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Current status of 16O(n,a) -- evaluation of  17O system

New measurements of double di↵erential cross sections on the
16
O(n,↵) reaction at

LANSCE
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Los Alamos National Laboratory, Los Alamos, NM 87545

(Dated: May 17, 2022)

The importance of studying the 16O(n,↵) reaction is motivated by multiple nuclear applications
which rely on an accurate nuclear reaction data library for oxygen. So far, discrepancies between
past experimental data on the 16O(n,↵)13C reaction and between past measurements of its inverse
13C(↵,n)16O reaction have led to various di↵erent nuclear data evaluations that are in disagreement.
To help resolve the discrepancies, we have measured the 16O(n,↵) reaction cross section using the
unmoderated white neutron source at LANSCE and using the LENZ experimental setup for detect-
ing the outgoing charged particles. Preliminary data from 2016 and 2017 are discussed and used to
benchmark the MCNP and GEANT simulations of the experimental setup, along with a new tool
for postprocessing MCNP’s PTRAC output. We then report partial di↵erential cross sections, along
with partial angle- and energy- integrated cross sections, based on new experimental data recorded
in 2021 and compare the results to past measurements and nuclear data evaluations. The resonances
that we observe are in good agreement with the levels in 17O that have previously been measured
and the scale of the LENZ cross section data is in better agreement with ENDF/B-VIII.0 up to
6 MeV than the reduced cross section found ENDF/B-VII.1. However, the results appear to be in
the best agreement, over the entire energy range, with that of JENDL/AN-2005 (ENDF/B-VI.0).

I. INTRODUCTION

Oxygen is prolific in our environment and present in
air, water, various oxides, concrete and elsewhere. There-
fore, many nuclear applications are highly sensitive to
the uncertainties in the oxygen nuclear reaction data
libraries. These applications include informing reactor
designs through understanding neutron reactivity in ox-
ide fuels, solution data testing to benchmark critical as-
semblies, manganese bath experiments to deduce neu-
tron fluence, understanding radiobiology due to the oxy-
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FIG. 1. Current status of available evaluations for the
16O(n,↵) reaction. JEFF-3.1 and JENDL-4.0 are very similar
to ENDF/B-VII.1, so they are omitted in this comparison.
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gen content in biological systems, and more. Neutron-
absorption reactions, like (n,↵), reduce the amount of
of available neutrons in such applications and, there-
fore, precise knowledge on neutron-induced reactions on
oxygen is necessary. As the largest non-elastic neutron
induced reaction cross section in the energy range rele-
vant for the Prompt Fission Neutron Spectrum (PFNS),
Fig. 1 shows the current status of available evaluations
for the 16O(n,↵) reaction. Di↵erent releases of ENDF/B
(VI.8 [1], VII.1 [2], and VIII.0 [3], presented substan-
tial discrepancies in cross sections over the neutron en-
ergy range of interest, and the latest JEFF3.3 [4] and
JENDL4.0 [5] evaluations are very similar to ENDF/B-
VII.1. Therefore, the Collaborative International Eval-
uated Library Organization (CIELO) project [6] had a
motivation of reconciling these discrepancies and settling
on a best value [7], and concluded the need of new, inde-
pendent measurements for confirmation [8, 9].

At the heart of the question on the 16O(n,↵)13C reac-
tion cross section is the 30-50% discrepancy among previ-
ous measurements. Fig. 2 shows a subsets of those taken
from EXFOR [10]. Experimental data are obtained via
two di↵erent reaction methods, where one is to directly
measure the 16O(n,↵) reaction [7, 11–14]. Gas detectors
like a Frisch-gridded ionization counter or a proportional
counter were used with a gas mixture that contained oxy-
gen as an active target and detected reaction ↵’s to de-
duce the 16O(n,↵)13C reaction cross section. Since the
gas target plays as a counting gas as well, identifying
reaction ↵ signals from backgrounds is critical to deter-
mine experimental yields in data analyses. A common
method is to subtract out the background contribution
by measuring the yield without gas mixture, however this
could be incomplete or complex due to the di�culty of
duplicating the exact same condition as the foreground
measurement. While using gas detectors, another di�-

State of Play: 17O system

6/21/21

• R-matrix analyses of the 17O system
are informed by various reaction channels for which 
there is a reasonably large amount of experimental 
data.

• The ENDF/B-VIII.0 nuclear data library is based on 
an R-matrix analysis up to En = 7 MeV, while 
ENDF/B-VI incorporated an R-matrix analysis at 3.4 
< En< 6.25 MeV.  

• In between, for ENDF/B-VII, the scale of the (n, α) 
cross section at this energy range changed by 
~30%, primarily driven by new data from the 
inverse reaction (α,n).  However, this change in 
scale was largely reverted back to resemble more 
closely to ENDF/B-VI from the R-matrix analysis on 
the basis of unitarity with respect to the other 
reaction channels.

M. Paris and G. Hale IAEA2020 

Available evaluations for 16O(n,a): 
JEFF-3.1 and JENDL-4.0 are very similar to ENDF/B-VII.1

Channel configuration (top) and data summary (bottom) for 
the 17O analysis at LANL (Paris and Hale, at IAEA 2020)
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Current status of 16O(n,a) --measurements

16O(n, α) State of Play

6/22/21

• Need new measurements, keeping in mind these 
shortcomings from the older data, to help guide future
R-matrix analysis

• Some upcoming 13C(α,n)16O data (not including low energy):
– dσ/dΩ from Febrarro/deBoer et al. (ORNL/ND)
– HeBGB, Brandenburg et al. (Ohio)

• Direct measurements of 16O(n, α)13C provide complementary 
information with different sets of systematics and with their 
own unique difficulties.  Primarily studied in the past with gas 
ionization chambers which provided angle-integrated cross 
section information.  

• Experimental data on 16O(n, α)
from IRMM/IPPE captured as

"preliminary” in various 
conference proceedings and 
disseminated with corrections 
through private communications
and in EXFOR.

2020 LECM ARUNA Overview
Z. Meisel/K.Brandenburg (Ohio)

Febrarro et al. Phys Rev Lett. 125, 
062501
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FIG. 2. Subset of available experimental data performed on
the 16O(n,↵) reaction (top) and the reverse 13C(↵,n) reaction
(bottom) retrieved from EXFOR [10]. The number in the
parenthesis of the legend corresponds to the EXFOR subentry
number. The Walton1957 data was taken from Ref. [14].

culty lies in accurately estimating an angular coverage
and a detection e�ciency, which might be di↵erent from
a geometric e�ciency, due to the small pulse-height sig-
nal’s nonlinearity relative to the incoming energy and
the detection threshold, and the nonuniform electric field
near edges of the gas volume. Neutrons that are pro-
duced from charged particle beams impinging on a gas
target via 3H(p,n), 2H(d,n), or 2H(t,n) reactions, result
in significant energy broadening, due to the production
gas cell’s window materials as discussed in the previous
(n,↵) measurements [7, 11]. Therefore, systematic uncer-
tainties of using a gas detector are heavily dependent on
individual experiment’s configurations and data analysis
methods.

The other approach is to measure the time-reverse re-
action, 13C(↵,n)16O, to deduce the 16O(n,↵) reaction
cross section using the principle of detailed balance [15–
17, 23]. It is measured by impinging an alpha beam on
a 13C target and followed by detecting emitted neutrons

FIG. 3. Calculated angular distributions of 16O(n,↵0) for sev-
eral strong resonances at 4 - 7 MeV neutrons. Angles are in
the Center of Mass system. This was performed using the Los
Alamos R-matrix code EDA [24, 25] by G. Hale. Above 6.5
MeV, the calculated angular distributions are not informed
by experimental data.

in a neutron detection array. In order to compensate for
decreasing cross sections at low energies, a thick target
was often used. However, the alpha particle’s self ab-
sorption in a thick target has to be corrected in order to
disentangle an e↵ective reaction energy using a stopping
power in target substrates and the alpha beam’s intrinsic
energy distribution. For the target thickness, Harissop-
ulos et al. [17] measured 31 keV at E↵ = 3 MeV and
Bair and Hass [15] measured 5 keV at E↵ = 1 MeV. A
neutron detector e�ciency was determined by simulat-
ing neutron response function in a detector, which was
then calibrated against well known references. Sekha-
ran [16] used the 7Li(p,n) reaction to calibrate at multi-
ple neutron energies and a Ra-↵-Be source to extend the
energy up to 5 MeV. Bair and Hass [15] used a Sb-Be
source to calibrate their neutron detectors. Harissopu-
los et al. [17] used a 252Cf spontaneous fission source, of
which PFNS has a shape of the Maxwellian distribution
with the temperature of 1.42 MeV and the peak energy at
around 1 MeV. PFNS might not be optimal for calibrat-
ing neutrons above 4 MeV, where the number of avail-
able neutrons from fissions becomes scarce. In addition,
the relevant neutron energy from this 13C(↵,n) reaction
ranges from 3.5 MeV to 9.0 MeV. The neutron detec-
tors that were used for these measurements, including
BF3 counters and 3He counters, can not provide neutron
angular information, therefore a non-isotropic detection
e�ciency has to be corrected using a Monte Carlo simu-
lation with theoretical angular distributions. Both Bair
and Hass [15] and Sekharan et al. [16] reported their total
cross-section uncertainty to be 20%, while Harissopulos
et al. [17] reported 4%.

Recent studies [18, 19] have shown that the overall nor-

2

0

50

100

150

200

250

300

350

4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9

Cr
os

s 
Se

ct
io

n 
(m

b)

neutron energy (lab) (MeV)

16O(n,a)13C

Giorginis2007 (23040002) Khryachkov2012 (41575002)
Davis1963 (11285004) Walton1957

0

50

100

150

200

250

300

350

2 2.5 3 3.5 4 4.5 5

Cr
os

s 
Se

ct
io

n 
(m

b)

alpha energy (lab) (MeV)

13C(a,n)16O

Bair-Hass1973 (C0489002)

Sekharan1967 (D6089002)

Harissopulos2005 (F0786004)

FIG. 2. Subset of available experimental data performed on
the 16O(n,↵) reaction (top) and the reverse 13C(↵,n) reaction
(bottom) retrieved from EXFOR [10]. The number in the
parenthesis of the legend corresponds to the EXFOR subentry
number. The Walton1957 data was taken from Ref. [14].

culty lies in accurately estimating an angular coverage
and a detection e�ciency, which might be di↵erent from
a geometric e�ciency, due to the small pulse-height sig-
nal’s nonlinearity relative to the incoming energy and
the detection threshold, and the nonuniform electric field
near edges of the gas volume. Neutrons that are pro-
duced from charged particle beams impinging on a gas
target via 3H(p,n), 2H(d,n), or 2H(t,n) reactions, result
in significant energy broadening, due to the production
gas cell’s window materials as discussed in the previous
(n,↵) measurements [7, 11]. Therefore, systematic uncer-
tainties of using a gas detector are heavily dependent on
individual experiment’s configurations and data analysis
methods.

The other approach is to measure the time-reverse re-
action, 13C(↵,n)16O, to deduce the 16O(n,↵) reaction
cross section using the principle of detailed balance [15–
17, 23]. It is measured by impinging an alpha beam on
a 13C target and followed by detecting emitted neutrons

FIG. 3. Calculated angular distributions of 16O(n,↵0) for sev-
eral strong resonances at 4 - 7 MeV neutrons. Angles are in
the Center of Mass system. This was performed using the Los
Alamos R-matrix code EDA [24, 25] by G. Hale. Above 6.5
MeV, the calculated angular distributions are not informed
by experimental data.

in a neutron detection array. In order to compensate for
decreasing cross sections at low energies, a thick target
was often used. However, the alpha particle’s self ab-
sorption in a thick target has to be corrected in order to
disentangle an e↵ective reaction energy using a stopping
power in target substrates and the alpha beam’s intrinsic
energy distribution. For the target thickness, Harissop-
ulos et al. [17] measured 31 keV at E↵ = 3 MeV and
Bair and Hass [15] measured 5 keV at E↵ = 1 MeV. A
neutron detector e�ciency was determined by simulat-
ing neutron response function in a detector, which was
then calibrated against well known references. Sekha-
ran [16] used the 7Li(p,n) reaction to calibrate at multi-
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with the temperature of 1.42 MeV and the peak energy at
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16O(n, α) State of Play

6/22/21

• Long standing discussion on the normalization between 
Harissopulos vs Bair and Haas (i.e. ENDF/B-VII vs 
ENDF/B-VIII).

• Many datasets claim high precision/accuracy but they are 
mostly inconsistent with each other depending on the 
energy range.

• Harissopulos data has some of the smallest
quoted uncertainties but the high energy data has been 
shown to be unreliable without efficiency corrections 
(Comment by W.A. Peters in 2017). Which still doesn’t 
include efficiency corrections due to the angular 
distributions, even at lower energies. 

Author Channel Obs.

Walton’57, Robb’70, 
Spear’63

13C(α,n)16O dσ/dΩ

Sekheran’67,Davids’68, 
Bair and Haas’73, 
Harissopulos

13C(α,n)16O σ

Giorginis-2007 (EXFOR) 16O(n, α)13C σ

Summary of select experimental data in the relevant 
energy range. 
Not shown are e.g. 16O(n, αγ) or measurements just

around 14 MeV

Recent meetings about new measurements:
-IAEA INDEN Consultants’ Meeting on Light 
Elements. 2021
-IAEA Technical Meeting on (alpha,n) nuclear data 
evaluation and data needs, 2021

ODeSA at Notre Dame: ds/dWmeasurementHeBGB at Ohio: s measurement

Meisel/ Brandenburg (Ohio U. 2021) Febbraro et al. Phys. Rev. Lett. (2020)

Courtesy Mark Paris



411/2/2211/2/22 4Hye Young Lee, LANL

(n,z) in Ta backing

Validating MCNP simulations with LENZ data

1. Testing if nuclear library is adequate for charged particle transport
2. Optimizing experimental timing and energy resolutions in LENZ configuration
3. Reducing neutron beam induced backgrounds in detecting charged particles in TOF facility

Detector at 3 cm
-silicon det.
-beam spot 2 cm in dia.

Detector at 20 cm
-diamond det.
-beam spot 1cm in dia.

59Ni(n,z) reaction
Kim, Lee, Kawano et al. NIMA  964, 163699 (2020)

6

229Th decay

16O(n,a0 )
16O(n,a2/3 )

28Si(n,p0 ) 

1H(n,p) 

16O(n,p0/1/2) 

FIG. 9. Measured neutron’s TOF relative to the gamma
flash vs. the detected charged particle’s energy (top) and
the MCNP calculation (bottom) for the 71-µm thick DSSD
detector in the 2016 LENZ data. In the MCNP calculation,
the Th-229 source rate is overlaid with an arbitrary normal-
ization to reproduce the LENZ data.

Fig. 8 shows the correlation between the measured
time-of-flight (transit time of neutron to the target sam-
ple plus the transit time of the outgoing ↵ to reach the
detector) and the detected alpha particle energy from a
subset of the LENZ data (top) in 2016, in comparison
with an MCNP simulation (bottom). Details about the
simulation and how the 2016/2017 data was used to de-
velop and validate the model is discussed in the following
section. The time of flight (TOF) of the neutron (a time
stamp in the DSSD detector relative to T0) is converted
to the incoming neutron energy after correcting for the
alpha’s travel time from the target to the DSSD detector.
Annular segmentations in the DSSD provide the charged
particle’s detected angle in the laboratory system, ✓↵,
with the assumption that the reaction locus was from
the center of the target as labeled as the “nominal” an-
gle in Fig. 8. However, the extended neutron beam spot
on the target (i.e. ⇠2 cm in diameter during 2016 and
2017 run cycles) makes actual emitting angles that are
determined by one annular segmentation have the an-
gular range as shown as “✓1: minimum angle” and “✓2:
maximum angle”. The impact of this angular broadening
will be discussed in the following section.

With the measured alpha energy; E↵, the measured
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alpha angle; ✓↵, and the deduced neutron energy; En

from the neutron TOF, the reaction Q-value can be re-
constructed. The reaction channel labelled 16O(n,↵0) in
Fig. 9 is reconstructed with the expected reaction Q
value at -2.2 MeV and the 16O(n,↵2 + ↵3) reactions are
reconstructed with a reaction Q-value of approximately
-6.0, consistent with the average between the second and
third excited states in 13C. The experimentally observed
states in 13C are summarized in Table III. Since this
solid oxygen target is not mono-elemental, beam-induced
backgrounds on the backing substrate were investigated
using a Ta blank target, which was from the same batch
of Ta sheet as the Ta2O5 target. However, the dominant
source of background in the measurement is not due to
neutron induced charged particle reactions on the Tanta-
lum, for which the cross sections are small but rather due
to neutrons scattering o↵ the vacuum windows and the
thick Ta backing and into the silicon detectors. These
neutrons are then detected in the silicon detectors via
(n,p) and (n,a) reactions on the silicon itself, with the
dominant signature being the 28Si(n,p) reaction as shown
in Fig. 9. The observed yield due to 28Si(n,p)28Al does
not interfere with the extraction of the 16O(n,↵) cross
sections, however, 28Si(n,↵) lies close to the 16O(n,↵0)
peak and its contributions are subtracted using the data
recorded with the blank Ta backing foil.

E. Forward Propagation Analysis using MCNP

postprocessing

While MCNP has been widely benchmarked for cal-
culating neutronics with high fidelity in various appli-
cations, the charged-particle transport was rarely val-
idated with experimental data. With the progress in
MCNP6 [44], we investigated the Forward Propagation
Analysis for neutron-induced charged particle reaction
data taken at a TOF facility. We developed a post-
processing tool to track charged particles following the

MCNP

LENZ
data

(2016)

(n,z) in 50 µm 
Kapton window

(n,z) in 100 µm 
Al window

Votaw, Zavorka, Lee, et al. NIMA 
(soon to be submitted)
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2017 LENZ 16O(n,a) differential cross sections

1. Angular response functions are provided by MCNP simulations
2. (n,a0) and (n,a2+a3) angular distributions are deduced from this work
3. LENZ (n,a0) angular distributions well agree with ENDF/B-VIII.0 
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from the neutron TOF, the reaction Q-value can be re-
constructed. The reaction channel labelled 16O(n,↵0) in
Fig. 9 is reconstructed with the expected reaction Q
value at -2.2 MeV and the 16O(n,↵2 + ↵3) reactions are
reconstructed with a reaction Q-value of approximately
-6.0, consistent with the average between the second and
third excited states in 13C. The experimentally observed
states in 13C are summarized in Table III. Since this
solid oxygen target is not mono-elemental, beam-induced
backgrounds on the backing substrate were investigated
using a Ta blank target, which was from the same batch
of Ta sheet as the Ta2O5 target. However, the dominant
source of background in the measurement is not due to
neutron induced charged particle reactions on the Tanta-
lum, for which the cross sections are small but rather due
to neutrons scattering o↵ the vacuum windows and the
thick Ta backing and into the silicon detectors. These
neutrons are then detected in the silicon detectors via
(n,p) and (n,a) reactions on the silicon itself, with the
dominant signature being the 28Si(n,p) reaction as shown
in Fig. 9. The observed yield due to 28Si(n,p)28Al does
not interfere with the extraction of the 16O(n,↵) cross
sections, however, 28Si(n,↵) lies close to the 16O(n,↵0)
peak and its contributions are subtracted using the data
recorded with the blank Ta backing foil.

E. Forward Propagation Analysis using MCNP

postprocessing

While MCNP has been widely benchmarked for cal-
culating neutronics with high fidelity in various appli-
cations, the charged-particle transport was rarely val-
idated with experimental data. With the progress in
MCNP6 [44], we investigated the Forward Propagation
Analysis for neutron-induced charged particle reaction
data taken at a TOF facility. We developed a post-
processing tool to track charged particles following the

MCNP calculations show the sensitivity of LENZ @ 
LANSCE, when used with different releases of ENDF
Note 1: this is Forward Propagation Analysis

Note 2: 2017 LENZ setup was not yet optimized

Note 3: angular coverage is at 30-44 degrees in LAB
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16O(n,a) LANSCE dedicated run in 2021, to reduce systematic uncertainties

1. Reduce neutron scattering at a sample: new oxidized 
samples (Ta2O5) will be made in order to reduce the Ta 
backing thickness from 125 μm to 3 μm. 

2. Utilize the secondary sweeper magnet right after the 
collimation: this reduces any secondary charged particles 
entering to silicon detectors immensely. 

3. Replace the vacuum window from Kapton to a thin Al foil: 
this removes any additional protons produced from (n,p) 
scattering on hydrogens in the window. 

4. Increase the distance between the sample and DSSDs and 
reduce the beam spot to be 1 cm in diameter, in order to 
improve angular resolutions 

0.5 Tesla permanent magnet to sweep off any secondary 
charged particles
-dimensions: 55 X 35 X 30 cm3

-bore size: 5 X 10 cm2

MCNP simulation for the optimized LENZ data

Anodized 
Ta2O5 targets

7

0 10 20 30 40 50 60 70 80 900

20

40

60

80

100

120

140
310´

nominal angle (degree) angle (degree)
0 5 10 15 20 25 300

2000

4000

6000

8000

10000

12000

14000

angle (degree)
0 10 20 30 40 50 60 70 80 900

1000

2000

3000

4000

5000

6000

7000

aa3
Entries  390095
Mean   0.005768±  44.26 
Integral  3.901e+05

aa2
Entries  434479
Mean   0.006313±  39.42 
Integral  4.345e+05

aa1
Entries  468524
Mean   0.006978±  33.88 
Integral  4.685e+05

angle (degree)
0 5 10 15 20 25 300

500

1000

1500

2000

2500

FIG. 11. MCNP simulations using ENDF/B-VIII.0 for the
2016 experimental configuration with the detector located at
the 3.9 cm from the target (left) and the 2021 experimental
configuration with the detector located at the 25 cm from the
target (right). (top) Nominal angles for individual 16 annular
segmentations as described in Fig. 8 and (bottom) detected
angles that correspond to ✓2 � ✓1 are shown by combining 4
annular segmentations into each colored group.

neutron-induced reactions in the 15R flight path using
the PTRAC output in MCNP6, and compared with the
LENZ data. The adequacy and completeness of the cur-
rent (n,z) nuclear evaluation in ENDF/B-VIII.0, for var-
ious isotopes, was benchmarked against the LENZ data
using this postprocessing tool in the previous work [45].
We performed the validation of MCNP simulations for
spallation physics and neutronics at WNR by including
the high-precision survey of T4, shutter, beam defining
collimation, and the LENZ location in the flight path.
Detailed neutron transport and neutron’s spatial tallies
showed great agreement with beam imaging and flux
measurements at the WNR flight paths [46].

For neutron-induced reaction measurements, when a
thin target material is deposited on a thick backing,
most abundant background is due to neutron scatter-
ing on a thick backing. One conventional way to cor-
rect for scattering-induced backgrounds is to measure
the yield with a blank backing and subtract it from
the yield with the reaction target, which could result
in up to a twofold beam time for the reaction target
and the blank target to meet the required precision.
Investigating response functions to characterize back-
grounds using Monte Carlo methods like GEANT or
MCNP could help reduce systematic and statistical un-
certainties without directly measuring backgrounds for
each reactions. Once the background that could be either
time-dependent or uncorrelated, is well characterized and
validated against reference measurements, realistic ex-
perimental yields could be reliably simulated including
background yields with the same or better sensitivity on
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FIG. 12. Neutron-energy resolution function in Full Width
Half Maximum (FWHM) shown in MeV. This energy res-
olution function was applied for evaluated cross sections to
compare with both 2017 and 2021 LENZ data.

the reaction yield. In the current work, MCNP simula-
tions used the WNR neutron spectrum at 1-20 MeV and
ENDF/B-VIII.0 as a default library, unless specifically
mentioned with a di↵erent library.
As part of validating MCNP calculations with LENZ

data, we have compared the relation of the neutron’s
TOF vs. the deposited energy in DSSDs, in order
to reproduce experimental timing- and energy- resolu-
tions and beam induced background reactions. As pre-
viously discussed, Fig. 9 shows the LENZ data (top)
and the MCNP calculation (bottom). With the 71-µm
thick DSSD, protons stop at about 2.5 MeV and punch
through above this energy, showing no overlapping with
alphas above 2 MeV. These protons from 1H(n,p) were
caused by the vacuum window made of Kapton foils in
the entrance port in LENZ. The reaction kinematics of
28Si(n,p) (Q-value = -3.560 MeV) is present between
those of 16O(n,↵0) and 16O(n,↵2/3), due to scattered
neutrons inducing reactions with Si elements in DSSDs.
There were some residual decays from the 229Th cali-
bration source during the the 2016 LENZ measurement.
This comparison shows good agreement, demonstrating
the fidelity of the LENZ postprocessing tool.
The simulation is also used to characterize the angu-

lar smearing and the relationship between the “nominal”
detection angle and the true trajectory of the alpha par-

TABLE II. Levels on 13C observed from the 16O(n,↵) reaction
in the 2016 LENZ data (Q-value = -2.216 MeV)

Levels in 13C J⇡ Reconstructed LENZ
(MeV) Q value & Ex (MeV)
0.0 1/2� -2.21 & 0.006

3.089 1/2+ -5.291 & 3.075
3.684 3/2� -5.970 & 3.754
3.853 5/2+ -5.970 & 3.754
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FIG. 11. MCNP simulations using ENDF/B-VIII.0 for the
2016 experimental configuration with the detector located at
the 3.9 cm from the target (left) and the 2021 experimental
configuration with the detector located at the 25 cm from the
target (right). (top) Nominal angles for individual 16 annular
segmentations as described in Fig. 8 and (bottom) detected
angles that correspond to ✓2 � ✓1 are shown by combining 4
annular segmentations into each colored group.

neutron-induced reactions in the 15R flight path using
the PTRAC output in MCNP6, and compared with the
LENZ data. The adequacy and completeness of the cur-
rent (n,z) nuclear evaluation in ENDF/B-VIII.0, for var-
ious isotopes, was benchmarked against the LENZ data
using this postprocessing tool in the previous work [45].
We performed the validation of MCNP simulations for
spallation physics and neutronics at WNR by including
the high-precision survey of T4, shutter, beam defining
collimation, and the LENZ location in the flight path.
Detailed neutron transport and neutron’s spatial tallies
showed great agreement with beam imaging and flux
measurements at the WNR flight paths [46].

For neutron-induced reaction measurements, when a
thin target material is deposited on a thick backing,
most abundant background is due to neutron scatter-
ing on a thick backing. One conventional way to cor-
rect for scattering-induced backgrounds is to measure
the yield with a blank backing and subtract it from
the yield with the reaction target, which could result
in up to a twofold beam time for the reaction target
and the blank target to meet the required precision.
Investigating response functions to characterize back-
grounds using Monte Carlo methods like GEANT or
MCNP could help reduce systematic and statistical un-
certainties without directly measuring backgrounds for
each reactions. Once the background that could be either
time-dependent or uncorrelated, is well characterized and
validated against reference measurements, realistic ex-
perimental yields could be reliably simulated including
background yields with the same or better sensitivity on
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FIG. 12. Neutron-energy resolution function in Full Width
Half Maximum (FWHM) shown in MeV. This energy res-
olution function was applied for evaluated cross sections to
compare with both 2017 and 2021 LENZ data.

the reaction yield. In the current work, MCNP simula-
tions used the WNR neutron spectrum at 1-20 MeV and
ENDF/B-VIII.0 as a default library, unless specifically
mentioned with a di↵erent library.
As part of validating MCNP calculations with LENZ

data, we have compared the relation of the neutron’s
TOF vs. the deposited energy in DSSDs, in order
to reproduce experimental timing- and energy- resolu-
tions and beam induced background reactions. As pre-
viously discussed, Fig. 9 shows the LENZ data (top)
and the MCNP calculation (bottom). With the 71-µm
thick DSSD, protons stop at about 2.5 MeV and punch
through above this energy, showing no overlapping with
alphas above 2 MeV. These protons from 1H(n,p) were
caused by the vacuum window made of Kapton foils in
the entrance port in LENZ. The reaction kinematics of
28Si(n,p) (Q-value = -3.560 MeV) is present between
those of 16O(n,↵0) and 16O(n,↵2/3), due to scattered
neutrons inducing reactions with Si elements in DSSDs.
There were some residual decays from the 229Th cali-
bration source during the the 2016 LENZ measurement.
This comparison shows good agreement, demonstrating
the fidelity of the LENZ postprocessing tool.
The simulation is also used to characterize the angu-

lar smearing and the relationship between the “nominal”
detection angle and the true trajectory of the alpha par-

TABLE II. Levels on 13C observed from the 16O(n,↵) reaction
in the 2016 LENZ data (Q-value = -2.216 MeV)

Levels in 13C J⇡ Reconstructed LENZ
(MeV) Q value & Ex (MeV)
0.0 1/2� -2.21 & 0.006

3.089 1/2+ -5.291 & 3.075
3.684 3/2� -5.970 & 3.754
3.853 5/2+ -5.970 & 3.754

Emitted charged particle’s angles 
in each ring of silicon detector

detected charged particle’s angles 
determined in each ring of silicon detector
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• LENZ 2016 data was taken using a 65 micron thick silicon strip detector and LENZ 2021 using a 300 micron DSSD
• LENZ 2021 data was taken using optimized experimental configurations and a thinner Ta backing
• Ta2O5 targets with different thicknesses & Mylar (C10H8O4) target for the ratio method

LENZ 2016 data LENZ 2021 data

16O(n,a) yield comparison with different experimental configurations

229Th 
decay

16O(n,a0)

16O(n,a2/3)

28Si(n’,p0) 

1H(n,p) 

Mylar (C10H8O4) target Ta2O5 target:
3 µm Ta

Ta2O5

target:
125 µm Ta

16O(n,a0)
16O(n,a0)

28Si(n’,p0) 
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2021 LENZ 16O(n,a0) differential cross sections

1. Differential data can be directly 
used for R-matrix fits, using 
experimentally estimated 
energy resolution functions

2. LENZ data consistently agrees 
well with ENDF/B-VIII.0

3. Above 6 MeV, a new evaluation 
of angular distributions is 
needed with differential data 
sets

4. Differential cross sections are 
obtained up to 12 MeV in the 
neutron energy
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FIG. 14. Di↵erential cross sections of the 2021 LENZ data are compared with energy-averaged ENDF/B-VIII.0 using the
energy resolution function shown in Fig. 12.

reduction was also demonstrated in LENZ simulations in
Fig. 13 (left) and can be directly compared with Fig. 9
(bottom) for the 2016 LENZ configuration.

Two di↵erent, solid oxygen targets and and three dif-
ferent thicknesses were used to obtain the 2021 data. As
shown in Fig. 13 (middle), the data with the mylar tar-
get show prominent kinematic curves from 1H(n,p) and
12C(n,↵0) reactions, which were used to estimate a neu-
tron flux at the neutron energy range of 2.5 - 6 MeV.
Fig. 13 (right) shows the data with the 350-nm Ta2O5

target on the 3 µm thick Ta backing substrate, mak-
ing large reduction on the ambient background compared
with Fig. 9 (top). The kinematic curve from the 1H(n,p)
reaction could be due to moisture on an aluminum target
frame. During the 2021 measurement, the 238U fission
counter was used to monitor the overall beam flux over
runs with di↵erent oxygen targets.

G. Uncertainties

The uncertainties for determining the reaction cross
section in this work are itemized in Table III, separated

for systematic uncertainties and statistical uncertainties.
Most systematic uncertainties were discussed in detail in
the previous LENZ measurements [47, 48]. Regarding
the systematic uncertainty in this work, contributions
are from the estimation of the target amount and the
neutron flux, and the determination of the detector’s an-
gular and energy resolutions. The statistical uncertainty
is mainly counting statistics on both oxygen target- and
background- measurements. The final cross sections re-
ported in this work, based on the data recorded in 2021,
use the 1H(n,el) reaction channel as a reference.

III. RESULTS AND DISCUSSIONS

After reconstructing the reaction Q-value and inte-
grating the yield corresponding to the (n,↵0) peak, we
obtain a partial di↵erential cross sections as shown in
Fig. 14. Here we report the 2021 run-cycle results which
benefitted from improved statistical uncertainties and
energy/angular resolution, and are derived relative to
1H(n,el) which is considered a neutron standard at these
energies. However, the results from 2016/2017 are con-

Lee, Kuvin, et al 
(soon to be submitted)
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FIG. 15. Angular distributions of the 2021 LENZ data are
compared with energy-averaged ENDF/B-VIII.0 using the en-
ergy resolution function shown in Figure 12.

sistent with the 2021 results presented here.
Since the observed resonances are typically narrower

than our experimental resolution, the cross sections de-
picted in Fig. 14 represent an average cross section over
the neutron energy bin width and the energy resolution
of the detection system given in Fig. 12. For simplicity,
we make comparisons with calculated di↵erential cross
sections by smearing the calculation as shown by the
solid red lines in each panel of Fig. 14. The calculation
shown in blue and brown in the top two panels are an
R-matrix calculation using the code EDAf90[reference?]
based on the resonance parameters used to produce the
ENDF/B-VIII.0 evaluation. In the bottom panel, the
ENDF/B-VIII.0 evaluated (n,↵0) cross section, divided
by 4⇡, is shown to elucidate the prominent resonance
contributions at backward angles that are not being re-
produced by the calculated angular distributions. In all
panels it is clear that the calculated angular distribu-
tions above 6 MeV do not reflect the experimental cross
sections, however, ENDF/B-VIII.0 did not include any
experimental angular distribution information at these
energies. Instead, only the scale of the total cross section
was constrained by recent and past data. Below 6 MeV,
the data is in good agreement with the calculation using
ENDF/B-VIII.0 for which the angular distributions were
derived primarily from the work of Walton et al.
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FIG. 16. Angle-integrated partial cross sections obtained
from this work are compared with di↵erent releases in
ENDF/B. Details of the angle integration can be found in
the text.

The resonances that we observe are in good agreement
with those previously reported by Davis et al and Robb
et al. The former directly measured (n,↵0) total cross
sections and reported excitation energies in 17O, whereas
Robb reported potential spin-parity assignments using a
two-level analysis based on their 13C(↵,n0) angular dis-
tributions. For example, the 7.2 MeV resonance that
represents a prominent peak in the total cross section is
most apparent at backward angles, while the weaker res-
onance around 7.0 MeV is observed at forward angles.
Fig. 15 shows some of the partial di↵erential cross sec-
tions, with respect to lab angle, in comparison with the
data from Robb et al. at high energies. The overall scale
of our cross sections are slightly larger but in relatively
good agreement with the Robb data. The trends of the
angular distributions are also in good agreement which
further supports some of the resonance analysis discussed
in that work. A more complete R-matrix treatment of the
17O system at high energies is discussed in the work of
Heil et al. whereas the R-matrix analysis incorporated
into ENDF/B-VIII.0 was limited up to only 6.5 MeV.
The bottom three panels of Fig. 15 once again demon-
strate the potential improvements that could be made
to ENDF/B-VIII.0 at energies above 6 MeV to better
constrain the resonance parameters and obtain more ac-
curate angular distributions using available experimental
data.
Finally, Fig. 16 presents angle integrated partial cross

sections obtained by performing a Legendre polynomial
fit of the experimental data at energies above 5.2 MeV for
which we report di↵erential cross sections at both forward

11

9 10 11 12 13 14 15

2!10

1!10

 (
b
/s

r)
c
.m

.
"

d
#

d
 

) This work3$ + 2$ + 1$ (n,o = 15.5lab%

) This work3$ + 2$ + 1$ (n,o = 57lab%

 ENDF/B-VIII.0 & / 4#) 2$(n,

 ENDF/B-VIII.0 & / 4#) 3$(n,

9 10 11 12 13 14 15
Incident Neutron Energy (MeV)

2!10

1!10

1

 C
ro

s
s
 S

e
c
ti
o
n
 (

b
/s

r)

) This work3$ + 2$ + 1$(n,

) ENDF/B-VIII.03$ + 2$ + 1$(n,

) This work0$(n,

) ENDF/B-VIII.00$(n,

FIG. 17. (top) Partial di↵erential cross sections populating
the first three excited states in 13C measured at the angles of
15.5� and 57 �. (bottom) Total cross sections populating for
the ground state and the first three excited states, multiplied
by 4⇡, are compared with ENDF/B-VIII.0.

and backward angles. Below this energy the angular dis-
tributions from ENDF/B-VIII.0 and ENDF/B-VII.0 are
adopted and scaled to best fit the forward angle data
from this work. At these low energies, the angular distri-
butions found in ENDF are primarily derived from the
work of Walton et al. From here we compare the various
ENDF evaluations, smeared using the energy resolution
function in Fig 12 as previously discussed with the par-
tial cross section data. We find that the overall scale
of our data is in better agreement with ENDF/B-VIII.0
than ENDF/B-VII.0 below 5.5 MeV, however, the re-
sults are also in good agreement with that of the original
ENDF/B-VI.0 for which the inverse (↵,n0) cross section
in JENDL/AN-2005 was derived. Over the entire en-
ergy range, including above 5.5 MeV, the scale of our
data is in the best agreement with that of JENDL/AN-
2005 which lies between the scales of ENDF/B-VIII.0 and
ENDF/B-VII.1. The recent work by Febbraro et al. also
appeared to be in better agreement with JENDL/AN-
2005(ENDF/B-VI.0) at the energies reported.

Lastly, Fig. 17 (top) shows summed partial di↵eren-
tial cross sections from populating the first three excited
states in 13C at two di↵erent angles. The di↵erent shapes
between the two angles indicate that the angular distri-
butions are typically not consistent with an isotropic dis-
tribution. In addition, the di↵erential cross section at
57 degrees shows better agreement with the trend of the
(n,↵2) cross section, whereas the more forward angle data
is in slightly better agreement with the trend of the (n,↵3)
cross section, indicating the potential di↵erences in their

relative contributions. The bottom panel of Fig. 17 re-
flects an average of the two di↵erential cross sections,
multiplied by 4⇡. The results show good agreement in
comparison to ENDF/B-VIII.0 for which the partial cross
sections are derived from (n,↵�1), (n,↵�2) and (n,↵�3)
integrated cross sections from the work of Nelson et al.
[Reference]. For (n,↵0) at these higher energies, there is
no significant di↵erence between the di↵erent releases of
ENDF so the trend that we observe is in good agreement
with all of them.

IV. SUMMARY AND OUTLOOK

This work presents the first direct measurement of dif-
ferential cross sections from the 16O(n,↵) reaction over a
broad range of incident neutron energies up to 15 MeV at
multiple angles. Past measurements of 16O(n,↵) angular
distributions were limited to around 14 MeV or involved
the inverse 13C(↵,n) reaction and employing the princi-
ple of detailed balance. The current measurements were
performed using solid oxygen targets with a white neu-
tron source at LANSCE. Experiments performed in 2016
and 2017 were used to support the development of the
MCNP and GEANT4 simulations of the experimental
setup. The simulations were developed along with new
post-processing tools to allow for a forward propagation
method to be used as a method to test the validity of dif-
ferent nuclear data libraries which serve as inputs to the
simulations. Obvious deficiencies were found in the var-
ious evaluations at energies above 6 MeV due to outgo-
ing angular distributions which were not su�ciently con-
strained by past experiments in the calculations or simply
assume an isotropic distribution. Based on the simula-
tions and lessons-learned from 2016 and 2017, the 2021
LENZ data demonstrated drastic improvement on re-
ducing systematic uncertainties and beam-induced back-
grounds.
From the 2021 experimental campaign, we report

partial di↵erential cross sections and angle- integrated
partial cross sections for comparison with past ex-
periments and evaluations. To do this, we compare
the experimental data with broadened ENDF/B-VIII.0,
ENDF/B-VII.1, and JENDL/AN-2005 cross sections us-
ing the LENZ angular- and energy- response functions, as
needed. Around the resonances at 5 MeV, the scale of our
experimental data is in good agreement with ENDF/B-
VIII.0, ENDF/B-VI.8, and JENDL/AN-2005 but incon-
sistent with the reduced scale of ENDF/B-VII.1. Over
the entire measured energy range, the scale of our exper-
imental data is in the best agreement with JENDL/AN-
2005, which also gave the best agreement with the work
of Febbraro et al., who measured the inverse 13C(↵,n)16O
reaction.
The current limitations with our measurement come

from the setup which is optimized for solid angle cover-
age/e�ciency instead of granularity in the angular distri-
butions. An increased proton current from LANSCE de-

Angular distributions compared with 
energy-averaged ENDF/B-VIII.0 using the 
experimental energy resolution function

Partial differential cross sections populating first three 
excited states in 13C, compared with total ENDF/B-VIII.0 

cross sections assuming isotropic distributions

LENZ data: using angular distributions of 
filled circles - ENDF/B-VIII up to 5.2 MeV
open circles – Notre Dame data (private comm.)  up to 6.8 MeV,
filled triangles – Prusachenko data (PRC 2022) up to 7.6 MeV 

Angular integrated partial cross sections, compared with different 
ENDF releases using the experimental energy resolution function
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Summary of 16O(n,a) reaction measurement at LANSCE
o With better understanding of systematic uncertainties associated with (n,z) reaction measurements at LANSCE 

through multiple reaction studies and validations with MCNP/GEANT simulations, we provided differential cross sections 
on the 16O(n,a) reaction, with experimental resolution functions. 

o To reduce uncertainties for LANSCE measurements, we investigated;
a. direct measurements of reaction cross sections
b. ratio method with reference cross sections
c. Forward Propagation Analysis by validating available libraries in MCNP

o Outlook on potential future measurements at LANSCE: 
- Diamond mosaic array for better neutron energy resolution and around 90 deg detectioin
- TPC detector for better neutron energy/angular resolution

o Outlook on improving evaluations:
-Suggests the need of full evaluation including old and new data sets and differential/total cross sections, with realistic 
uncertainties in absolute normalizations from measurements 
-More effort of performing consistent evaluation including high energy, break up channels


