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Abstract. We report the current results of a large effort to accurately measure the Prompt Fission Neutron
Spectra (PFNS) for neutron-induced fission of 235U and 239Pu for incident neutrons with energies from 1 to
20 MeV. The Chi-Nu experiment at the Los Alamos Neutron Science Center used an unmoderated, white
spectrum of neutrons to induce fission in actinide samples that were placed inside a parallel plate avalanche
counter to provide a fast fission signal. A double time-of-flight technique was used to determine the incoming
and outgoing neutron energies. Two neutron detector arrays, one with 54 liquid scintillators and another with
22 lithium glass detectors, were used to detect the outgoing neutrons and measure the PFNS distributions over
a wide range in outgoing neutron energy, from below 100 keV to 10 MeV. Extensive Monte Carlo modeling
was used to understand the experiment response and extract the PFNS. Systematic errors and uncertainties in
the method have been examined and quantified. A summary of these results for incoming energies from 1 to 5
MeV is presented here.

1 Introduction

Prompt Fission Neutron Spectra (PFNS) measure-
ments for neutron-induced fission have been of interest
since shortly after the discovery of fission [1]. Early
attempts at such measurements were necessarily primi-
tive, but interest in these spectra was such that the first
numbered report from the then secret program at Los
Alamos was titled A Discussion of the Fission Neutron
Spectrum [2]; this document is no longer classified. More
recently, there has been a renewed interest in improved
PFNS data, with numerous experimental efforts (see,
for example, [3–11]) and related evaluations [12–14] for
neutron-induced fission of the major actinides. Improved
data on PFNS are needed, particularly for fast neutrons,
to improve nuclear data libraries [15, 16] used in neutron-
ics calculations for fast systems. These data needs were
listed in the recent CIELO nuclear data program [17, 18]
of high-priority measurements and evaluations. In addi-
tion, improved PFNS data are useful as a test for fission
models.

In this paper we present measurements of the PFNS
for multiple incident neutron energy ranges from 1 – 5
MeV following neutron-induced fission of 235U and 239Pu.
These measurements were made as part of the “Chi-Nu”
project, and the experiments have been partially described
previously in, for example, Refs. [19–21]. Preliminary re-
sults, particularly for the lower-energy part of the PFNS
for 235U, have also been reported previously; the results
∗e-mail: devlin@lanl.gov

reported here are of a less preliminary nature, and should
supersede the prior reported values. These newer results
include a large fraction of the PFNS, for fast neutron-
induced fission of both 235U and 239Pu. Pre-equilibrium
neutron distributions in the fission of 239Pu have been re-
ported previously [22], and these features as well as other
features in the PFNS for incoming neutron energies above
5 MeV are reported elsewhere in this volume [23].

2 Experiments and Analysis

The Chi-Nu experiments use a broad spectrum of neu-
trons produced at the The Los Alamos Neutron Science
Center (LANSCE) and a double time-of-flight technique
to determine the incoming and outgoing neutron energies.
The LANSCE linear accelerator uses an 800 MeV pro-
ton beam to generate neutrons by proton-induced spalla-
tion on a tungsten target [24]. The LANSCE proton beam
is delivered to various facilities, including the Weapons
Neutron Research facility (WNR). Protons are delivered
in “macropulses” at a rate of 120 Hz, with WNR receiv-
ing typically five out of six of these macropulses. Each
of these macropulses consists of numerous “micropulses,”
with sub-nanosecond proton beam timing, separated by
typically ≈ 1.8 µs. WNR uses an unmoderated tungsten
target, and the resulting useful neutron beams consist of
neutrons from below 1 MeV up to over 700 MeV. Slow
neutrons from preceding micropulses can reach the sam-
ples, and this effect is referred to as “wraparound.” Chi-
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Nu uses a beam line at 15 degrees from the proton beam
direction, with a target position of approximately 21.5 m.

In order to detect fission, approximately 100 mg of
235U or 239Pu is housed in a multi-foil Parallel-Plate
Avalanche Counter (PPAC) [25]. The PPAC is made of
10 independent sections that are arranged perpendicular to
the direction of the beam. Each section consists of sev-
eral layers, the first and last layer are platinum separation
layers, in between which are aluminum-coated mylar an-
odes, and in the middle of the stack is the actinide sample
on a titanium backing acting as a cathode, with -375 V
typically applied. Isobutane gas is continuously flowing
through the PPAC and maintained at an approximate inter-
nal pressure of 4.2 Torr, with a flow rate between 10 and 20
cc/s. Fission fragments produce an electron avalanche in
the PPAC, identifying a fission event, and providing a fis-
sion signal time. In addition, an identical PPAC with the
spontaneously fissioning isotope 252Cf was used to vali-
date the modeling described later. Only one cell was used
for this PPAC, but all other features including the housing,
gas supply, and support structures were identical.

The PPAC is positioned at a distance of 106.7 cm
above an 18 ft x 18 ft thin aluminum floor. Detection of a
fission fragment in a PPAC cell provides a stop signal for
the incoming neutron, whose start signal is provided by the
proton beam just prior to a micropulse striking the neutron
production target. This fission detection also provides a
start signal for the TOF measurement of the outgoing fis-
sion neutrons; since both the incident and outgoing neu-
tron energies are determined by TOF, this techniques has
been referred to as a “double time-of-flight” method. The
outgoing neutrons are then detected in one of two arrays:
an array of 22 Li glass scintillation (“‘Li-glass”) detectors
used for measuring the low energy region of the PFNS (10
keV – 1.5 MeV) and, in separate experiments, an array of
54 liquid organic scintillators (EJ309) for the high energy
region (850 keV and above). Twenty-one of the Li glass
detectors are enriched with 6Li, while one is enriched with
7Li. Each set of detectors is held in place by a rigid frame,
with the front of the Li glass detectors at a distance of 40
cm from the center of the PPAC, and the liquid scintilla-
tors at a distance of 1.0 m from the center. Fig. 1 shows a
rendering of the liquid scintillator array. The Li glass array
identifies neutrons using the signals from the 6Li(n,α)t re-
action, while the liquid scintillator array uses pulse-shape
discrimination; kinematic cuts are also used with both ar-
rays to distinguish neutrons from γ-rays.

Signals from all of the detectors, as well as the tim-
ing signal from the proton beam, are recorded using an
asynchronous readout, which allows for maximum data
throughput and minimizes dead-time effects. Once the
data are collected, coincidences are reconstructed offline.
Random backgrounds, from neutron events not coincident
with fission, are measured using the method described in
Ref. [26], making use of the singles rates obtained with
the asynchronous readout of every channel. The recorded
neutron events are used to infer the PFNS distribution us-
ing a high-fidelity Monte Carlo model of the experiment
using MCNP�6.2 [27] with the PTRAC output format and
MCNPX-PoliMi [28, 29]. This model was used to con-

Figure 1. Rendering of the 54-element Chi-Nu liquid scintillator
array.

Outgoing Neutron Energy from Time of Flight (MeV)
2−10 1−10 1 10

P
F

N
S

 N
eu

tr
on

 E
ne

rg
y 

(M
eV

)

2−10

1−10

1

10

1

10

210

310

410

Figure 2. The simulated response matrix for the Li glass array.
Neutrons which travel directly to a detector are seen on the di-
agonal, and scattered neutrons, since they take longer to reach
a detector, can be seen above the diagonal. Note the prominant
resonance in the 6Li(n,α) cross section at 240 keV.

struct a response matrix representing the effect of the ex-
perimental environment on neutrons emitted from the fis-
sile targets, as discussed in Refs. [30, 31]. Fig. 2 shows
one such response matrix, for the Li glass array.
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struct a response matrix representing the effect of the ex-
perimental environment on neutrons emitted from the fis-
sile targets, as discussed in Refs. [30, 31]. Fig. 2 shows
one such response matrix, for the Li glass array.

3 235U PFNS Results

The measured PFNS for neutrons incident on 235U are
presented in Figs. 3 through 7 for different ranges of in-
cident neutron energies from 1.0 to 5.0 MeV, for both de-
tector arrays. The PFNS data are shown as a ratio to a
1.32 MeV Maxwellian, in order to show small differences
between the spectra. The relative normalization of the Li
glass and liquid scintillator data sets is done by match-
ing the areas under the overlap region, as discussed in
Ref. [32]. The data are compared to ENDF/B-VII.1 and
VIII.0, and to the data from Ref. [5], in ratio to the same
Maxwellian. The shaded bands on the figures represent the
uncertainties in ENDF/B-VIII.0 for the energies shown.
Note that no CHi-Nu data was used in the ENDF/B-VIII.0
evaluation for the incident neutron energies shown in this
paper.

The data of Lestone were obtained with a very dif-
ferent method, one that reanalyzed diagnostic data from
a past nuclear weapons test, and as such has an incident
neutron distribution similar to the PFNS itself. The mea-
sured PFNS for the 235U target is consistent with ENDF/B-
VIII.0 within evaluated uncertainties. However, there are
consistent excesses of measured mean values over evalu-
ated data at low PFNS energies, perhaps indicating a flat-
ter spectrum. Some excess is also observed at high PFNS
energies. Note that the observed excess of low energy neu-
trons in the PFNS for 235U, compared to the evaluations,
is largely within the uncertainty bands of ENDF/B-VIII.0.
It is also roughly consistent with the inferred PFNS sug-
gested by V.M. Maslov, et al. in Refs. [33, 34].

These data are corrected for most, but not all, known
sources of bias. The missing corrections include the effect
of wraparound neutrons, which is expected to be below
one percent for each energy bin. In addition, corrections
for the PPAC angular acceptance (for fission fragments),
and fission fragment anisotropies are also not included in
these results. These corrections are in the process of being
finalized. Additional data were also taken down to 10 keV
in outgoing neutron energy, and for incident energies up to
20 MeV.

4 239Pu PFNS Results

The measured PFNS for neutrons incident on 239Pu are
presented in Figs. 8 through 11 for different ranges of in-
cident neutron energies between 1.2 and 5.0 MeV, for both
detector arrays. The PFNS data are shown as a ratio to a
1.424 MeV Maxwellian. The relative normalization of the
Li glass and liquid scintillator data sets is handled in the
same manner as in the 235U PFNS data above. The data
are compared to ENDF/B-VIII.0, JEFF-3.3 [36], and to
the data from Ref. [5] in the same ratio to the Maxwellian.
The shaded bands on the figures represent the uncertainties
in ENDF/B-VIII.0 and JEFF-3.3 for the energies shown.
In Fig. 8, the incident neutron energy range of 1.2 to 1.8
MeV is chosen to match the median energy as closely as
possible to that of an incident PFNS spectrum, to provide
a direct comparison to the Lestone data.
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Figure 3. PFNS spectrum for 1.0 – 1.5 MeV neutrons incident
on 235U, from both of the Chi-Nu detector arrays (Li glass and
Liquid Scintillators), compared to ENDF/B-VII.1 and ENDF/B-
VIII.0, and to the data from Ref. [5] (Lestone). The shaded bands
represent the uncertainties in ENDF/B-VIII.0 for the energies
shown.
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Figure 4. Similar to Fig. 3, with an incident neutron range of 1.5
to 2.0 MeV.

The measured PFNS for the 239Pu target is consistent
with ENDF/B-VIII.0 within evaluated uncertainties. How-
ever, there are consistent excesses of measured mean val-
ues over evaluated data at low PFNS energies, perhaps
indicating a flatter spectrum. There is an observed ex-
cess of low energy neutrons in the PFNS for 239Pu, com-
pared to the evaluations, though the uncertainties overlap
the uncertainty bands of ENDF/B-VIII.0. Again, this ex-
cess is roughly consistent with the inferred PFNS by V.M.
Maslov, et al. in Refs. [34, 35]. At higher PFNS en-
ergies, the new data are generally within the uncertainty
bands of ENDF/B-VIII.0. Corrections for the PPAC an-
gular acceptance (for fission fragments), fission fragment
anisotropies, and wraparound neutrons are not included in
these results. Additional data were also taken down to 10
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Figure 5. Similar to Fig. 3, with an incident neutron range of 2.0
to 3.0 MeV.
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Figure 6. Similar to Fig. 3, with an incident neutron range of 3.0
to 4.0 MeV.
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Figure 7. Similar to Fig. 3, with an incident neutron range of 4.0
to 5.0 MeV.
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Figure 8. PFNS spectrum for 1.2 – 1.8 MeV neutrons incident on
239Pu, from both of the Chi-Nu detector arrays (6Li glass and Liq-
uid Scintillators), compared to ENDF/B-VIII.0, JEFF-3.3, and to
the data from Lestone [5]. The shaded bands represent the uncer-
tainties in ENDF/B-VIII.0 and JEFF-3.3 for the energies shown.
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Figure 9. Similar to Fig. 8, with an incident neutron range of 2.0
to 3.0 MeV.

keV in outgoing neutron energy, and for incident energies
up to 20 MeV.

5 Uncertainty quantification and
correlations

Accurate characterizations of experimental uncertain-
ties are one of the central issues for nuclear data evalua-
tions. The PFNS results reported here include statistical
and systematic uncertainties, including a wide variety of
systematic effects. These systematic issues range from the
effects of the background determination and its uncertain-
ties, the effects of resolutions and other parameters used in
the Monte Carlo simulations to compare to the data, and
the effects of uncertain nuclear cross sections in the Monte
Carlo simulations[37]. Each of these issues gives rise to
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tions. The PFNS results reported here include statistical
and systematic uncertainties, including a wide variety of
systematic effects. These systematic issues range from the
effects of the background determination and its uncertain-
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Figure 10. Similar to Fig. 8, with an incident neutron range of
3.0 to 4.0 MeV.
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Figure 11. Similar to Fig. 8, with an incident neutron range of
4.0 to 5.0 MeV.

(possibly) a correction to the data, to an additional uncer-
tainty, and to correlations in the uncertainties between data
points.

As an example of these analyses, Fig. 12 shows the
covariance matrix for these correlations due to the back-
ground subtraction within the Li glass dataset for the
PFNS data on 239Pu. The background is largest at the low-
est PFNS neutron energies, as can be seen in the matrix.
In addition, background uncertainties are highly correlated
across all energies. As another example, Fig. 13 shows the
covariance matrix for correlations from variations in some
of the parameters used in the MCNP simulation of the de-
tector array response for the liquid scintillator array. The
parameters varied include the pulse height threshold and
resolution, which are matched to the experimental values,
but which also have uncertainties. Again, the lowest PFNS
energies are most affected by threshold effects, in a corre-
lated manner. Note that the darkest areas actually repre-
sent negative values. A more detailed discussion of these

Figure 12. Covariance matrix for the Li glass array PFNS data
due to the random background subtraction.

Figure 13. Covariance matrix for the liquid scintillator array
PFNS data due to variations in the pulse height threshold and
resolution parameters used in the MCNP simulations.

analyses will be presented in a forthcoming paper. Some
additional details can also be found in Ref. [32].

6 Summary

Prompt fission neutron spectra for 1 to 5 MeV neutron-
induced fission of 235U and 239Pu have been presented.
These data agree reasonably well with ENDF/B evalua-
tions. Final results and a complete discussion of the sys-
tematic uncertainties and their correlations will be pro-
vided in upcoming publications.
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