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The cross section for neutron interactions on argon is an important design and operational param-
eter for a number of neutrino, dark matter, and neutrinoless double beta decay experiments which
use liquid argon as a detection or shielding medium. There is a discrepancy between the evaluated
total cross section in the 20 to 70 keV neutron kinetic energy region given in the ENDF database
and a single measurement conducted by an experiment with a thin target (0.2 atoms/barn) opti-
mized for higher cross sections. This gives rise to significant uncertainty in the interaction length
of neutrons in liquid argon. This discrepancy is now resolved by new results presented here from
the Argon Resonance Transport Interaction Experiment (ARTIE), a thick target experiment (3.3
atoms/barn) optimized for the small cross sections in this energy region.

INTRODUCTION

Liquid argon (LAr) is used in a wide range of particle
physics experiments investigating neutrinos [1–4], dark
matter [5, 6], and neutrinoless double beta decay [7, 8].
Achieving the scientific objectives sought by these exper-
iments relies on understanding the transport of neutrons
through LAr at a level of precision which has only re-
cently emerged as a critical experimental requirement.
Recent studies have shown that understanding the be-
havior of neutrons presents a special challenge in liquid-
argon-based experiments [9–11].
The neutron-argon total cross section from the

ENDF [12] evaluation has a destructive interference fea-
ture at 57 keV, which appears as a dip in the cross section
around this energy, where interaction length in LAr, for
a natural abundance of isotopes, is 30m. This is impor-
tant, as at this energy scale, neutrons only lose a small
fraction of their kinetic energy in single elastic collisions
with relatively massive argon nuclei. Thus, even neutrons
with kinetic energy well above 57 keV have a significant
probability of reaching the low cross section region with
the resulting long interaction length. The results of the
most recent previous measurement [13], contained in the
EXFOR database[14], are inconsistent with ENDF evalu-
ation in the region of this feature, with an inferred inter-
action length of 4.2m. This discrepancy makes it impos-
sible to reliably predict the performance of LAr in trans-
porting and/or shielding neutrons. This paper presents
the results of the Argon Resonant Transport Interaction
Experiment (ARTIE) which was designed specifically to
resolve the neutron cross section discrepancy.

EXPERIMENTAL METHOD

The transmission through a target in a neutron beam
T (E) is defined as the fraction of neutrons in a medium
which pass through a distance d without scattering. This
is related to the cross section by the equation:

σ(E) = − m

ρeff d
ln T (E) (1)

Where m is the mass of an argon atom, d is the tar-
get thickness, and ρeff is the effective density. The
ARTIE target was designed with a thickness approxi-
mately twenty times larger than used in Ref. [13]. Thus,
the inconsistent cross section values reported by ENDF
and Ref. [13] result in a 20% difference in T (E) at the dip
energy. While well-suited to the dip region, the target
becomes essentially opaque at energies where the cross
section is higher, restricting our energy Region Of Inter-
est (ROI) to 20 to 70 keV. To make the measurement,
Flight Path 13 (FP13) at the Lujan Neutron Scattering
Center [17] was used. FP13 has a total flight path of
about 64 meters, allowing for excellent Time Of Flight
(TOF) energy resolution up to several hundred keV.
The ARTIE experimental configuration is shown in

Fig. 1. The ARTIE target consisted of a column of LAr of
length 168 cm and diameter 25mm, held at atmospheric
pressure, and contained in a vessel constructed from stan-
dard components. The target was inserted into FP13 at
a distance of about 31m from the upper-tier liquid hy-
drogen moderator of the proton-accelerator-driven pulsed
neutron source. The proton beam current (proportional
to the resulting neutron flux) was monitored by a Cur-
rent Transformer (CT), with the integral output recorded
every minute for relative beam normalization.
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FIG. 1. Configuration of the beam line elements. 1) Mark III
LANSCE target and modrator. 2) cadmium filter for suppres-
sion of thermal neutrons. 3) ∼ 30 m beam pipe where carbon
and aluminum filters were mounted. 4) brass collimators. 5)
ARTIE target. 6) ∼ 30 m beam pipe. 7) 6-Li glass detector
at 64 m followed by beam dump.

The ARTIE neutron detector was located at the end
of the beam line, about 30m downstream of the target
and consisted of a 9 cm diameter by 1mm thick 6Li-glass
scintillator, viewed edge-on by two RCA 8854 five-inch
photomultiplier tubes (PMTs). A triggered event was
defined as a pulse above threshold in either PMT. The
data acquisition system (DAQ) recorded the time and
integrated PMT charge for each trigger.

Two-inch thick brass cylinders with 6mm holes in the
center were used to collimate the beam through the tar-
get. Two collimators were located upstream of the tar-
get, and two downstream. These constrained the beam
to the center of the 25mm diameter target, and pro-
duced a beam spot with an 8 cm diameter at the 9 cm
diameter neutron detector. Final alignment of the col-
limators was performed by first maximizing the DAQ-
reported event rate. Collimators were then fine-tuned in
order to produce a symmetric, fully contained image on
storage-phosphor image plates at the detector location.

For insulation, the target was covered with a rigid foam
designed for cryogenic applications. Near each end an up-
ward opening feeds into commercial nalgene dewars. As
argon boiled in the target, Gaseous Argon (GAr) vented
through the openings and was replaced by LAr from the
dewars. During operation, dewars were refilled about
once per hour to ensure that the target remained full.
Data was collected during a two-week period, with most
runs being in either target-in (LAr fill) or target-out (GAr
fill) mode. The use of GAr during target-out runs was
accounted for by defining the effective target density as
ρeff = ρin − ρout. The transmission was then experimen-
tally determined as:

T (E) =
Nin(E)−Bin

Nout(E)−Bout
· Qout

Qin
(2)

where Nin/out is the number of neutrons observed during
target-in/out runs, Qin/out is the time-integrated beam
current from the CT monitor, and Bin/out is the experi-
mentally determined background rate.

The collected data was subjected to both run qual-
ity and individual event selection cuts. Firstly, to min-

imize the impact of potential non-linearity between the
CT sensor and the neutron beam intensity, the analysis
only included the 95% of collected data taken while the
CT was near the maximum value. Secondly, data taken
around the time of target filling were rejected since dur-
ing these times, a roughly 30% excursion in the beam-
intensity normalized neutron event rate was observed,
which we surmise was caused by the unavoidable spilling
of LAr vapor into the brass collimators from the filling
dewar located above them. The rate returned to the
nominal value about 15 minutes after the end of the fill.
Thus, these filling times were removed from the analy-
sis by requiring that the post-fill rate return to at least
95% of the pre-fill plateau value. This cut removed about
12% of the target-in data. Thirdly, both detector PMTs
were required to have pulses within a 100 ns coincidence
window, and to pass a cut which removed re-triggered
events (i.e. two triggers from a single event). This last
cut removed a negligible number of actual signal events.
Following these cuts, there were 197k events recorded in
the ROI for target-in runs, and 85k for target-out.

CALIBRATION

Energy: The neutron detector recorded a time (tn)
and the proton beam pulse provided a start time (t0).
Together these gave a TOF which was used to determine
the velocity (v) and hence the kinetic energy (E) of each
event. These times were corrected for the average time
a neutron scattered inside the moderator (tmod), usually
referred to as the Moderator Function (MF). The MF
had been previously determined for LANSCE via Monte
Carlo simulation [18]. In the ROI this correction is typ-
ically 1-2% with a smearing of roughly 10% about the
mean. The velocity v is then a function of the TOF
t ≡ tn − t0:

v(t) =
Lfit

t− tmod(t) + tfit
(3)

where Lfit and tfit were parameters determined by fitting
LAr data to known resonances of aluminum and cad-
mium (both present in the beam line) and argon. The
best fit value of Lfit was 63.82±0.06m which agrees well
with physical measurements made along the beam line.
The parameter tfit (best fit 420 ± 29 ns) accounted for
time delays in the detector, cables, and DAQ, as well
as any residual difference between the actual and simu-
lated moderator response. In addition to the MF time-
smearing, the incident triangular-shaped neutron pulse
had a FWHM of 125 ns which led to a 53 ns uncertainty
in t0. These two factors dominated the energy resolution.
Target Density: Since the LAr in the target was always

slightly boiling, there was always a small fraction of GAr
present, which affected the overall target density. Thus,
a separate experiment to directly measure the density of
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the liquid-gas mixture in situ was performed. The mass
of the target assembly (M) as a function of dewar liquid
height (h) is given by: M(h) = M0 + (ρeff − ρair)V (h)
where ρeff is the effective density of the argon mixture,
ρair is the density of air, M0 is the mass of the empty
target, and V (h) is the volume of the target as a func-
tion of liquid height. M0 was measured using a precision
scale (±1 g in the range of the roughly 25 kg target as-
sembly mass), and V (h) was determined by filling the
target with known amounts of water and noting the level
on a steel ruler inside the dewar. The dry, empty tar-
get was then filled with liquid argon while sitting on
the precision scale. During the subsequent boil off, a
camera was used to simultaneously record the scale mass
M and the liquid level h, which were then analyzed to
give M(h). The observed boil off rate of 1.56L/hr dur-
ing this test was consistent with that observed during
the actual neutron beam runs. A target-in density of
ρin = 1.318± 0.017 g/cm3 was obtained, which included
a correction for ice-buildup on the target. This is 5.9%
lower than the nominal density [19] of pure liquid phase,
and implies that this fraction of argon gas was mixed in
the target during the beam runs. This resulted in an
effective density ρeff = 3.30 ± 0.04 atoms/barn. Addi-
tionally, a 1.3% upward adjustment in LAr density was
made to account for the difference in density at the al-
titude of Los Alamos (2300m) as compared to the lab
where the density test was performed (16m). The uncer-
tainty in the density measurement was taken into account
when calculating the overall experimental uncertainty.

BACKGROUNDS AND UNCERTAINTIES

Backgrounds: Measurement of the transmission from
Eq. 2 relied on subtracting background events, especially
for the GAr runs. The two major backgrounds were: (i)
scattered neutrons from times earlier than the ROI that
hit the detector at random later times, and (ii) gammas
from neutron capture on water in the moderator. Other
backgrounds such as “wrap-around” neutrons, prompt
moderator gammas, and random backgrounds from other
beam lines were determined to be insignificant.

To measure these major backgrounds, a standard tech-
nique [20][25] that utilizes resonances that scatter or ab-
sorb nearly all incident neutrons was used. Many beam
line components are made of aluminum, and thus there
are aluminum resonance features present in the data at
5.9, 35 and 88 keV. In addition, dedicated runs were made
with an additional 2.54 cm aluminum filter inserted into
the beam to further enhance these features. The back-
ground was then extracted at the resonance energy by
subtracting the expected counts given the calculated alu-
minum transmission from the observed counts, given by
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FIG. 2. The event rates and energy for a LAr and GAr filled
target as a function of TOF. Filled points are the extracted
background rates.

Bout(E) =
Nin,f (E)−Rin,f/out(E)Nout(E)T (E)

Rin,f/out(E) (1− T (E))
(4)

where T (E) is the calculated effective transmission of
neutrons with the aluminum filter, N(E) are the counts
in the bins at the resonance dips at 5.9, 35, and 88 keV
for the filtered case (in, f) and unfiltered case (out), and
Rin,f/out(E) is the ratio of filtered background to the
unfiltered background. This ratio is introduced to correct
background reduction due to filter attenuation.
Both the random-scatter neutron and the moderator

capture gammas are seen to be nearly flat in time within
our ROI [23] for our neutron beam. As the filter atten-
uation effect is non-negligible for the 2.54 cm aluminum
filter, it is corrected by Rin,f/out(E) = Bin,f (E)/Bout(E)
using an external measurement of the background com-
ponents from [23] and private communication with the
authors [24]. The ratio is Rin,f/out(EROI) = 0.755+0.021

−0.004,
with total uncertainties determined by applying Eq. 4 for
situations when Bout(E) consists entirely of gammas or
neutrons.
For LAr fill runs, gammas from the moderator were

heavily suppressed due to target thickness. A small back-
ground still remained, and thus an argon resonance at
77 keV was used to evaluate this near the ROI. This back-
ground is also expected to be flat in TOF.
Fig. 2 shows the GAr and LAr event rates as a function

of TOF and energy. The background rates are fit to a
constant resulting in a background contribution relative
to the signal in the ROI of about 0.14% for LAr and 7.1%
for GAr, where the one-sigma uncertainties (dotted lines)
are given by the flat fit to all background measurements.
Long-term Beam Line Stability: The cross section cal-

culation relies on the proportional nature between neu-
trons detected and the total integrated beam current, yet
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other than the 6Li detectors at the end of the beam line,
there is no monitor of the neutron flux once the proton
beam strikes the tungsten target. Since gaseous and LAr
data runs involve different target setups, the uncertain-
ties associated with the neutron beam in the target hall,
after the neutrons are created, are not canceled naturally
in Eq.2. To assess these uncertainties, event rates nor-
malized by beam current were analyzed as a function of
time for both air and LAr data, discussed below.

Air: The target was periodically run with air inside
instead of liquid or gaseous argon. These air data, due
to similar densities and neutron cross sections, was used
as a surrogate for long-term beam line stability of GAr
data. This assessment includes any systematic effects
from changing atmospheric pressure. Three days of air
data showed a daily modulation correlated closely to out-
side air temperature, and consistent across energies be-
low, within, and above our ROI. Due to the close cor-
relation to temperature, we suspect the effect is due to
misalignment from the thermal expansion and contrac-
tion along the entire length of the beam line. The com-
bined uncertainty on median air event rate is taken as an
asymmetric systematic of +3.14% and −3.93% [22].

LAr: LAr data did not show the same modulation as
the air data. A measurement of the event rate as a func-
tion of time for LAr includes event rate decrease from ice
build-up on the kapton windows and also the cuts used
to remove periods of refilling. The combined uncertainty
on median LAr event rate is taken as an asymmetric sys-
tematic of +0.69%, and −1.06% [22].
Target Density: As described in the calibration section,

this was measured with a systematic uncertainty of 1.3%.
After the selection cuts, several other systematic uncer-

tainties were determined to be negligible, including those
from: non-linearity between the beam intensity and CT
measurement, dead time in the DAQ system [22], PMT
afterpulsing [22], and contamination of the argon gas.

The absolute energy calibration was limited by the sta-
tistical uncertainties on the fitted parameter δ(tfit) =
29 ns, and the contribution from δ(Lfit) = 0.064 m was
negligible. No systematic uncertainty for energy resolu-
tion was applied to the cross section results, which are
reported here as a function of measured energy.

The total systematic uncertainties on transmission and
cross section are estimated for each energy point by us-
ing a toy Monte Carlo simulation where all relevant pa-
rameters are allowed to vary simultaneously around their
central values. The resulting spreads within the 68th per-
centile around the central-value measurements of trans-
mission and cross section are taken as the total system-
atic uncertainties.
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FIG. 4. Neutron-argon total cross section as a function of
energy. Also shown are the EXFOR evaluation and the ENDF
evaluation smeared by the ARTIE energy resolution.

CONCLUSIONS

Using the TOF data and measured backgrounds, the
transmission T is calculated from Eq. 2 and the cross
section from Eq. 1. The central value of each TOF bin
is converted to energy using Eq 3. Fig. 3 shows the
transmission as a function of energy for the range 20-
70 keV. The measured neutron-argon total cross section
as a function of kinetic energy is shown in Fig. 4. The
dashed red and blue lines represent the EXFOR database
[14] and ENDF evaluation, and the solid blue line is the
ENDF prediction smeared by the ARTIE energy reso-
lution. The beam energy resolution does not allow us
to see the sharp features near 60 keV. It can be seen
that, for energies below 40 keV the data is in good agree-
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ment with the EXFOR database, [13], while the ENDF
evaluation shows slightly higher cross sections. Between
40 and 70 keV, ARTIE data is in better agreement with
ENDF, confirming the existence of the cross section dip.
As a cross-check of our experimental setup and analy-
sis technique, the transmission for carbon was measured
from data collected with two 0.125±0.010” thick carbon
(99.999% purity) disks [21] attached to the target while
filled with GAr. There was good agreement between the
measured (0.73+0.03

−0.05) and predicted (0.72) transmission
in the ROI with χ2/NDF = 2.7/6, which confirms the
analysis’ methodology.

In conclusion, our results confirm a dip in the total
cross section in the region of 50 − 60 keV. The point
at 54.9 keV is found to have the lowest cross section of
σ = 0.0339 ± 0.0087(stat.)+0.0175

−0.0112(sys.) b. These results
can now be used to reliably predict neutron transport
to the level required in current and future experiments
using liquid argon.
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