeV.

The uncertainties in the 239Pu(n,f) yield due to systematic effects are 
those of 𝜑2cm(𝐸𝑛), shown in Fig. 2, plus the uncertainty in normalization.

4.  Results and discussion

The (n,f) detection efficiency was assumed to be constant over the 
measured neutron energy range. The impact on efficiency due to the 
kinematic boost of the fissioning nucleus and the fragment angular 

Fig. 2. Uncertainties in the 239Pu(n,f) yield due to counting statistics (Statistical) 
and due to systematic effects (Systematic) excluding normalization, when using 
5 bins per decade. The neutron fluence 𝜙2cm(𝐸𝑛) is also shown (right axis scale).

anisotropy, both energy dependent [32,59], are minimal in the present 
experimental setup, as the plutonium deposits and active volumes are 
alternated between the upstream and downstream sides of the backing 
foil [41]. To prove this, the energy dependence of the counting rates 
from upstream and downstream samples was compared, revealing only 
a small deviation of 1–2% over the 100 keV–10 MeV range. When the 
count rates from all samples are combined, these small variations are 
expected to average out, leading to an efficiency correction that is neg-
ligible, on the order of a few per thousand, and well within the estimated 
uncertainties due to systematic effects.

Consequently, the efficiency can be absorbed into the normaliza-
tion constant 𝑁𝑓  in Eq. (1). This value is calculated by normalizing 
the 239Pu(n,f) cross section integral in the 9–20 eV region (defined as 
𝐼3 [55]) to the value of 1059(6) eV ⋅ b recommended by Duran et al. [55] 
to normalize the time-of-flight experiments to measure 239Pu(n,f) cross 
sections. Using this normalization, the uncertainties due to the detection 
efficiency, as well as the mass of the samples and the absolute value of 
the neutron fluence, are removed. The authors in [55] also provide rec-
ommended values for the integral in the 0.02–0.06 eV interval (𝐼1) and 
for the ratio 𝐼3∕𝐼1. A comparison of these integrals for the n_TOF mea-
sured data with those derived from the selected evaluations is shown in 
Table 2.

Good agreement within uncertainties is observed in the ratio of cross 
section integrals 𝐼3∕𝐼1 = 41.65(22) recommended by Duran et al. [55] 
with the value of 41.20(42) measured in this work. This integral ratio is 
independent of normalization, providing a proof of the consistency of 
the measured cross section shape in the thermal and resonance region 
below 20 eV. Using the 𝐼3 normalization, we observe a 1% overesti-
mation of the 𝐼1 integral, as shown in Table 2. An additional neutron 
energy interval from 8–10 MeV defines the integral 𝐼HE recommended 
in a recent work [56]. This integral value is used to compare measured 

Table 2 
Ratio of integrals 𝐼1 and 𝐼3 [55], and 𝐼𝐻𝐸 [56] using the n_TOF 239Pu(n,f) cross section data to the 
corresponding evaluated values for the same integrals from refs. [6,7,11,55,58]. The uncertainties 
due to statistics and systematic effects for each value are shown in the first and second number in 
parenthesis, respectively.

𝐼1(0.02–0.06 eV) 𝐼3(9–20 eV) 𝐼3∕𝐼1 𝐼HE(8–10 MeV)
 n_TOF/I. Durán et al. [55,56]  1.011(1)(29)  1.0  0.989(2)(20)  1.014(8)(46)
 n_TOF/ENDF/B-VIII.1 [57]  1.014(1)(29)  1.010(1)(20)  0.995(2)(20)  1.007(8)(46)
 n_TOF/ENDF/B-VIII.0 [7]  1.013(1)(29)  1.007(1)(20)  0.994(2)(20)  1.016(8)(46)
 n_TOF/JEFF-3.3 [6]  1.015(1)(29)  0.986(1)(20)  0.972(2)(20)  1.011(8)(46)
 n_TOF/𝜎𝑓  ref. (NDS [11])  –  –  –  1.016(8)(46)
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Table 3 
239Pu(n,f) SACS in the 252Cf(sf) reference neutron field [63–65] de-
rived from n_TOF experimental data is compared with the value de-
rived from the IAEA reference cross section [11], and with evalua-
tions based on direct SACS experimental data ([62,67]). Total SACS 
uncertainties are reported. Note that the SACS uncertainty derived 
in this work is dominated by systematic effects (3.6%) over the sta-
tistical ones (just 0.13%). 

239Pu(n,f) SACS in 
 Data 252Cf(sf) (millibarn)
 Derived, this work 1802 ± 65 (3.6%)
 Derived, IAEA standard 2017 [11] 1798 ± 23 (1.3%)
 Mannhart evaluation [67] 1812 ± 25 (1.4%)
 Capote et al. evaluation [62] 1826 ± 19 (1.0%)

and evaluated data with standard and/or reference cross sections for 
very fast neutrons, and is also shown in Table 2. The integral 𝐼HE de-
rived from the new n_TOF data agrees with all evaluations within quoted 
uncertainties; the best agreement is reached for the recent evaluation 
by the International Nuclear Data Evaluation Network (INDEN) [60], 
released in August 2023. The INDEN evaluation in the fast neutron re-
gion was the latest iteration of the gmapy fit undertaken by the Neutron 
Standard Committee [61,62] and was adopted for the ENDF/B-VIII.1 
file [57,58]. The agreement of cross section integrals across different 
energy ranges discussed above confirms the reliability and robustness 
of the present data in the thermal, epithermal, and fast regions, cover-
ing all energy domains relevant to nuclear reactors.

4.1.  Spectrum averaged cross section

The broad coverage of neutron energy in this work enables the calcu-
lation of the spectrum average cross section (SACS) of the 239Pu(n,f) re-
action in the 252Cf(sf) reference neutron field [63–65], a very important 
quantity to normalize cross section data in the neutron standard evalua-
tion [11]. The SACS value calculated with the n_TOF 239Pu fission data is 
compared in Table 3 with the value derived from the IAEA 239Pu(n,f) ref-
erence cross section of NDS [11]. Evaluated SACS by Mannhart [67] and 
Capote et al. [62], which are based on direct integral cross section mea-
surements, are also shown for comparison. These evaluated values show 
full compatibility with our result within reported uncertainties. SACS 
values in the 252Cf(sf) neutron field are especially sensitive to the data 
in the 0.1–5 MeV energy region where the 252Cf(sf) spectrum reaches 
its maximum probability. This energy region corresponds to the first-
chance neutron fission on actinides. The excellent agreement observed 
between the SACS derived in this work and the one obtained from the 
IAEA standard fit [11] also shows the consistency of the n_TOF measured 
cross section using Duran’s normalization [55] in the 9–20 eV energy 
region [55] with the IAEA reference cross section in the fast neutron 
region.

4.2.  Comparison with experimental and evaluated data

The measured high resolution n_TOF 239Pu(n,f) yield from 16 keV 
up to 22 keV in the unresolved resonance region (URR) is compared 
to previous data and evaluations in Fig. 3(a). The IAEA reference cross 
section [11] (adopted by the ENDF/B-VIII.0 [7]) uses a low-density en-
ergy grid at these neutron energies (blue curve), so it only describes 
the high-resolution experimental data on average. The ENDF/B-VIII.1 
evaluation (dashed line) is based on the Weston data [27] and shows 
good agreement with the n_TOF data up to about 20 keV (which is the 
upper limit of the Weston data [27]). The measured fluctuations of the 
cross section in the Weston and n_TOF data are in perfect agreement. 
The new n_TOF data could be used to extend such fluctuations in eval-
uations above 20 keV, which may be important for the criticality of in-
termediate spectrum assemblies. A comparison of selected EXFOR data 
with the n_TOF 239Pu(n,f) fast neutron yield from 200 keV up to 10 MeV 

Fig. 3. The n_TOF measured 239Pu(n,f) cross section compared to selected ex-
perimental and evaluated data. Error bars show either statistical uncertain-
ties when specified in the EXFOR files or total uncertainties otherwise. (a) 
Comparison to Weston [27], the IAEA reference cross section [11] taken from 
ENDF/B-VIII.0 [7], and the ENDF/B-VIII.1 [57] evaluation in the energy range 
16–22 keV. (b) Comparison to selected EXFOR data and to the IAEA refer-
ence cross section [11] taken from ENDF/B-VIII.0 [7] in the energy range from 
200 keV up to 10 MeV.

is shown in Fig. 3(b); a good agreement is observed between all data 
as well as with the IAEA reference cross section [11] adopted by the 
ENDF/B-VIII.0 evaluation.

The experimental fission yield, integrated with 100 bins per decade, 
for the entire neutron energy range from 20 meV to 10 MeV is shown in 
Fig. 4(a). The fission yields calculated from the ENDF/B-VIII.0, ENDF/B-
VIII.1 and JEFF-3.3 nuclear data libraries, taking into account the effects 
of the n_TOF resolution function and sample thickness, are also shown 
for comparison. The ratios shown in the bottom strip of Fig. 4(a) are 
calculated relative to the ENDF/B-VIII.1 data, with error bars showing 
only uncertainties due to counting statistics. Good agreement with the 
evaluations is generally observed, but deviations are observed in the 
resonance region above 5 eV and continue up to 100 keV.

The observed agreement can be better visualized in Fig. 4(b), which 
shows the integral ratios over broader energy bins of n_TOF relative to 
the selected evaluations. The energy bins used for the integration are 
close to one bin per decade to reduce the spread of experimental data.

The integral values measured deviate from all the evaluations by less 
than 1% above 10 keV (in the fast neutron range). However, a larger dis-
crepancy of about 4% is observed with JEFF-3.3 between 200 meV and 
20 eV, and with the ENDF/B-VIII.1 evaluation in the 100 eV to 10 keV 
region. The best agreement below 5 eV, a region of greatest relevance 
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Fig. 4. The n_TOF measured 239Pu(n,f) yield from 20 meV up to 10 MeV com-
pared to selected evaluated data [6,7,57]. Error bars indicate only uncertainties 
due to counting statistics. (a) Integration with 100 bins per decade. Ratios of ex-
perimental data relative to ENDF/B-VIII.1 are shown. (b) Ratios of n_TOF data 
to individual evaluations at approximately 1 bin per decade.

for the nuclear energy industry, is shown with the 239Pu(n,f) evaluation 
by INDEN [60], which has been adopted by the nuclear data library 
ENDF/B-VIII.1 [57,58]. All evaluations require further refinement con-
sidering our new data.

5.  Summary and conclusions

The 239Pu(n,f) cross section has been measured at the high-resolution 
time-of-flight facility at CERN (n_TOF) with uncertainties lower than 
4%, for the first time covering nearly nine orders of magnitude in neu-
tron incident energy from 0.02 eV to 10 MeV in one single measurement. 
The utilization of thin highly-enriched plutonium samples, a novel fast 
fission fragment detector with minimal background, and the exceptional 
characteristics of the n_TOF neutron beam pulses has led to the creation 
of a new high-quality experimental dataset. The integrated experimental 
239Pu(n,f) fission yield generally agrees well with the major evaluations 
and Neutron Standards. The new measured data below 5 eV satisfies the 
target accuracy requirements for nuclear power applications in that en-
ergy region. The high neutron-energy resolution can provide valuable 

information on the shape of resonances, contributing to the refinement 
of future evaluations in the resolved resonance region. Furthermore, the 
use of newly measured data will lead to further improvement of the IAEA 
239Pu(n,f) reference cross section and future evaluations, supporting the 
advancement of nuclear energy as a carbon-free source.
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