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ABSTRACT
We provide an updated scattering library for the simulation of thermal neutron transport in air, including the effects of rotational and
vibrational modes in N2 and O2 and neutron magnetic scattering in O2, showing their significance compared to smaller effects related to
water humidity. The modeling is based on the Young–Koppel treatment of thermal neutron scattering from diatomic molecules, as well as
ab initio simulations of the electronic density of O2. The theoretical predictions are benchmarked against experimental measurements of the
total scattering cross section of air under monitored thermophysical conditions, in the neutron energy range between 0.6 meV and 10 keV.
The updated scattering library is used to calculate excess neutron scattering in air, compared to traditional approaches, where only nuclear
scattering from gases of free nuclei is implemented in Monte Carlo transport codes.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0324136

I. INTRODUCTION

An accurate determination of the energy-dependent total cross
section of neutrons by air is beneficial for a number of experi-
mental activities, including the determination of the lifetime of the
neutron,1 the optimized design of neutron instruments and beam-
lines,2 and the accurate assessment of argon activation in medical
facilities. Detailed experimental measurements of N2 and O2 were
already presented in 1949 in a comprehensive article by Melkonian.3
However, some sources of experimental uncertainties at early-days
neutron sources (see Sec. 3 of Ref. 3) are no longer an issue at mod-
ern facilities, while other sources of systematic uncertainties, such
as the determination of the thickness of non-solid samples, have

remained a relevant problem (see Sec. 5 of Ref. 3 as well as the
more recent Refs. 4 and 5). In this framework, some experimen-
tal cross sections needed revisions, as for the value of the capture
cross section of nitrogen—reported in Ref. 3 more than 12% larger
than the one routinely accepted at present6—or in the case of para-
H2—recently revisited in Ref. 7. From the theoretical point of view,
the modeling of neutron-nucleus scattering by N2 and O2 diatomic
molecules, mainly based on the Young and Koppel (YK) model,8
requires taking into account transitions between tens of molecular
rotational states, which entails a computational effort ably avoided
by insightful approximations in the past.9 This is due to the small
rotational energy constants of these molecules as compared with
the thermal energy contribution kBT at room temperature, with
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T being the thermodynamic temperature and kB being the Boltz-
mann constant—a problem not encountered in the more famous
case of molecular hydrogen.7 In the case of O2, the additional inclu-
sion of neutron–electron magnetic scattering suffered from arbitrary
assumptions on the shape of the molecular orbitals hosting the
two unpaired electrons, which give the molecule its paramagnetic
properties (see Sec. 6 of Ref. 9). This possibly led to some strange
results, such as the nonphysical energy dependence of the magnetic
cross section reported in Ref. 10. In this sense, it is interesting to
notice how magnetic neutron scattering has evolved as a technique
for materials characterization mainly for solids,11,12 while no recent
investigation on simple diatomic molecules such as O2 has been
provided, to the best of our knowledge.

Notwithstanding such difficulties, simple diatomic molecules
provided an early and exciting testbed to develop the theory of both
nuclear and magnetic neutron scattering, as shown by the above-
mentioned work on pure samples. Meanwhile, air—as a ubiquitous
composite gas—did not attract a similar interest. Air is composed
of several gases, among which N2 and O2 are the most abundant
ones. However, the molecule attracting most attention has been H2O
as vapor. It is well known that H has the largest neutron scatter-
ing cross section among the elements of the Periodic Table, and
it has been argued that small amounts of water vapor could sig-
nificantly change the scattering and attenuation properties of air.
Recently, Barker and Mildner2 reported experimental results on the
macroscopic neutron cross section of air using the Sachs–Teller cor-
rected free-gas model,13 where the nuclear mass is replaced with
an effective parameter, which approximately includes the effect of
molecular rotations. However, experimental results above 5 Å (ener-
gies lower than 3.3 meV) were found to be about 10%–15% higher
than the prediction from this simplified model, and this discrepancy
was qualitatively attributed to a possibly higher water content in the
sample considered.

Here, we provide a new determination of the air neutron cross
section under controlled thermophysical conditions, in an extended
energy range between 0.6 meV and 10 keV. Moreover, we performed
updated calculations of the nuclear scattering cross section of N2
and O2, including all transition terms between molecular rotational
states, and we calculated the magnetic neutron–electron scattering
based on state-of-the-art computer simulations. Comparisons based
on varying levels of humidity and the inclusion/exclusion of molec-
ular contributions are discussed to show that the latter are of greater
importance than the former. Finally, we provide a worked exam-
ple discussing the radiation protection implications of including an
accurate cross section of air in Monte Carlo models.

II. MATERIALS AND METHODS
A. Cross section modeling

The neutron double differential scattering cross section can be
expressed, through the application of the Fermi golden rule, as

d2σs

dΩdE′
= (

mn

2πh̵2 )
2

∑
i

Pi∑
f

k′

k
× ∣⟨i∣V(Q⃗)∣ f ⟩∣2

× δ(ΔE + Ei − E f ), (1)

where dΩ is the solid angle, at which a neutron of final energy
between E′ and E′ + dE′ is scattered, ΔE = E − E′ and Q = k − k′ are

the neutron energy and wave-vector transfer, respectively, Ei and E f
are the initial and final energies of the scattering system, respectively,
mn is the neutron mass, and h is the Dirac constant. The equation
requires averaging over all initial states ∣i⟩, weighted by their rel-
ative probability Pi, and summing over their final states ∣ f⟩. The
interaction potential can be expressed as the sum of a nuclear and
a magnetic contribution,

V(Q) = VN(Q) + VM(Q) = ∫ eiQ⋅r
[VN(r) + VM(r)]dr, (2)

by assuming that incident and scattered neutrons travel as plane
waves, in the case of short-range scattering potentials. Since the cross
section depends on the square of the matrix element of V(Q), it can
be separated into three contributions: a purely nuclear term, which
in the case of O2, can be evaluated using the YK model described
before, a purely magnetic term, and a nuclear-magnetic interfer-
ence term. The latter averages out if neutrons are unpolarized, and
therefore, it will not be considered.

Unless explicitly stated, all figures in this article report total
cross sections, σt(E) = σs(E) + σa(E), that is, the sum of the
scattering cross section,

σs(E) = ∫ dΩ∫ dE′
d2σs

dΩdE′
, (3)

and the absorption cross section, σa(E) = σa(E0)
√

E0/E, with the
reference values of absorption calculated at E0 = 25.3 meV obtained
from Ref. 6.

1. Nuclear scattering
The interaction potential in the case of nuclear scattering by

a homonuclear molecule with nuclei at positions R⃗1 and R⃗2 can be
expressed through the simplified Fermi potential as

VN(r) =
2πh̵2

mN
b̂N(δ(r − R1) + δ(r − R2)), (4)

where b̂N is the nuclear scattering length operator. The double differ-
ential cross section defined by Eq. (1) can be calculated by assuming
that the wavefunctions ∣i⟩ and ∣ f⟩, describing the system before
and after the scattering event, can be expressed as the product of
translational, rotational, and vibrational terms, assuming that these
motions are not coupled. Moreover, translational modes can be
approximated through a free motion of the center of mass, as in the
kinetic theory of gases. Furthermore, vibrational modes can be taken
into account by assuming that the initial state is, for any practical
case, in the vibrational ground state, and transitions to higher states
are related to a harmonic restoring force between the two nuclei.
Finally, rotational contributions, related to the less trivial features
of the thermal scattering cross section, are discussed in more detail
below.

Both oxygen and nitrogen nuclei obey the Bose–Einstein statis-
tics, having an integer nuclear spin i, with iO = 0 in the case of
oxygen and iN = 1 in the case of nitrogen. When two such nuclei are
combined in a homonuclear diatomic molecule, the nuclear spins
combine to create a state of total nuclear spin I, with IO2 = 0 and
IN2 = 0, 1, 2. Following the Bose–Einstein statistics, if the electronic
wavefunction is symmetric, the state with even values of I = 0, 2 can
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TABLE I. Total symmetry of the molecular wavefunction, as the product of the symmetry of (nuclear spin) × (rotational) × (electronic) wavefunctions, respectively. Experimental
neutron scattering lengths b(±) and molecular radii re are also reported.

Molecule Total sym. I J Electronic ground state b(+) (fm) b(−) (fm) re (Å)

N2

S = S × S × S 2 (ortho) 0, 2, . . . 1Σ+g 1.08 0.65 1.097 68
S = A × A × S 1 (para) 1, 3, . . .
S = S × S × S 0 (ortho) 0, 2, . . .

O2 S = S × A × A 0 (ortho) 1, 3, . . . 3Σ−g 0.5805 0.5805 1.207 52

only exist in even rotational states, J = 0, 2, . . .. Conversely, states
with an odd value of I = 1 can only exist in odd rotational states.
In the case of O2, the two unpaired electrons in the ground state
result in an antisymmetric electronic wavefunction; consequently,
the rotational wavefunction must be antisymmetric to ensure that
the overall molecular wavefunction is symmetric.14 The symmetry
requirements on the two molecules are summarized in Table I. Their
experimental neutron scattering lengths b(±) and molecular radii re
are also reported in this table. It is worth reminding that such sym-
metries are constructed by imposing that the resulting spin state with
the highest value needs to be symmetric, and the following states
with decreasing values need to alternate between symmetric (S) and
antisymmetric (A). The states that are symmetric with respect to
the nuclear-spin wavefunction are referred to as ortho modifica-
tions, and the other (antisymmetric) states are referred to as para
modifications.

From this discussion, it follows that neutron scattering pro-
cesses involving a nuclear spin flip (∣ΔI∣ = ∣I′ − I∣ = 1) are associated
with the transitions of the angular momentum from an initial state
J to a final state J′ such that ΔJ = J′ − J equals an odd integer, while
scattering events with no nuclear spin flip (ΔI = 0) are associated
with transitions where ΔJ equals an even integer. As nuclear spin
flips need to be compensated by neutron spin flips, one can expect
that the former interactions involve the incoherent scattering para-
meter, while the latter interactions involve the coherent scattering
parameter. In particular, one can write the scattering length operator
as15

b̂N = C1 +
1
2

C2(ŝn ⋅ î), (5)

where ŝn is the neutron spin operator, î is the nuclear spin operator,
and the parameters C1 and C2 are related to the experimental neu-
tron scattering lengths b(±) from the neutron–nucleus compound
state i ± 1

2 ,

C1 =
i

2i + 1
[(i + 1)b(+) + ib(−)] (6)

and

C2 =
2

2i + 1
[b(+) − b(−)]. (7)

The scattering from the homonuclear diatomic molecule is then
associated with two cases: ΔI = 0 and ΔJ even (case e) and ΔI = 0 and

ΔJ odd (case o). By applying the scattering length operator to these
two cases, one finds that the associated cross section parameters are

σ(I)e = 4C2
1 +

1
4

C2
2I(I + 1) (8)

and

σ(I)o =
1
4

C2
2[4i(i + 1) − I(I + 1)]. (9)

The above discussion brings to the final form of the YK double-
differential scattering cross section,8

d2σs(E, I)
dE′dΩ

=
k′

k∑J
PJ∑

J′
(2J′ + 1)[σ(I)e f J,J′(Q, ω)( if ΔJ = even)

+ σ(I)o f J,J′(Q, ω)( if ΔJ = odd)], (10)

with the function fJ,J′(Q, ω) defined as

f J,J′(Q, ΔE) =
exp (− (ΔEJ−ER−ΔE)2

2kBTER
)

√
2πkBTER

J+J′

∑
l=∣J−J′ ∣

(2l + 1)

×
⎛

⎝

J′ J l
0 0 0

⎞

⎠

2

j2
l (

Qre

2
), (11)

which includes a sum over all allowed values of the angular momen-
tum l, according to the sum rules of quantum angular momenta,
which is included and weighted by the Wigner 3 − j coefficients.
It is important to note that this equation strictly models only the
scattering cross section for neutron energies lower than the molec-
ular vibrational energy, that is, 196 meV for O2 and 292 meV
for N2. However, as discussed below, this energy range is the one
manifesting, in the experimental cross section, the most important
differences compared to standard models based on the free-nuclear-
gas approximation. Moreover, values of PJ can be obtained from
a Boltzmann partition function, considering that the rotational
energy associated with each initial state, namely EJ = BJ(J + 1) with
B = h̵2

/(Mr2
e) and the molecular radius re = ∣R⃗1 − R⃗2∣/2. The recoil

energy of the molecule has also been defined as ER = (hQ)2
/(4M).

It is worth noting that the YK formalism requires the use of the
molecular recoil energy, which is responsible for the shift of inelas-
tic neutron scattering peaks of light diatomic molecules,16 rather
than the nuclear recoil energy, which would be employed within the
impulse approximation at higher neutron energies.
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2. Magnetic scattering
The intrinsic magnetic dipole moment of neutrons is respon-

sible for their coupling with the microscopic paramagnetic field of
molecular oxygen. This potential can be expressed as the coupling of
the neutron dipole moment μn and the local magnetic flux density
B(r) as

VM(r) = −μn ⋅ B(r), (12)

where the local magnetic flux density is related to the transversal
component of the microscopic magnetization due to the unpaired
electron spin in the molecular orbital 3Σ−g , with total spin S = 1,
and the neutron dipole moment μn = −2γμN sn, with γ = 1.913 being
the magnetic moment of neutrons expressed in nuclear magnetons
μN . Calculating the matrix element of the magnetization can be an
extremely demanding task; therefore, we make use of the dipole
approximation. The approximation is based on the principle that
magnetic neutron scattering can be expressed as a sum of multipole
moments, as in Ref. 17. When Q is smaller than the reciprocal of the
atomic radius, the dipole term dominates the magnetic scattering
cross section, but in most cases, this approximation has proven to be
satisfactory even for larger values of Q.12 Moreover, the matrix ele-
ment of the magnetization can be approximated assuming that the
electronic spin is not coupled to the angular electronic momentum.
This assumption is justified by experimental results obtained by Van
Vleck.18 Therefore, one has

B(Q) = μ0M(Q) = −2μBμ0 f (Q)S. (13)

With these assumptions, and considering the magnetic scatter-
ing purely elastic, the magnetic differential scattering cross section
is

dσs

dΩ
=

2
3
(

μ
mn
)

2
γ2r2

0S(S + 1)e−2W(Q) f 2
(Q), (14)

where μ is the reduced mass of the oxygen molecule–neutron system,
r0 = μ0e2

/(4πmec2
) = 2.818 × 10−5 Å is the classical electron radius,

S is the total electronic spin, and W(Q) is the Debye–Waller factor.
In the dipole approximation for a system dominated by electronic
spin, it can be expressed as12

f (Q) = ∫
∞

0
jo(Qr)r2R2

(r)dr, (15)

where R(r) is the radial electronic wavefunction.

B. Radial spin density calculation
The term r2R2

(r) was calculated using both static and dynamic
approaches. First, static calculations were performed at the Density
Functional Theory (DFT) and post-Hartree–Fock (HF) coupled-
cluster singles and doubles (CCSD) levels.19 Second, ab initio Molec-
ular Dynamics (MD) simulations at the DFT level were performed
for the sake of comparison.

1. DFT and CCSD simulations
The geometry of O2 in the gas phase was optimized at the

B3LYP/aug-cc-pVTZ level of theory. The spin density was then
calculated at the B3LYP20,21/aug-cc-pVTZ and post-HF CCSD/aug-
cc-pVTZ levels. In particular, for CCSD/aug-cc-pVTZ calculations,

spin densities were computed by performing orbital optimization.
In both cases, GAUSSIAN CUBE files were generated and exploited
for the following numerical analysis. All the calculations were
performed using ORCA 5.0.22

2. Ab initio molecular dynamics simulations
The equilibrium structure of the isolated O2 molecule was

first optimized using the CASTEP code (Academic Release 22.11)23

to ensure full consistency with the subsequent finite-temperature
dynamics. The optimization was performed in a fixed cubic simu-
lation cell of 10 Å side length under periodic boundary conditions.
Electron–ion interactions were represented by a norm-conserving
pseudopotential for oxygen, within the BLYP exchange–correlation
functional, using the Koelling–Harmon scalar-relativistic treatment.
The pseudopotential included a partial-core correction with a radius
of 0.842 Å, and its transferability was confirmed by the absence of
ghost states up to 40.6 eV. A plane wave cutoff of 1020 eV and a
Γ-point sampling of the Brillouin zone were employed. Spin polar-
ization corresponding to the triplet ground state (a net spin moment
of 1 h) was retained, and a Gaussian smearing of 0.1 eV was used
to aid self-consistent convergence. Geometry optimization was car-
ried out using the limited-memory BFGS algorithm with the stress
tensor disabled and the cell dimensions fixed. Convergence was
achieved when the maximum atomic force fell below 0.005 eV Å−1,
the total energy change was less than 10−6 eV per step, and atomic
displacements were smaller than 5 × 10−4 Å.

Subsequent ab initio MD simulations were performed under
identical electronic-structure conditions to preserve the continuity
of the potential-energy surface. The dynamics employed the canon-
ical (NVT) ensemble at 300 K, controlled via a Nosé–Hoover chain
thermostat comprising five coupled thermostats with a characteris-
tic ionic period of 0.001 ps. The integration time step was 0.001 ps,
and the trajectory was propagated for 1300 steps, corresponding to a
total simulation time of 1.3 ps. Wavefunctions and charge densities
from the converged optimization were used as the initial electronic
state through the continuation option, ensuring smooth energy
conservation in the early stages of dynamics. Electronic minimiza-
tion was conducted using ensemble DFT with one steepest-descent
and four conjugate-gradient steps per self-consistent cycle, with a
convergence threshold of 10−6 eV per atom. A Gaussian smearing of
0.1 eV was maintained, and a maximum of 100 SCF iterations was
allowed per step. Both binary and formatted checkpoint files were
written every five steps, enabling subsequent analysis.

To analyze electronic properties along the trajectory, atomic
coordinates of O2 were extracted from the MD trajectory file every
200 MD steps. For each snapshot, SinglePoint CASTEP calculations
were performed to generate charge densities in the GAUSSIAN CUBE
file format. The GAUSSIAN CUBE files were subsequently averaged
over the entire set of 200 snapshots.

C. Air cross section modeling
The molecular gas models for O2 and N2 cross sections were

finally combined to produce two models for air cross section: one
representing dry air and the other incorporating the effects of
humidity. In the dry-air model, the composition was taken to be
78.11% N2, 20.95% O2, and 0.94% argon. Each species was taken
to consist solely of its most abundant isotope (14N, 16O, 40Ar).
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For simplicity, the nitrogen contribution was approximated using
only the value corresponding to the total nuclear spin I = 1. In
fact, the largest changes in cross section with nuclear spin occur
in the low energy region. In particular, the scattering cross section
of N2 at 1 meV varies from 49.98 barn, for I = 0, to 51.18 barn,
for I = 2. The value for I = 1 is 50.38 barn, which differs by only
about 0.7% from the concentration-weighted value of 50.74 barn.
The same relative composition was employed in the hydrated air
model, rescaling it to add the water contribution. The mole percent-
age of H2O molecules was estimated with the use of the empirical
formula reported in Appendix A of Ref. 24, based on the mea-
surements of relative humidity and temperature, acquired during
the neutron transmission experiment and assuming a pressure of
1 atm. The H2O contribution to the cross section was approximated
using the CAB liquid water model by Marquez-Damian et al.25–29

This is an approximation, considering that translational and rota-
tional dynamics in water vapor and the liquid are expected to be
qualitatively different. However, the corresponding changes to the
macroscopic scattering cross section of air are expected to be neg-
ligible in the present case, also considering that water is a minor
component of the gas.

D. Transmission measurements
Neutron transmission experiments were performed using the

VESUVIO spectrometer at the ISIS Neutron and Muon Source.30,31

The experiments were carried out by filling the instrument vacuum
pipe and sample volume with environmental air, whose pressure,
temperature, and relative humidity were constantly monitored dur-
ing the measurement. This resulted in an effective cylindrical volume
of 3.65 m length and 10 cm diameter filled with gas at ambi-
ent pressure, isolated from the environment during the neutron
measurement. The experimental neutron transmission at 100 meV
was 0.86. Considering the extended sample, the validity of the
good-geometry approximation for the transmission measurement
was tested through Monte Carlo simulations, described below (see
Fig. 10). The number of neutrons scattered within its volume and the
surrounding environment and detected by the transmission detec-
tor was compared to the number of detected transmitted neutrons,
and their ratio was found negligible compared to the experimental
relative error bar, which is related to the counting statistics.

The composition of dry air is fixed as 78.11% N2, 20.95% O2,
and 0.94% argon. Direct measurement of humidity and tempera-
ture during the entire measurement provided values of a relative
humidity (R.H.) of 56.5 ± 0.2 % and a temperature of 294.9 ± 0.2 K.
The agreement between the experimental and theoretical results
will be an a posteriori validation of this approximation. Measure-
ments were performed using the time-of-flight (ToF) technique.
Routinely, instruments in the ISIS Target Station 1 (TS1) can mea-
sure in the ToF region 0–20 ms, which on VESUVIO corresponds
to a lower limit of 2.6 meV for the neutron energy. In this exper-
iment, we used the possibility to extend the ToF range to 40 ms,
as discussed in Ref. 32 obtained at ISIS TS1 by counting the cold
neutrons reaching the detector, while the proton beam is redirected
to ISIS TS2. Transmission measurements were acquired using the
6Li-doped glass scintillator equipped on the VESUVIO beamline,
whose position calibration and background characterization have
been discussed in Ref. 30.

E. Monte Carlo simulations
Monte Carlo (MC) transport simulations were performed to

assess the impact on radiation protection of a more accurate air cross
section model. The Geant4 toolkit (version 11.3.2),33 integrated with
the NCrystal toolkit34 was exploited, providing a computational
environment, compatible with multiple MC packages, facilitating
the implementation of new cross section libraries into transport sim-
ulations. To simulate neutron transport in the nuclear gas approx-
imation, we employed the reference physics list QGSP_BIC_HP,
available within the Geant4 toolkit. This physics list, often employed
in medical physics applications, is one of the few Geant4 reference
physics lists that account for neutrons with energies below 20 MeV,
which is, therefore, marked as “high precision” (HP).35 The neutron
transport simulations in the molecular gas approximation are imple-
mented with the use of the NCrystal toolkit, in conjunction with
the QGSP_BIC_HP physics list. In fact, NCrystal overrides Geant4’s
default scattering cross section for neutrons in the thermal energy
range. In both cases, we simulated the transport of monochromatic
thermal neutrons (10, 25, and 50 meV) in a 3 × 3 × 3 m3 cube, as
shown in Fig. 1, filled with dry air of density 0.001 225 g/cm3 at
a reference temperature of 293.6 K. The neutron beam strikes the
center of one face of the cube at Z = −1.5 m, traveling along the
positive Z-axis. The beam has a cross-sectional area of 5 × 5 cm2,
and its divergence is neglected. Scoring was implemented through a
custom sensitive detector and hit classes, which recorded the energy
and position coordinates of neutrons at the boundary with the air
filled room. A transmission detector was also added directly next to
the box, right in front of the beam trajectory, for comparison with
expected transmission values. The agreement between the Geant4-
simulated transmission spectrum and the molecular gas model used
to simulate it (see Fig. 10) confirms that the contribution of scattered
neutrons to transmission is negligible.

FIG. 1. Schematics of the used geometry for Monte Carlo simulations. The room
is of dimensions 3 × 3× 3 m3. The incident neutron beam direction, correspond-
ing to the thick green line, is oriented along the z axis. The origin of the axes
is placed at the center of the box. Thinner green lines correspond to scattered
neutron trajectories.
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F. Free nuclear gas model
The neutron scattering from room-temperature gases is often

approximated as the scattering from a gas of free nuclei, with an
energy-dependent scattering cross section,

σs(ξ) =
σb

(1 + 1
M )

2

⎡
⎢
⎢
⎢
⎢
⎣

(1 +
1

2ξ2 )erf(ξ) +
e−ξ2

√
πξ

⎤
⎥
⎥
⎥
⎥
⎦

, (16)

having defined ξ2
=ME/kBT. This equation represents the default

estimate of the scattering cross section by thermal neutrons in most
Monte Carlo codes, assuming that all matter is composed of free
nuclei. In some cases, e.g., for molecular systems, the nuclear mass
M can be replaced with an effective mass, Me, partially taking into
consideration the rotations of the molecule according to the Sachs
and Teller formalism.13 In Ref. 2, the authors used Me = 9 for N in
N2 and Me = 10 for O in O2, although the effective Sachs–Teller
mass for diatomic molecules is Me = 1.2M (see, for example,
Ref. 36. Equation (16) can provide a better approximation of experi-
mental data when an effective temperature is used, which takes into
consideration the actual nuclear kinetic energy of each nucleus due
to translational, rotational, and vibrational modes.37,38

FIG. 2. Total cross sections of N2 (top panel) and O2 (bottom panel). Free nuclear
gas models are reported as red lines, using the actual mass. The result using a YK
model to account for nuclear scattering from rotational states is reported as a green
solid line. In the case of O2, the total cross section, including magnetic scattering
from molecular-orbital electrons, is reported as a blue line. Experimental data are
from Ref. 3 (circle markers) and Ref. 39 (cross markers).

III. RESULTS AND DISCUSSION
Figure 2 shows the total cross section of N2 (top) and O2

(bottom) obtained by calculating the scattering contribution using
Eq. (16) and the actual nuclear mass (red solid lines). In both cases,
experimental data from Ref. 3 down to 3 meV are also reported, as
well as data from Ref. 39 in the case of molecular oxygen. One can
easily appreciate that a free nuclear gas approach [Eq. (16)] is most
suitable at epithermal energies, already at hundreds of meV, for both
molecules. At these energies, neutron scattering is not significantly
affected by quantized transitions between rotational states (expected
at tens of meV).

While the simple model in Eq. (16) provides a satisfactory
description of the epithermal part of the cross section, it significantly
underestimates the thermal part. By considering free nuclei, one
neglects all possible transitions between rotational states. As men-
tioned, tens of initial and final states need to be considered in the
Fermi golden rule to reach the convergence of the double differential
cross section. This also reflects on the total cross section in a non-
trivial dependence upon the neutron energy in the region between
10 and 100 meV, which completely escapes a simplified model of

FIG. 3. Total cross section models of N2 (top panel) and O2 (bottom panel)
for comparison. Free nuclear gas models are reported as red solid lines, while
Sachs–Teller models are represented by the black dashed lines (effective masses
by Barker–Midler) and blue dotted lines (canonical effective mass Me = 1.2M).
Molecular gas models (YK for N2 and YK + CCSD for O2) are reported as green
solid lines. The orange dashed lines represent the use of the model for the free
nuclear gas with effective temperatures, as discussed in the text.
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scattering from structureless nuclei. In the case of molecular nitro-
gen, which is the most abundant molecular species in atmospheric
air, one can appreciate how a suitable description of the total cross
section can only be achieved through a treatment of the molecule
using the YK model. The calculation, reported as a green line in the
top panel of Fig. 2, satisfactorily overlaps with the experimental data
without any need for effective or fitting parameters.

The attempt, within the Sachs–Teller approximation, to effec-
tively account for the rotational dynamics of the molecule through
a revised value of the nuclear mass, is represented by the dashed
curves in Fig. 3 for both N2 (top) and O2 (bottom). By using the
effective mass discussed in Barker–Midler,2 one slightly increases
the thermal scattering at incident neutron energies lower than about
40 meV, yet spoils the comparison at epithermal energies. A better
approximation of the experimental data is obtained by using Eq. (16)
with an effective temperature, taking into consideration the nuclear
motion of each nucleus due to translational, rotational, and vibra-
tional motions. The result of this approximation is reported in Fig. 3
as an orange dashed line, considering effective temperatures of 782
and 690 K for nitrogen and oxygen, respectively.

In the case of molecular oxygen, while the YK model already
provides a result much improved compared to a free nuclear gas,
the comparison with the experimental data is still not satisfactory, as
one can appreciate from the bottom panel of Fig. 2. As mentioned,

FIG. 4. Square of the radial spin density, R(r), of electron in the O2 external
molecular orbital (bottom panel), also including multiplication by the square of
the distance from the molecule center of mass r (top panel), for a hydrogen-
like atomic orbital (black dashed line), CCSD/aug-cc-pVTZ (red dotted line),
DFT - B3LYP/aug-cc-pVTZ (green solid line), and from ab initio MD simulations
(dotted-dashed blue line).

and as is well known, low-energy thermal neutrons can interact with
the unpaired electrons of the outer molecular orbital of O2, which
is responsible for the molecule’s paramagnetism. Figure 4 reports
the radial electron spin density as calculated using first-principles
approaches and an ab initio MD simulation. These calculations
represent the state of the art in computer modeling of molecular
systems and allow us to overcome the approximations and uncer-
tainties of previous treatments of magnetic scattering from O2. An
initial inspection of Fig. 4 shows how the spatial spin density cannot
be surmised from effective atomic orbitals related to hydrogen-like
solutions of the Schrödinger equation. The dashed line in the figure
shows how such an approximation would localize the spin density to
shorter distances compared to molecular orbitals. Moreover, a more
detailed inspection of the figure shows how the calculations based
on DFT or CCSD and MD yield approximately overlapping results,
with a small difference observed between 2 and 5 Å with respect to
the molecule center of mass.

The results shown in Fig. 4 were used to calculate the magnetic
scattering for O2, as shown in Fig. 5. The calculation based on DFT
or CCSD and ab initio MD provide overlapping values for the mag-
netic scattering, which are in good agreement with the experimental
values from Ref. 39. Meanwhile, theoretical predictions from Ref. 10
below 1 meV feature a nonphysical increase at low energies, in con-
trast to the expected limiting value of the magnetic cross section,
related to the limit f(Q)→ 1 as Q→ 0. This condition, reported
as a dashed horizontal line in Fig. 5, is correctly satisfied by our
calculations. By considering this additional magnetic scattering con-
tribution to the total cross section, one obtains the blue solid line
in the bottom panel of Fig. 2, which satisfactorily overlaps with the
experimental data from the literature.

It is worth noting an apparent discrepancy between the mag-
netic scattering formulations in Refs. 12 and 10, related to the
intensity correction from the Debye–Waller factor W(Q). Such a
factor is proportional to the mean square displacement of nuclei
within a molecular system or a crystal. Having in mind the uncer-
tainty principle, higher displacements are expected in the case of

FIG. 5. Magnetic scattering cross section from O2 as calculated from CCSD (red
dotted line) and ab initio MD (blue dashed line), as compared with the experimental
data from Ref. 39 (green dot markers) and theoretical data from Ref. 10 (empty
triangle markers). The black dashed line represents the limiting value for f(Q) ≃ 1
for low neutron energies. Please note that the results from CCSD and ab initio MD
practically overlap.
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FIG. 6. Magnetic form factor f2(Q) (red) and the Debye–Waller factor correction
(green) as a function of the scattering vector Q. Their product is reported as a
black dotted line.

lower-energy vibrational modes, such as phonons in a crystal, while
lower values of the total nuclear mean-square displacement are
expected in the case of a small molecule, featuring only a high-energy
vibrational stretching mode. For this reason, the deviation from the
unity of the Debye–Waller factor only happens, in the case of O2, in
a Q range, where the magnetic form factor has already reached neg-
ligible intensities, and one can approximate the product of the two
terms in Eq. (14) as

e−2W(Q) f 2
(Q) ≃ f 2

(Q), (17)

as one can visually appreciate from Fig. 6.
Having modeled the two most abundant molecular compo-

nents of air, we used our calculation to compose a total scattering
cross section of air at a given humidity level. Figure 7 provides
the comparison of our model (red line) with the experimental data
measured on VESUVIO at 294.9 K and 56.5% relative humidity
(black error bars). The comparison, reported in this figure only for
thermal neutrons, is considered satisfactory in the neutron energy
range between 0.6 meV and 10 keV. The model includes N2 and O2
described by YK models and magnetic scattering, a water contribu-
tion based on the thermal cross section of the liquid at room tem-
perature,40 and Ar approximated with a free nuclear gas model. One
should note the larger error bars in our results for energies between
0.6 and 3 meV. This is linked to the procedure to acquire ToF trans-
mission spectra on the instrument, in the so-called extended energy
range described in Ref. 32. Data are reported as normalized to the
epithermal scattering cross section, obtained as the weighted sum of
the free scattering cross section of all elements in the system. This
procedure provides a way to report on the thermal cross section
independently of the thickness of the sample, which is otherwise a
source of systematic errors. However, one should notice that solid
knowledge of the free scattering cross section of the elements under
investigation is required, as well as the (more unique) possibility to
perform measurements at thermal and epithermal neutron energies
at the same time, with no need to modify the acquisition setup. This
is a key ability of VESUVIO, able to access an energy range summing
up to 8 orders of magnitude within the same measurement.

FIG. 7. Experimental measurement of the total cross section of air (black error
bars) at a monitored temperature (293.6 K), 1 bar, and relative humidity (56.5%),
as compared with a nuclear gas model (green) and a molecular gas model (red).

The comparison with the cross section from a free nuclear gas
model is reported as a green line in Fig. 7. Similarly to what has been
discussed in the case of N2 and O2, deviations from a free nuclear gas
model become increasingly important at lower neutron energies. At
1 meV, the difference between the two models is about 25%. Dif-
ferences between the simplified modeling and the experimental data
are of the same order of magnitude as those reported in Ref. 2 and
can be readily related to the neglect of the molecular contributions
to the total cross section. By the inspection of Fig. 8, one can see
how the inclusion of molecular contributions in dry air (solid and
dashed lines for molecular and nuclear gases, respectively) is much
more important than the inclusion of water vapor (red and blue lines
for dry and 56.5% R.H., respectively). It is undeniable that the mod-
eling of such molecular contributions in nuclear-oriented Monte
Carlo transport codes can be challenging. However, through the use
of modules, such as the NCrystal module for Geant4, one can load
pre-calculated scattering libraries. Below, we provide a discussed
example.

Figure 9 shows the results of an MC simulation within the
environmental box described in Fig. 1, making use of free nuclear

FIG. 8. Macroscopic cross section as calculated from a free nuclear gas model
(dashed) and a molecular gas model (solid) for a dry air mixture (red), with a
relative humidity of 56.5% (blue).
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FIG. 9. Neutron counts on the walls of a 3 × 3 × 3 m3 room in the case of neutron energy beams of 10, 25, and 50 meV (top, middle, and bottom rows). Results using
molecular and nuclear gas models are reported as green and red lines, respectively, while the difference between the two cases is reported as black lines. Results are
reported separately for the back, side, and front walls, corresponding to the left, center, and right columns.

gas (red lines) and molecular gas (green lines) thermal cross sec-
tions. The results are provided for back, side, and front walls in the
environment box, as defined based on the propagation direction of
primary neutrons. Simulations are provided for three energies, at
10, 25, and 50 meV (first, second, and third rows, respectively), and
counts are normalized to the number of primary neutrons simulated
(108
). Absolute differences are reported as black lines. In all cases,

one can observe both a higher number of scattered neutrons when
molecular models are used and a different distribution of final neu-
tron energies. From the directionality of the scattered neutrons, one
can see how forward scattering is more likely in the case of molec-
ular modeling. Backward and sideward scattered neutrons feature
shifts in their energy distributions between the two models. In the

case of forward scattering, the distribution of scattered neutrons is
more centered around the elastic line, with a sharp signature at the
same energy as the initial energy, which can also be observed with a
lower intensity in the panels related to sideward-scattered neutrons.

One should notice that, depending on the energy and direction
of scattered neutrons, the relative differences in Fig. 9 can be as large
as 20%–30%. Such an effect, related to the up-scattering and down-
scattering interactions of neutrons with rotational states, is expected
to play a role in the activation and radiation protection of a labora-
tory or medical facility featuring neutrons traveling in air rather than
in vacuum tubes, specifically in relation to the reactions reported
in Table II. The redistribution to higher energies, observed with
our modeling, could be a welcome result within the framework of
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TABLE II. List of neutron absorption processes included in the Monte Carlo simulation.

Isotope Mol. % in dry air Mol. % in hydrated air Reaction σa(E0) (barn)

14N 0.7848 0.7696
14N(n, γ)15N 0.075
14N(n, p)14C 1.84

16O 0.2105 0.2064 in O2 16O(n,γ)17O 0.00010.0065 in H2O
40Ar 0.0047 0.0046 40Ar(n,γ)41Ar 0.66
1H 0 0.0129 1H(n,γ)2H 0.3326

FIG. 10. The Geant4-simulated transmission spectrum (red solid line) is com-
pared to the molecular gas model of dry air (black dashed line) used in the
simulation. The observed agreement confirms the validity of the “good geometry”
approximation.

radiation protection, considering that many neutron-induced acti-
vations are inversely proportional to the neutron velocity. At the
same time, the higher number of neutrons scattered in the forward
direction should be carefully considered when planning a shielding
wall in a medical facility, as well as when large-surface detectors are
used on a research facility.

Finally, Fig. 10 provides an a posteriori test of the validity of
the good-geometry approximation within our experimental setup.
This figure shows the analytical application of the Beer–Lambert
law using the cross section of air developed in this work, compared
to the result of the Monte Carlo simulation of our transmission
experiment, which takes into account neutrons scattered within
the extended sample volume and the surrounding gas and then
redirected toward and detected by the transmission monitor. The
complete overlap of the two calculations shows that the contribution
of such scattered neutrons is negligible compared to the number of
purely transmitted neutrons.

IV. CONCLUSION
Modeling of the thermal neutron cross section of O2 and N2

based on ab initio state-of-the-art molecular simulations, which
include a detailed evaluation of magnetic contributions, has allowed
us to provide a more accurate description of the thermal neutron

cross section of air. Moreover, we have provided new experimen-
tal data regarding the total cross section of air, under controlled
thermophysical conditions, showing that only a proper inclusion
of molecular contributions to the neutron cross section allows a
satisfactory modeling of experimental data. In addition, we have
quantified the underestimate of free nuclear gas cross sections to
about 25% at 1 meV, and we have shown how the inclusion of water
vapor is a second-order effect compared to molecular contributions.

Finally, we have provided Monte Carlo simulations, where we
make use of our modeling in the form of a revised material definition
within the NCrystal module in Geant4. In the case of thermal
neutron transport in a room, with dimensions similar to sample-
environment neutron beamlines or medical facilities, we have shown
how the inclusion of molecular contributions brings an increase in
scattered neutrons as well as a redistribution of their energies, with
respect to a traditional simulation making use of free nuclear gas
cross sections.
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