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The NEWS-G collaboration uses Spherical Proportional Counters (SPCs) to search for weakly
interacting massive particles (WIMPs). In this paper, we report the first measurements of the
nuclear quenching factor in neon gas at 2 bar using an SPC deployed in a neutron beam at the
TUNL facility. The energy-dependence of the nuclear quenching factor is modelled using a simple
power law: αEβnr; we determine its parameters by simultaneously fitting the data collected with the
detector over a range of energies. We measured the following parameters in Ne:CH4 at 2 bar: α =
0.2801 ± 0.0050 (fit) ± 0.0045 (sys) and β = 0.0867 ± 0.020 (fit) ± 0.006(sys). Our measurements
do not agree with expected values from SRIM or Lindhard theory. We demonstrated the feasibility
of performing quenching factor measurements at sub-keV energies in gases using SPCs and a neutron
beam.

I. INTRODUCTION

One of the main challenges in particle astrophysics is
the search for dark matter. This effort has largely fo-
cused on a favored class of low-mass particle candidates
called Weakly Interacting Massive Particles (WIMPs)
[1]. The direct detection of such particles relies on the
detection of nuclear recoils of a few keV generated by
elastic scatterings on a target nucleus. The detection of
Coherent Elastic Neutrino-Nucleus Scattering (CEνNS)
[2] to probe neutrino [4], nuclear [5] and new physics [3]
also relies on low-energy nuclear recoils.

∗ Corresponding author: marie.vidal@queensu.ca

New Experiments with Spheres-Gas (NEWS-G) is an
experiment that uses Spherical Proportional Counters
(SPCs) to search for WIMPs [6] [7]. The collabora-
tion is also interested in using this technology to detect
CEνNS. In SPCs, the signal of both direct dark matter
detection and CEνNS consists of nuclear recoils from
elastic scatters of either dark matter or neutrinos. SPC
detectors have appealing features for light dark matter
searches and CEνNS detection, such as sub-keV sensi-
tivity allowed by a high amplification gain and a low
intrinsic electronic noise, due to the low capacitance
of the sensing electrode. SPCs can be operated with
light noble gases (helium, neon) in order to maximize
the transfer of momentum from the incoming low mass
particle (i.e. < few GeV/c2) to the recoiling nucleus.

The energy calibration of detectors is generally
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achieved using gamma sources inducing electronic re-
coils in the target material. However, the number of
ionized atoms from a nuclear recoil and an electronic
recoil of the same energy is different; the nuclear recoil
appears “quenched” in comparison to the electronic re-
coil, due to energy dissipation via other channels. The
ratio between the number of ionized atoms from a nu-
clear recoil and an electronic recoil is called the nuclear
ionization yield, or nuclear quenching factor (QF). This
energy-dependent quantity is essential in understanding
the sensitivity of the detector to nuclear recoils. Many
quenching factor measurements have been done for semi
conductor and scintillator detectors [9]. The collabora-
tion for the EDELWEISS dark matter experiment [10]
has measured the QF in Ge between 20 and 100 keV
[10], while the CDMS collaboration, also searching for
dark matter [12], measured the QF in Si between 7 and
100 keV. The COHERENT collaboration, focusing on
studying CEνNS [14], has measured the QF for CsI[Na]
between 5 and 30 keV. However, few quenching factor
measurements have been done on gas mixtures: 4He
and isobutane [16], [17]. To the best of our knowledge,
there are no existing quenching factor measurements in
pure neon or a mixture of neon and methane, the latest
being the primary gas mixture used by the NEWS-G
collaboration. To investigate nuclear recoil energies in
the region of interest for a 0.5 GeV to few GeV WIMP
mass, a suitable neutron energy beam producing sub-
keV recoils is necessary.

In order to understand the response of SPCs to nu-
clear recoils in Ne + CH4 (2 %), used for NEWS-G dark
matter searches, we organized a measurement campaign
at the Triangle Universities Nuclear Laboratory facility
(TUNL) in February 2019. This work presents the first
measurement of QF in Ne+CH4 (3 %) gas for nuclear
recoil energies from about 0.34 up to 6.8 keVnr, repre-
senting the mean of the nuclear recoil distributions.
The paper is structured as follows: the experimental
set-up is described in Section II. Section III presents
the analysis methodology and finally Section IV dis-
cusses the results.

II. EXPERIMENTAL SET-UP

The experimental method was as follows: a target
detector is exposed to a neutron beam and the scattered
neutrons are recorded by backing detectors (BDs), see
Fig. 1.
The target detector consists of a 15 cm diameter SPC
produced by the NEWS-G collaboration. The neutron
beam, the backing detectors and the data acquisition

system were provided by the TUNL facility. The various
elements of the experiment are described in this section.
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FIG. 1. Scheme of the experiment, not at scale. The protons
interact with the Li target, generating a neutron beam. A
neutron scatters off a nucleus, in the “south hemisphere”
(shaded region), with a scattering angle θ and is detected
by a backing detector (BD).

A. Spherical Proportional Counter (SPC): the
S15 detector

SPCs were proposed and developed since 2006 at the
CEA Saclay (Commissariat à l’Énergie Atomique et aux

Énergies Alternatives) [7]. This technology consists of
a grounded spherical metallic vessel filled with gas (e.g.
He, Ne, Ar, CH4). At its center, a small spherical elec-
trode a few mm in size, held by a rod, is set to high
voltage (HV) through a wire inside the rod. The elec-
tric field generated by the electrode drops off as 1/r2.
The volume of the SPC has a large region where the
electric field is low (few V/cm), where the e-/ion drift,
and a small region where the electric field is high (hun-
dreds of µm) in the vicinity of the anode and triggers
an amplification process via a Townsend avalanche [8].

The diffusion of the primary electrons in the drift
region has a direct impact on the distribution of their
arrival times in the high field region [18]. Thus, discrim-
ination between surface events associated with high rise
times and volume events which have smaller rise times
is possible.

A 15 cm diameter aluminum SPC with 3 mm thick
walls was filled with 2 bar of a Ne + CH4 (3 %) gas mix-
ture. The sensor was a 2 mm diameter metallic ball, set
to a positive HV of 1700 V. The signals were read out
using a Canberra 2006 pre-amplifier capacitively cou-
pled to the sensing electrode. With such a simple sensor
design (no electric field corrector [18] [19]), the electric
field of the “north hemisphere”, containing the rod, is
expected to suffer inhomogeneities. Fig. 2 shows the
electric field lines in our SPC. The neutron beam was
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FIG. 2. Electric field lines for a spherical proportional
counter with a simple sensor design [25] [26]. Only half of
the SPC is shown due to symmetry.

aimed at a portion of the volume in the southern hemi-
sphere where the field is homogeneous, see Fig. 1. To
allow for energy calibration with low energy X-rays from
a 55Fe source, the SPC shell was modified to create a
thin window, at the south pole location, see Fig. 2.

B. Neutron beam

Protons from the 20 MeV Van De Graaf accelerator at
the TUNL facility were used to produce neutrons. Neg-
ative hydrogen isotopes are extracted from an ion source
to produce a 400 ns periodic pulsed proton beam [21].
The beam is focused onto a target made of a 700 nm
lithium fluoride (LiF) layer on a tantalum foil which
produces a monochromatic neutron beam at a given an-
gle through the reaction:

p + 7Li −−→ n + 7Be + γ (1)

A Beam Pickoff Monitor (BPM) was used to iden-
tify when the pulsed proton beam interacted in the Li
target region, and thus, when neutrons were produced.
The neutron beam energy was determined using the dif-
ference in time of flight (TOF) between neutrons and
gammas, from the lithium target to a liquid-scintillator
based backing detector. The neutron energy was deter-

mined to be 545 ± 20 keV at a forward angle of zero de-
grees, from the distribution of the TOF measurements.

C. Scattered neutron detectors

Scattered neutrons were recorded by “backing” detec-
tors (BDs) consisting of a liquid scintillator EJ-309 cell,
from Eljen [22], coupled to a Hamamatsu R7724 pho-
tomultiplier tubes [23]. The properties of this liquid
scintillator allowed neutrons and gammas to be differ-
entiated by pulse shape discrimination (PSD). The PSD
method relies on different ionization density, which pro-
duces different scintillation signals characteristics.

Knowing the incident neutron energy and the scat-
tering angle, the nuclear recoil energy deposited in the
SPC can be determined through kinematics [24]:

Enr(θs, En) = 2En
M2
n

(Mn +MT )2
×(

MT

Mn
+ sin2 θs − cos θs

√(
MT

Mn

)2

− sin2 θs

)
,

(2)

where θs is the scattering angle of the neutron with
respect to its initial trajectory, En is the incident
neutron energy, Mn is the neutron mass and MT is the
target mass of the nucleus.

Eight BDs were arranged on an annulus structure
with a radius of 29.4 cm allowing multiple backing de-
tectors to record neutrons for a given scattering angle.
By changing the distance between the SPC and annulus
structure, this configuration allowed us to vary the scat-
tering angle and record nuclear recoil energies ranging
from 6.8 keVnr down to 0.74 keVnr, see Table I.

A second configuration was adopted to reach the
lowest energy recoils in order to increase statistics. We
used three pairs of BDs placed at about 1 m from the
SPC and set at three different scattering angles. The
smaller scattering angle, of 6.3 o, allowed us to reach
a desired 0.34 keVnr nuclear recoil energy. The two
additional energies overlapped energies taken with the
annulus structure during this campaign, see Table I.
To reduce the number of gamma rays and undesired
scattered neutrons interacting in the SPC, the lithium
target and beam line (collimator) were shielded with
lead and high-density polyethylene and the backing
detectors were shielded from gammas with 2 mm thick
lead caps.
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Run Enr [keVnr] σEnr [keVnr] θ [o] σθ [o] Distance [cm] Exposure

8 6.80 1.15 29.02 ± 0.4 2.45 44.6 ± 0.4 4h
7 2.93 0.46 18.84 ± 0.1 1.47 77.9 ± 0.2 7h14
14 2.02 0.29 15.63 ± 0.3 1.12 103.4 ± 1.6 36h21
9 1.70 0.26 14.33 ± 0.06 1.1 106.8 ± 0.1 16h
10 1.30 0.2 12.48 ± 0.05 0.94 124.7 ± 0.1 23h
14 1.03 0.2 11.13 ± 0.3 1.1 103.7 ± 1.5 36h21
11 0.74 0.11 9.4 ± 0.03 0.69 169.3 ± 0.08 33h22
14 0.34 0.11 6.33 ± 0.26 1.1 104.4 ± 0.5 36h21

TABLE I. Table with the chosen nuclear recoil energies, their corresponding scattering angles (from measurements taken on
site), the distance from the SPC to the BDs and time exposures. Run 7, 8, 9, 10 and 11 were recorded with the annulus
structure, while run 14 recorded three nuclear recoil energies simultaneously.

FIG. 3. Example of SPC raw pulse. FIG. 4. Example of SPC treated pulse.

D. Data acquisition and processing

The Data Acquisition System (DAQ) was set up to
trigger on a single BD, which would trigger a SIS3316
digitizer to record traces from all of the BDs, the SPC
and the BPM, sampled at 250 MHz. Because the DAQ
triggers on the BDs and not on the SPC, we recorded
SPC signals without an energy threshold.

The SPC pulses were treated by de-convolving the
electronic response of the pre-amplifier and the ion drift
from the recorded signal [25]. Fig. 3 and 4 show an
example of raw pulse and the resulting treated pulse re-
spectively. This method corrects for the ballistic deficit
effect on the amplitude and the rise time of the pulses.
The rise time gives an estimation of the diffusion of the
primary electrons along their drift toward the anode and
thus of the radial distance of the event. The rise time is
calculated between 10 and 90 % of the pulse amplitude.
The recorded quantities determined from the recorded
signals and used in the analysis are the following :

– Amplitude of the pulse, from the deconvolved dig-
itized SPC pulse: corresponds to the energy esti-
mator for the event.

– Rise time of the pulse, from the deconvolved dig-
itized SPC pulse,

– “Onset time”: the time between the BD pulse
(trigger of the DAQ) and the SPC pulse. It is
defined as the time between the interaction and
the start of the pulse, i.e. the drift time of the
electrons to the anode minus the TOF between
the interaction time and the BD. Since the TOF
of the scattered neutrons from the SPC to the BDs
is of the order of a few hundred nanoseconds, while
the drift time of the primary electrons in the SPC
is of the order of tens of µs, the onset time is es-
sentially equal to the drift time of electrons in the
SPC.

– BPM time: the time between the BD pulse and
the BPM, measures the total TOF and allows for
events outside the beam pulse window to be re-
jected,

– The neutron/gamma pulse shape discrimination
parameter, PSD, calculated from digitized BD
pulse. It is the ratio of the total integrated pulse
to the integrated charge in the tail of the pulse.
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FIG. 5. 55Fe data with beam ON. Rise time as
a function of energy of the events. The popula-
tion of events at 25 000 ADC and between 1 and
1.51µs corresponds to 55Fe events, see text for
more details.

FIG. 6. 55Fe energy spectrum extracted from rise
time cuts: between 1 and 1.51µs. The red curve is
the fit to the data using the model described in the
text. The fit allowed to extract the energy scale of
the experiment.

The DAQ configuration was set up with a trigger de-
lay of 40µs. It was applied to the SPC traces in order
to center the traces within the 120µs pulse recording
window used for the SPC data.

Details of the runs are given in Table I.

E. Energy calibration and gain monitoring

The energy calibration of the SPC was carried out in-
situ using an 55Fe source placed next to the calibration
window at the south pole of the SPC.

The calibration data monitored the gain of the SPC
every hour with the beam on. To select 55Fe events, we
applied a strong rise time cut from 1 to 1.51µs to reject
background events, see Fig. 5. This allowed the 5.9 keV
peak [27] to be extracted, see Fig. 6. We modelled the
55Fe peak with a Gaussian and the background with
a sum of a complementary error function with a lin-
ear function for the background, see Fig. 6. The mean
value of each peak returned by the fit of each calibra-
tion data set was extracted and used to monitor and
correct the energy scale as a function of time, see Fig.
7. The gain changed by 5 percent during the 250 hours
of data taking. The energy of the SPC events were then
corrected using the fit results of the energy scale as a
function of time. The averaged energy conversion factor
is 0.23 eV/ADC.

The linearity of the energy response of the detec-
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FIG. 7. Energy scale determined by the 55Fe calibration
source as a function of time: blue data points. This data
were then fitted with a piecewise linear function, shown in
red.

tor was inferred based on existing calibration data with
other SPC detectors. In particular, the energy response
in neon gas was confirmed using 37Ar whose decay pro-
duces two monoenergetic lines at 2.82 keV and at 270 eV
in [28]. A study of a possible non-linearity of the detec-
tor response was performed to investigate any impact
on our results, it will be detailed in Section III C.
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FIG. 8. PSD as a function of the energy of the events in
a backing detector for run8’s configuration. We set the
PSD cut such that most gamma events would be rejected
and neutron events selected.
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FIG. 9. PSD as a function of TOF corresponding to
run8’s configuration. The TOF for gamma events asso-
ciated with the beam is 225 ns and TOF for neutrons is
centred at 350 ns.

III. ANALYSIS

A. Neutron run: event selection

We used several selection cuts to discriminate
nuclear recoil events from background events. A first
set of cuts to select events consistent with neutron
interactions in the BDs was performed. Fig. 8 shows
two populations: neutrons centred at a PSD of 1.7 and
gammas centred at 1.2. The events with a PSD larger
than 1.35 were selected. Second, we kept the events
with a TOF consistent with neutrons (target-BD). Fig.
9 shows the gamma and neutron events associated
with the beam as well as gamma events from ambi-
ent radiation. The TOF cut varies depending on the
annulus configuration, Table II lists the different values.

A second set of cuts are performed on SPC related
variables. We used the onset time variable to select
events consistent with neutrons scattering off of nuclei
in the SPC. As described above, the onset time distri-
bution is expected to show an excess of events starting
at 40µs due to the DAQ configuration. Fig. 10 shows,
indeed, an excess of events between 40 and 55µs corre-
sponding to nuclear recoils induced by neutrons. The
events with an onset time between 40 and 55µs were
selected. Fig. 11 shows the rise time as a function of
energy (run8) after the onset time cut. The population
of events between 1 and 4 keV is consistent with re-

Run number TOF cut [ns]

run 8 95 - 140
run 7 135 - 185
run 9 140 - 205
run 10 150 - 215
run 11 205 - 265
run 14 145 - 205

TABLE II. Table summarizing the TOF cut for the different
runs. The TOF varies depending on the energy run due to
the BDs distance relative to the SPC.

coil events. Finally, only the interactions in the volume
were kept, with rise times between 1 and 2µs. This cut
is used to reject track events such as muons (high rise
time) and a significant part of the noise (low rise time).
Fig. 12 shows the correlation between the rise time of
SPC events and their onset time, which is the drift time
of the events. This observed feature is characteristic of
interactions taking place in the volume of the detector.
The cuts in rise time and onset time were determined
from the scatter plots of the different runs.
The resulting energy spectra of all runs, after applying
all cuts above, are shown in Fig. 15 in Section IV.
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FIG. 10. Onset time spectrum for
run8 after PSD and TOF cuts. Ob-
servation of an excess of events be-
tween 40 and 55µs representing the
coincident events between the SPC
and the BDs.
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FIG. 11. Rise time as a function of
energy for run8 after PSD, TOF and
onset time cuts. The concentration
of events represents the neon nuclear
recoils. Events between 1 and 2µs are
selected to build the energy spectra.
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FIG. 12. Rise time as a function
of the onset time (drift time of the
events) for run8 after PSD and TOF
cuts. The population with correlated
rise time and onset time correspond
to volume events in the SPC.

B. Modelling of the recoil peak

The rather large spread in nuclear recoil energies,
the non Gaussian shape, and the energy dependence
of the quenching factor precludes the more traditional
method consisting in estimating the nuclear response
by computing the ratio of the energy spectrum mean
with the nuclear recoil energy obtained from kinemat-
ics.

The shape of the recoil distribution depends on
several factors, including the geometry of the SPC and
BDs, the energy of the neutrons, the quenching factor,
and other effects. In this Section, we derive the model
used to describe the expected recoil distribution.

The width of the recoil peak is strongly affected by
the scattering angle distribution, which is determined
by the geometry of the experiment. The beam had a
cross section of 5×5 cm2 at 2.54 cm from the exit of the
collimator and 6×6 cm2 at 27.94 cm. The cross section
of the beam is assumed to be square due to the collima-
tor hole having a square shape. The neutron beam cross
section was scanned and found to be approximately uni-
form, thus it was modelled as such. The scan of the
beam was performed in two locations along the beam
line and looked for differences in the neutron population
along the orthogonal plane to the beam line.

A Monte Carlo simulation recreating the geometry of
the experiment allowed us to model the distribution of
the scattering angle for each energy run, by simulating
the neutron interactions in the SPC and in the BDs.
Fig. 13 shows the simulated nuclear recoil energy

FIG. 13. Simulated nuclear recoil energy spectrum for a
distance between the annulus structure and the surface of
the SPC of 77.9 cm, which corresponds to run7. It takes
into account the neutron beam energy distribution and the
scattering angle distribution (geometry of the experiment).

spectrum for the run with a mean energy of 2.93 keV
(run7); the shape of the peak is due to the spread in
energy of the neutron beam as well as the distribution
in scattering angles resulting from the size of the SPC,
BDs and neutron beam.

Lindhard theory is often used to model energy losses
from recoiling nuclei [34], measurements in germanium
and silicon are consistent with the theory [35] [36] [37].



8

The model consists of 11 parameters and is energy de-
pendent.
We implemented a QF that varies with the energy as
each energy run samples a range of energies where
the QF varies. We opted for a simple 2 parameters
parametrization, used by the EDELWEISS collabora-
tion [39], which matched well their data. This simple
parametrization can model the quenching factor calcu-
lated by SRIM (Stopping and Range of Ions in Matter)
[38] and the quenching factor from the Lindhard theory.
The quenching factor is parametrized as follow:

QF (Enr) = αEβnr. (3)

This parametrization covers a wide range of shapes
depending on the values of α and β.

In order to predict the observed expected nuclear
recoil distribution, we need to model the response
of our detector. The primary ionization electrons
created from the recoiling nucleus drift towards the
detector anode, resulting in an avalanche of secondary
ionization electrons, greatly amplifying the signal
[18]. The primary ionization process is modelled by
assuming that the number of primary ionized atoms
follows a Poisson distribution, whose mean depends
on the scattering angle, the neutron energy and QF.
This choice is motivated by the rather broad recoil
energy distribution, which include greater dispersion
than anticipated for primary ionization in neon with
an expected Fano factor of approximately 0.2 [28] [29].
The number of secondary electron/ion pairs is modelled
using a Polya distribution [30], [31], [32], [33]:

PPolya(S) =
1

〈G〉
(1 + θp)

1+θp

Γ(1 + θp)

(
S

〈G〉

)θp

× exp

(
− (1 + θp)

S

〈G〉

)
,

(4)

where S is the number of secondary electrons for a single
primary electron entering the avalanche region, 〈G〉 is
the mean gain and θp governs the shape of the distribu-
tion. Each electron’s avalanche is considered indepen-
dent from the others, thus the probability of creating S
secondary electrons given N primary electrons reaching
the avalanche region is given by the Nth convolution of

the Polya distribution:

PN
th

Polya(S | N) =
1

〈G〉

(
(1 + θp)

(1+θp)

Γ(1 + θp)

)N(
S

〈G〉

)N(1+θp)−1

× exp

(
− (1 + θp)

( S

〈G〉

))

×
N−1∏
j=1

B(j + jθp, 1 + θp)

(5)

where B(x, y) is the Beta function.

There are residual fluctuations of the gain through-
out the volume of the detector due to the anisotropy
of the electric field lines. The volume sampled by
the 55Fe calibration with 5.9 keV X-rays is smaller
than the volume sampled by the nuclear recoils. A
Geant4 simulation [40] showed that about 70 % of 55Fe
events are located in the south hemisphere. Therefore,
we include a term that allows the energy scale to
fluctuate following a normal distribution, with mean 1,
normalized to the ADC/eV conversion factor measured
above, and standard deviation σa.

The two most abundant isotopes of neon were in-
cluded in the model: 20Ne and 22Ne with 90.48 % and
9.25 % abundance. The interaction rates of neutrons
with each isotope was calculated using Geant4, 20Ne
representing 92.4 % of the interactions and 22Ne 7.6 %.
It was assumed that the two isotopes have the same
quenching factor and W-value (mean ionization energy
necessary to create an electron ion pair). The other
isotopes present in the gas mixture were carbon and
hydrogen. Using the same Geant4 simulation, the in-
teraction rates on carbon and hydrogen are 1.7 % and
11.9 % respectively. The interactions on these isotopes
were not included in the model; the contribution from
carbon recoils are negligible in comparison to the neon
recoils and the proton recoils take place outside of the
energy range covered by the joint fit.
Finally, a study of the reconstruction efficiency and rise
time cuts was performed and modelled by an error func-
tion:

ε(jpe) = ae × erf

(
jpe − be
ce

)
, (6)

where ae, be and ce are coefficients of the model
function and jpe the number of primary electrons.
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From fitting Equation 6 to the simulated data to mea-
sure the energy reconstruction efficiency, we obtained
ae = 0.874, be = -0.12 and ce = 8.01.

The probability density function of getting the energy
xi from a recoil event, is given by:

Ps(xi) =

Npe∑
jpe=1

(
ε(jpe)

∫
a

PN
th

Polya(xi | a, jpe, I)

× Pa(a | µa, σa)

∫
θs

∫
En

PPoisson(jpe | µjpe(θs, En, α, β, I))

× Pθs(θs | µθs , σθs)PEn
(En | µEn

, σEn
)
)

(7)

where I denotes fixed parameters of the model that are
not specified: the mean gain: 〈G〉=1000, the W-value
and θp: 27.6 eV and 0.12 respectively [28]. Pa, Pθ and
PEn

are the distributions of the energy scale, the scat-
tering angle and the neutron energy respectively. They
are modelled as normal distributions with means: µa,
µθs and µEn

and standard deviations: σa, σθs and σEn
.

a is the energy scale, En is the neutron energy, θs is the
scattering angle, Npe is the maximum number of pri-
mary electrons, α and β the parameters of the quench-
ing factor function. The recoil energy spectra from the
data can then be fitted using the above Equation 7, in
order to determine α and β, and thus the energy depen-
dence of the quenching factor.

C. Analysis approach

Because of the overlap in energy from one energy run
to another, see Fig. 14, a joint (or simultaneous) un-
binned fit over the data sets from the different run con-
figurations of the model was performed. Hence, the en-
ergy ranges common to different energy runs provide an
increased statistical accuracy on the quenching factor.
The analysis threshold was set to 100 eV to avoid the
noise events at very low energies. The likelihood func-
tion for the number of events in the data as a function
of energy was used:

− ln(L) = −
N∑
i

ln
(
Ps(xi)fs + PBG(xi)fBG

)
, (8)

where Ps is the probability density of getting the energy
xi from a signal event, given in Equation 7 and fs is the
fraction of expected signal events. PBG is the probabil-
ity density for the background events and is assumed to

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Energy [keVee]

run 8
run 7
run 9
run 10
run 11
run 14 0.3 keV

FIG. 14. Energy spectra extracted from the results of the
fit for 6 energy runs: 8, 7, 9, 10, 11 and 14 0.34 keVnr, that
shows the overlap between the different runs.

be uniform in energy based on the background energy
spectra built with the onset time cuts out of the signal
window. The events selected are environmental radia-
tion, which gives us a good estimate of our background
in the signal window. fBG is the fraction of expected
background events.
The final function to minimize includes Gaussian priors
on the scattering angle means, coming from measure-
ments provided in Table I, in order to include systematic
uncertainties from our measurements. The posterior for
1 energy run is therefore:

− ln(P ) = −
N∑
i

[
ln

(
fs

(
0.924P

20Ne
s (xi)

+ 0.076P
22Ne
s (xi)

)
+ fBGPBG(xi)

)
− ln(pθs(θi))

]
,

(9)

where pθs is a Gaussian prior on the angle.
Finally, the sum of the 8 negative log-posteriors (8 runs)
is minimized:

ln
(
P (I, fs, α,β, θs, σa|xi)

)
=

runs∑
j

ln
(
Pj(I, fs, α, β, θs, σa|xi)

) (10)

The fraction of expected signal events for each run,
the parameters of the quenching factor, α and β,
the scattering angle mean for each run, θs, and the
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standard deviation of the energy scale distribution,
σa, are free parameters of the fit. The quenching
factor parameters and the standard deviation of the
energy scale are common to all energy runs, thus
constrained by all the data sets. Overall, the fit has 19
free parameters (fs and θs for each energy run, α, β
and σa) and 6 fixed parameters (En, σEn

, σθs , θp, the
W-value and the mean gain). fs and σa were bounded
by limits between 0 and 1.
The fit was performed using iminuit [42], which is
a python package based on the Minuit minimization
library [43]. We fit over different energy ranges de-
pending on the data set, see Table III.

In addition to fitting all of the energy runs simulta-
neously, we fit each run independently for comparison.
Only the standard deviation of the energy scale distri-
bution (fluctuation of the gain) was fixed because it is
a common parameter of the energy runs. We were thus
able to extract independent quenching factors for each
run and compare them with the joint fit results. This
will be discussed in the next section.

Table V summarizes the different sources of uncer-
tainties studied. As mentioned before, the systematic
uncertainties on the mean scattering angle is accounted
for directly in the fit by floating the mean scattering
angle. The uncertainties from the neutron energy and
the baseline noise fluctuation have a negligible impact
on the quenching factor parameters and the quench-
ing factor. The impact from a non-linear response of
the detector (±0.7 % [28]) and the efficiency curve were
studied and have a small impact on the quenching fac-
tor: up to 0.7 % and 0.8 % respectively. The systematic
uncertainties from these two sources will be reported
decoupled from the other errors in Section IV.

IV. RESULTS AND CONCLUSION

A. Results

In this work, we measured the nuclear recoil response
of 2 bar of Ne + CH4 (3 %) in a SPC. The data were
simultaneously fitted using the minimizer Minuit. The
energy runs were fitted using different energy ranges.
To model the recoil events the fit takes 19 free param-
eters, which include α and β, the parameters of the
quenching factor function. The background is modelled
by a uniform contribution in energy.

Fig. 15 shows the eight energy spectra, after all
cuts were applied, with the results of the fit, which

Run number χ2 ndf χ2/ndf P-values Emax [keV]

run 8 89.55 82 1.09 0.26 6
run 7 67.46 80 0.84 0.84 3
run 9 59.75 78 0.77 0.93 2
run 10 74.74 77 0.97 0.55 1.4
run 11 65.79 81 0.81 0.89 0.8

run 14: 2 keV 140.4 87 1.69 2.5e-4 2.
run 14: 1 keV 92.75 89 1.04 0.37 1.4

run 14: 0.34 keV 88.75 87 1.02 0.43 0.8

TABLE III. Summary table of the χ2, number of degrees
of freedom (ndf), χ2/ndf and p-values for the joint fit to
all energy spectra. The last column gives the maximum
energies of the energy ranges covered by the fit.

show good agreement for the most part of the energy
runs except for run14 at 2 keV. The Pearson’s χ2/ndf
and the P-value were calculated for each run, and are
summarized in Table III. A possible explanation for
the poor fit in run14 at 2 keVnr could be the lack of
precision which the scattering angles were determined
for run14, as compared to the runs recorded with the
annulus structure. Thus, when giving the prior on the
scattering angles for run14, the error on the angle might
have been underestimated and thus over-constrained in
the fit.

The values returned for each free parameter are given
in Table IV. The expected fractions of signal events are
consistent with each other for the runs taken with the
annulus structure. The exposure time was adjusted so
that we would record similar statistics in each run. For
run14, the fraction of expected signal events decreases
with the energy, due to the angular distribution of the
scattered neutrons which favors 90 o angles, which is
observed from previous experiments [45].

The scattering angle means, θs, returned by Minuit
are consistent within 1σ error with the measurements,
except for run14 at 2 keV and 1 keV and run8, which
are at 3.7σ, 1.4σ and 1.17σ from their measured
scattering angle respectively.
The standard deviation of the energy scale distribution
is found to be 23.8 % in our model. This indicates
non negligible fluctuation of the energy scale, or gain,
throughout the volume of the detector we used. This
may also be attributed to larger than Poissonian
fluctuations in the NR recoil energy deposition process.

For comparison, we also fit each run individually, we
reported the modes of the energy runs from the annu-
lus structure, which provided the best accuracy for the
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FIG. 15. Multiple fit of all the data sets. In blue are the data arranged in a histogram and in red the fit (normalized to
the data) with the most probable values for the free parameters returned by the minimizer. Recall that the mean gain, the
W-value, θp and the neutron energy are fixed, and that the fraction of expected signal events for each run, as well as the
scattering angles, the standard deviation of the energy scale, σa, α and β are free parameters of the joint fit. The shaded
area indicates the energy region below the analysis threshold.

scattering angles, into the quenching factor as a func-
tion of Enr plot:

– run8: 6.5 keVnr

– run7: 2.9 keVnr

– run9: 1.7 keVnr

– run10: 1.3 keVnr

– run11: 0.74 keVnr

Fig. 16 shows the independent quenching factors
for runs 7, 8, 9, 10 and 11, in color, as well as the

quenching factor from the joint fit, in black. All error
bands correspond to 1σ error including statistical
errors and systematic errors from the scattering angles
returned by the fit. All of the errors reported were
calculated using the covariance matrix returned by
Minuit. The results from the individual fits are
consistent with the result from the joint fit, indicating
a suitable parametrization to model the quenching
factor. Fig. 16 also highlights how the model that we
used allows one to leverage multiple and overlapping
energy ranges to provide a stronger constraint on the
QF. The simultaneous fit over all energies also reduces
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Parameters Values Uncertainties Expected (θs)

fs8 0.922 0.020 -
fs7 0.947 0.022 -
fs9 0.954 0.018 -
fs10 0.958 0.023 -
fs11 0.898 0.035 -

fs14,0.34 keV 0.234 0.039 -
fs14,1 keV 0.668 0.033 -
fs14,2 keV 0.733 0.029 -

α 0.2801 0.0050 -
β 0.0867 0.020 -
θ8 28.55 0.34 29.02 ± 0.4
θ7 18.89 0.09 18.84 ± 0.1
θ9 14.33 0.06 14.33 ± 0.06
θ10 12.47 0.048 12.48 ± 0.05
θ11 9.41 0.033 9.4 ± 0.03

θ14,0.34keV 6.57 0.26 6.33 ± 0.26
θ14,1keV 11.55 0.18 11.13 ± 0.3
θ14,2keV 14.51 0.15 15.63 ± 0.3
σa 0.238 0.01 -

TABLE IV. Table summarizing the most probable values
of the free parameters returned by the fit and the expected
values for the scattering angles, θs and their uncertainties.
The eight fs are the expected fraction of signal events for
each energy run. α and β are the parameters of the quench-
ing factor function. Finally, σa is the standard deviation of
the energy scale (gain) distribution.

the effect of the correlation between α and β that
would otherwise lead to large uncertainties (see for
example error bands on runs 7, 9, and 10). The rather
small uncertainties at the mode of the recoil energy
distributions show that the size of the uncertainties
is driven by the statistics available at a given energy.
When fitting all the energy runs simultaneously, the
region around 2 keV has the most statistics, and is
thus where we have the strongest constraints on the QF.

A systematic uncertainty due to possible non-
linearities in the energy scale was investigated by
implementing a quadratic energy response. The
quadratic term was fixed in such a way as to produce
a maximum non-linearity of 0.7 % in the position of
the 2.82 keV peak from 37Ar when the 55Fe peak is
held fixed. The 0.7 % maximal non-linearity would be
consistent with data collected with a similar SPC filled
with 1.5 bar of Ne+CH4 (2 %) and described in [28].
The impact of the non-linearity by ±0.7 % is at most
of 0.7 % and 0.6 % on the quenching factor, at high
(10 keVnr) and at low energy (0.43 keVnr), respectively.

A systematic uncertainty due to the efficiency curve

was implemented by changing the rise time cut value
used to build such a curve. The value of the shift in
the rise time cut was ± 6 %. The impact of such source
of uncertainty is at most of 0.29 % and 0.8 % on the
quenching factor, at high (10 keVnr) and at low energy
(0.43 keVnr), respectively.

A systematic uncertainty due to possible electronic
offset, resulting in an energy response not going
through zero, was investigated. For this, we looked
at the noise peak energy spectrum, without cuts, and
its location relative to zero. We found that the mean
of the noise peak was at −13.7 ADU. The impact
of such offset is at most of 0.06 % and 1 % on the
quenching factor, at high (10 keVnr) and at low energy
(0.43 keVnr), respectively.

A systematic uncertainty due to the energy scale
uncertainty was investigated. The error on the mean
of the 55Fe calibration was on average is 1.35 %. The
impact of such uncertainty is at most 1.24 % and 1.3 %
on the quenching factor, at high (10 keVnr) and at low
energy (0.43 keVnr), respectively.

Bias and pull tests of the analysis framework were
performed on simulated data. These showed a small
bias in the fitted values of +0.34 % for α and -1.6 %
for β. Since these biases are small, we report them
as a systematic uncertainties. Their impact on the
quenching factor is at most of 0.07 % and 0.47 %,
at high (10 keVnr) and at low energy (0.43 keVnr),
respectively.

The different sources of uncertainties are listed in
Table V, with their impact on the parameters α and
β, as well as impact on the quenching factor. The
different impacts on the QF were estimated by looking
at the maximum differences between the QF with no
systematic uncertainty and the QFs obtained from the
different systematic uncertainties studies.

The quenching factor model tested a parametrization
of the form: QF (Enr) = αEβnr. The values of α and
β with the errors reported by Minuit (1st error: sta-
tistical and systematic from the scattering angle: fit)
and the systematic error from potential non-linearities
of the detector response (2nd error: sys), from the effi-
ciency curve, from the electronic offset, from the energy
scale and potential biases in the analysis are:

α = 0.2801± 0.0050 (fit)± 0.0045 (sys) and

β = 0.0867± 0.020 (fit)± 0.0069 (sys)

They apply to an energy range between 0.43 and
11 keVnr.
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α β QF(HE) QF(LE)

Noise 0.04 % 0.4 % Negligible Negligible
Efficiency curve 0.4 % 3.7 % 60.80 % 60.29 %

Non-linearity 0.21 % 4.6 % 60.60 % 60.70 %
Offset 0.21 % 4.6 % 60.06 % 61 %

Energy scale 0.21 % 4.6 % 61.24 % 61.3 %
Analysis bias -0.34 % +1.6 % 60.07 % 60.47 %

Total 1.6 % 6.9 % 62.9 % 61.1 %

TABLE V. Table summarizing the uncertainties investi-
gated for the analysis and their impact on α, β, and impact
on the quenching factor. The fluctuation of the baseline
noise has a negligible impact on the QF. The total system-
atic uncertainty counts the uncertainties from the efficiency
curve, the possible non-linearity, the electronic offset, the
energy scale and the analysis bias. The last two columns
evaluate the maximum impact on the quenching factor at
high and low energies (HE: 10 keVnr and LE: 0.43 keVnr)
from these sources of uncertainties considering the αs and
βs returned from the different studies. The last raw corre-
sponds to the total uncertainties on α, β and QF by adding
in quadrature the different systematic contributions from
the efficiency curve, the possible non-linearity, the electronic
offset, the energy scale and the analysis bias.

B. Conclusion

Lindhard theory is often used to compare with
experimental results. It shows reasonable agreement
in silicon and germanium but also in LXe and LAr
[41], [44]. Two measurements in gases were performed
in 4He and isobutane, [16] [17]. They showed some
discrepancy between Lindhard and their experimental
results as well as with the SRIM simulation. Fig. 17
shows the resulting QF as a function of the nuclear
recoil energy between 0.43 and 10 keVnr along with 1σ
uncertainty bands corresponding to errors from the
fit and systematic errors, compared to the Lindhard
theory and the SRIM simulation. The Lindhard theory
and the SRIM simulation are consistent with each
other, but not with our measurement. The quenching
factor extracted from the experiment and analysis is
larger than the theory below 9 keVnr. The maximum
discrepancy between our quenching factor and Lind-
hard/SRIM is 24 % at low energy (<1 keVnr). Our
results show that the quenching factor in neon is more
optimistic than expected, which allows us to to have
increased sensitivity compared to what is expected
from these models.

With this experiment we demonstrated the feasibility
of measuring the quenching factor of gas mixtures using
a Spherical Proportional Counter in a neutron beam
below 1 keV. To the best of our knowledge, it is the
first time that a quenching factor is extracted using a
joint fit using the αβ quenching factor parametrization,
so that the quenching factor is known for each energy
across the range covered: 0.43 and 11 keVnr. This is
also the first time such measurements were performed
in neon gas.

This work demonstrates the feasibility of performing
measurements of nuclear ionization quenching factors
using a spherical proportional counter. In the future,
dedicated measurement campaigns can derive precise
quenching factor measurements in neon and other gases.
These future measurements will aim to reduce uncer-
tainties related to the energy response of the SPC. This
will primarily be achieved by including an electric field
corrector to make the electric field, and hence the re-
sponse, uniform in the detector volume. The uniform
response of the detector will allow in situ energy cali-
brations with gaseous 37Ar source, providing X-rays at
270 eV and 2.82 keV [28], in addition to the 5.9 keV cal-
ibration point that can be obtained from 55Fe as was
used in this work. These additional energy calibration
points will enable stricter control of a number of effects,
for example any residual non-linearities in the energy re-
sponse. Furthermore, future measurements will explore
various gas mixtures and pressures in order to extend
the reach of the NEWS-G physics programs.
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VI. APPENDIX

We provide the covariance matrix to the reader, as it
was used to calculate the errors and take into account
any correlation between the different parameters.
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Parameters fs8 fs7 fs9 fs10 fs11 fs14,0.34 keV fs14,1 keV fs14,2 keV α β θ8 θ7 θ9 θ10 θ11 θ14,0.34keV θ14,1keV θ14,2keV σa

fs8 4.12e-4 7.65e-5 6.88e-5 6.98e-5 5.65e-5 1.99e-5 6.37e-5 8.07e-5 -1.27e-5 3.38e-5 -4.67e-4 -4.60e-5 8.60e-6 1.11e-5 2.86e-6 -2.94e-6 8.68e-5 -4.86e-5 7.03e-5
fs7 7.65e-5 4.91e-4 9.69e-5 1.02e-4 9.32e-5 3.68e-5 8.99e-5 1.09e-4 -7.63e-6 1.01e-5 -2.63e-4 8.20e-5 -1.33e-5 -4.04e-6 -5.97e-7 -3.79e-5 -1.60e-6 -1.49e-4 9.68e-5
fs9 6.87e-5 9.69e-5 3.42e-4 1.08e-4 1.11e-4 4.83e-5 9.15e-5 1.05e-4 4.03e-6 -4.04e-5 3.23e-4 -2.42e-5 6.64e-5 -2.55e-5 -6.18e-6 -3.50e-5 -1.43e-4 -2.23e-4 9.61e-5
fs10 6.98e-5 1.025e-4 1.08e-4 5.40e-4 1.37e-4 6.21e-5 1.02e-4 1.13e-4 1.38e-5 -8.25e-5 7.73e-4 -8.95e-6 -6.24e-5 7.16e-5 -1.12e-5 -3.60e-5 -2.71e-4 -3.12e-4 1.05e-4
fs11 5.65e-5 9.32e-5 1.11e-4 1.36e-4 1.23e-3 8.41e-5 1.06e-4 1.08e-4 3.45e-5 -1.78e-4 1.92e-3 6.20e-5 -1.01e-4 -8.32e-5 6.88e-5 -3.18e-5 -5.23e-4 -4.29e-4 1.05e-4

fs14,0.34 keV 1.99e-5 3.67e-5 4.83e-5 6.21e-5 8.41e-5 1.53e-3 4.66e-5 4.45e-5 2.11e-5 -1.07e-4 1.21e-3 5.29e-5 -5.44e-5 -4.68e-5 -1.23e-5 2.94e-3 -3.01e-4 -2.15e-4 4.55e-5
fs14,1 keV 6.36e-5 8.99e-5 9.15e-5 1.02e-4 1.06e-4 4.66e-5 1.13e-3 9.91e-5 3.70e-6 -4.68e-5 4.88e-4 3.80e-6 -2.84e-5 -2.23e-5 -6.07e-6 -3.38e-5 1.88e-3 -1.82e-4 9.12e-5
fs14,2 keV 8.07e-5 1.09e-4 1.05e-4 1.13e-4 1.08e-4 4.45e-5 9.91e-5 8.67e-4 -6.82e-6 -1.48e-5 1.81e-4 -1.13e-6 -4.00e-6 -4.10e-6 -2.02e-6 -4.29e-5 -1.75e-5 -3.00e-4 1.07e-4

α -1.26e-5 -7.63e-6 4.04e-6 1.38e-5 3.45e-5 2.11e-5 3.70e-6 -6.82e-6 2.48e-5 -7.96e-5 6.71e-4 -1.54e-5 -7.20e-5 -5.06e-5 -1.10e-5 -8.51e-6 -3.07e-4 -2.41e-4 -3.13e-6
β 3.38e-5 1.01e-5 -4.04e-5 -8.25e-5 -1.78e-4 -1.07e-4 -4.68e-5 -1.48e-5 -7.96e-5 4.30e-4 -5.61e-3 -4.23e-4 1.21e-4 1.41e-4 4.22e-5 1.07e-6 9.91e-4 3.55e-4 -3.95e-5
θ8 -4.67e-4 -2.63e-4 3.23e-4 7.73e-4 1.92e-3 1.21e-3 4.88e-4 1.81e-4 6.72e-4 -5.61e-3 1.15e-1 9.25e-3 3.72e-4 -8.76e-4 -4.23e-4 -2.16e-4 -8.12e-3 2.58e-3 5.78e-4
θ7 -4.60e-5 8.20e-5 -2.42e-5 -8.95e-6 6.20e-5 5.29e-5 3.80e-6 -1.12e-6 -1.54e-5 -4.23e-4 9.25e-3 8.01e-3 3.85e-4 1.10e-4 -8.49e-6 -6.87e-5 2.65e-4 1.53e-3 4.37e-5
θ9 8.60e-6 -1.33e-5 6.64e-5 -6.24e-5 -1.02e-4 -5.44e-5 -2.84e-5 -4.00e-6 -7.20e-5 1.21e-4 3.73e-4 3.85e-4 3.06e-3 1.69e-4 2.91e-5 -2.76e-6 9.26e-4 1.07e-3 -1.09e-6
θ10 1.10e-5 -4.04e-6 -2.55e-5 7.16e-5 -8.32e-5 -4.68e-5 -2.23e-5 -4.10e-6 -5.06e-5 1.41e-4 -8.76e-4 1.10e-4 1.69e-4 2.29e-3 2.23e-5 1.36e-5 6.44e-4 5.96e-4 -7.40e-6
θ11 2.86e-6 -5.97e-7 -6.18e-6 -1.12e-5 6.88e-5 -1.23e-5 -6.07e-6 -2.02e-6 -1.10e-5 4.22e-5 -4.23e-4 -8.50e-5 2.90e-5 2.23e-5 1.13e-3 1.51e-6 1.39e-4 9.90e-5 -3.74e-6

θ14,0.34keV -2.94e-5 -3.79e-5 -3.50e-5 -3.60e-5 -3.18e-5 2.94e-3 -3.38e-5 -4.29e-5 8.51e-6 1.07e-6 -2.16e-4 -4.87e-5 -2.76e-5 1.36e-5 -1.51e-6 6.87e-2 -7.21e-2 -6.38e-5 -3.96e-5
θ14,1keV 8.68e-5 -1.60e-6 -1.43e-4 -2.71e-4 -5.23e-4 -3.01e-4 1.88e-3 -1.75e-5 -3.07e-4 9.91e-4 -8.12e-3 2.65e-4 9.27e-4 6.44e-4 1.39e-4 -7.21e-5 3.21e-2 3.20e-3 -5.18e-5
θ14,2keV -4.86e-5 -1.49e-4 -2.23e-4 -3.12e-4 -4.29e-4 -2.15e-4 -1.82e-4 3.00e-4 -2.41e-4 3.55e-4 2.58e-3 1.52e-3 1.07e-3 5.95e-4 9.90e-5 -6.38e-5 3.20e-3 2.32e-2 -9.08e-5
σa 7.03e-5 9.68e-5 9.61e-5 1.05e-4 1.06e-4 4.55e-5 9.12e-5 1.07e-4 -3.13e-6 -3.94e-5 5.78e-4 4.37e-5 -1.1e-6 -7.40e-6 -3.74e-6 -3.96e-5 -5.18e-5 -9.08e-5 9.94e-5

TABLE VI. Covariance matrix for the joint fit performed to the data, provided by Minuit.

Parameters fs8 fs7 fs9 fs10 fs11 fs14,0.34 keV fs14,1 keV fs14,2 keV α β θ8 θ7 θ9 θ10 θ11 θ14,0.34keV θ14,1keV θ14,2keV σa

fs8 1.000 0.170 0.183 0.148 0.079 0.025 0.093 0.135 -0.125 0.080 -0.068 -0.025 0.008 0.011 0.004 -0.006 0.024 -0.016 0.347
fs7 0.170 1.000 0.236 0.199 0.120 0.042 0.121 0.168 -0.069 0.022 -0.035 0.041 -0.011 -0.004 -0.001 -0.007 -0.000 -0.044 0.438
fs9 0.183 0.236 1.000 0.252 0.171 0.067 0.147 0.194 0.044 -0.105 0.051 -0.015 0.065 -0.029 -0.010 -0.007 -0.043 -0.079 0.521
fs10 0.148 0.199 0.252 1.000 0.168 0.068 0.131 0.165 0.119 -0.171 0.098 -0.004 -0.048 0.064 -0.014 -0.006 -0.065 -0.088 0.453
fs11 0.079 0.120 0.171 0.168 1.000 0.061 0.090 0.105 0.197 -0.244 0.161 0.020 -0.052 -0.050 0.058 -0.003 -0.083 -0.080 0.302

fs14,0.34keV 0.025 0.042 0.067 0.068 0.061 1.000 0.035 0.039 0.108 -0.132 0.091 0.015 -0.025 -0.025 -0.009 0.286 -0.043 -0.036 0.117
fs14,1keV 0.093 0.121 0.147 0.131 0.090 0.035 1.000 0.100 0.022 -0.067 0.043 0.001 -0.015 -0.014 -0.005 -0.004 0.312 -0.036 0.272
fs14,2keV 0.135 0.168 0.194 0.165 0.105 0.039 0.100 1.000 -0.046 -0.024 0.018 -0.000 -0.002 -0.003 -0.002 -0.006 -0.003 0.067 0.367

α -0.125 -0.069 0.044 0.119 0.197 0.108 0.022 -0.046 1.000 -0.770 0.397 -0.035 -0.261 -0.212 -0.066 0.007 -0.343 -0.317 -0.063
β 0.080 0.022 -0.105 -0.171 -0.244 -0.132 -0.067 -0.024 -0.770 1.000 -0.797 -0.228 0.105 0.142 0.060 0.000 0.266 0.112 -0.191
θ8 -0.068 -0.035 0.051 0.098 0.161 0.091 0.043 0.018 0.397 -0.797 1.000 0.305 0.020 -0.054 -0.037 -0.002 -0.133 0.050 0.171
θ7 -0.025 0.041 -0.015 -0.004 0.020 0.015 0.001 -0.000 -0.035 -0.228 0.305 1.000 0.078 0.026 -0.003 -0.002 0.017 0.112 0.049
θ9 0.008 -0.011 0.065 -0.048 -0.052 -0.025 -0.015 -0.002 -0.261 0.105 0.020 0.078 1.000 0.064 0.016 -0.002 0.093 0.127 -0.002
θ10 0.011 -0.004 -0.029 0.064 -0.050 -0.025 -0.014 -0.003 -0.212 0.142 -0.054 0.026 0.064 1.000 0.014 -0.001 0.075 0.082 -0.016
θ11 0.004 -0.001 -0.010 -0.014 0.058 -0.009 -0.005 -0.002 -0.066 0.060 -0.037 -0.003 0.016 0.014 1.000 -0.000 0.023 0.019 -0.011

θ14,0.34keV -0.006 -0.007 -0.007 -0.006 -0.003 0.286 -0.004 -0.006 0.007 0.000 -0.002 -0.002 -0.002 -0.001 -0.000 1.000 -0.002 -0.002 -0.015
θ14,1keV 0.024 -0.000 -0.043 -0.065 -0.083 -0.043 0.312 -0.003 -0.343 0.266 -0.133 0.017 0.093 0.075 0.023 -0.002 1.000 0.117 -0.029
θ14,2keV -0.016 -0.044 -0.079 -0.088 -0.080 -0.036 -0.036 0.067 -0.317 0.112 0.050 0.112 0.127 0.082 0.019 -0.002 0.117 1.000 -0.060
σa 0.347 0.438 0.521 0.453 0.302 0.117 0.272 0.367 -0.063 -0.191 0.171 0.049 -0.002 -0.016 -0.011 -0.015 -0.029 -0.060 1.000

TABLE VII. Correlation matrix for the joint fit performed to the data.
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