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Motivation

! The uncertainty in the relative scintillation
efficiency of nuclear recoils at low energies
is the largest systematic uncertainty in the
reported results from LXe WIMP searches
at low WIMP masses

! A precise measurement of this quantity is
important for the interpretation of results
from such experiments
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 Measurement of relative scintillation efficiency 
(       ) in LAr/LXe to quantify WIMP 
detection sensitivity

The uncertainties in        of nuclear recoils 
    at low energy is the largest systematic 
   uncertainties in the WIMP searches at low 
   WIMP masses (Xenon 100) 

 At low energy the        should decrease
    according to model prediction
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Scintillation processes in LAr

 Excitons (       ) and electron-ion pairs are
   created along the particle track

 Free Excitons collide with ground states to form 
   Excimers(         ) which deexcite with emission of 
   a VUV scintillation light

 Deexcitation in singlet states(4 ns) and a triplet 
    state(1.6   s)

 A fraction of the ionization electrons will recombine with 
    Ar ions and produce a scintillation photon 
    (recombination)

 Electrons that thermalize far from their parent ions may 
    escape recombination

 Bi-Excitonic quenching
    can reduce the scintillation light yield
    in very dense tracks

µ
Ar∗ +Ar∗ → Ar + Ar + e−

Ar∗2

Ar∗
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Particle identification in LAr

different purity condition. Values for A remain unaffected (for purity conditions of τ2> 400 ns)
while B increases proportional to the measured τ2. From these results we conclude that other
quenching mechanisms, like VUV absorption by impurities, are not affecting light yields under
the present geometrical conditions and purity levels. All yields as well as component ratios
presented in the following are corrected for losses by impurities by the method presented here.

5. Time structure of the scintillation light
The well fitting exponential decay model assumes production and modification of excimer states
being completed on time scales shorter than the measured decay constants. Moreover the
experimentally observed invariance of lifetimes, i.e. their independence on ionisation densities,
rules out [23] the participation of these states in the fast processes of luminescence quenching
during production 3. However, in the temporal transition region between fast and slowly decay
modes, two component fits systematically underestimate the data. This situation can be
improved by the introduction of a third component in the fit function. The relative contribution
of such an extension scales with the value for CR and ranges between 3 and 7% of the total
integral [24], lifetimes vary between 50 and 200 ns. The nature of this effect is presently not
understood, possible explanations comprise PMT-after-glow and recombination light. In the
context of this work we exclude the transition region from the fit, until the results of a systematic
study on this effect, e.g. by measuring the electric field dependence of light pulse shapes.

In the following we compile measurements of component ratios determined from event-wise
likelihood fits for recoiling Ar nuclei, alpha particles and electrons. The former were induced by
2.45MeV neutrons from the generator, the second were emitted from the built-in 210Po source,
and the latter were induced by 511 keV photons from an external 22Na source, respectively. As
already mentioned the 210Po source was coated with a thin layer of plastic to degrade and spread
the energy of emitted alphas. Data for neutrons and alphas was purely triggered on signals in
the liquid argon, while an additional coincidence with an external detector was required for the
photon data to tag the emission of two 511 keV photons. This data was also used to determine
the time calibration for the time-of-flight (TOF) measurement for scattered neutrons as well
as the trigger roll off at small signal sizes. The latter is derived from the lower end of the
Compton spectrum. While photon and alpha data are practically background free, nuclear
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Figure 4. Left: component ratio vs. signal size for argon, alpha and electron recoils. The grey zones
illustrate the spread. Right: total stopping power (solid lines) and contributions (dashed lines).

recoils suffer from a contamination with inelastic collisions from neutrons with argon nuclei
producing photons. Due to the small geometric dimensions and the low kinetic energies however
these events are estimated not to contribute more than 7% to this data. A Monte Carlo study

3 Contrariwise quenching by impurities is a relatively slow process of destruction of (long lived) excimer states
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16 Search for dark matter with liquid argon

signal from recoil nuclei associated with neutrons is shown in fig. 3.17 around r = 0.8. This can
be proven by inserting a 11 cm thick polyethylene absorber, while a 4 cm lead sheet has no effect.
The accumulation of events around r = 0.3 is due to recoil electrons, the diagonal band due to ADC
saturation from α’s.

!

Neutron generator

(D D fusion)

Scattered

neutron

Recoil

nucleusTarget

Neutron

detector

(tagging)

n  (2.45 MeV)

Figure 3.18: Left: DD-neutron source. Right: neutron scattering experiment.

Even small neutron fluxes around 1 MeV are potentially dangerous since the neutron-argon cross
section is some 18 orders of magnitude larger than for WIMPs. It is therefore essential to investigate
the response of the dark matter detector to neutrons as a function of recoil energy. A decisive ad-
vantage of monoenergetic neutrons over radioactive sources (such as Am-Be) is the known incident
energy from which the energy transferred to the nucleus can be calculated by measuring the neutron
elastic scattering angle.

We have therefore purchased a neutron source from NSD-Fusion GmbH (fig. 3.18, left). The
source will deliver monoenergetic 2.45 MeV neutrons (107 s−1) from the reaction DD→ He

3
n. A

sketch of the experiment we intend to perform is shown in fig. 3.18 (right). The collimated neutrons
are scattered by a small liquid argon cell and detected at a given angle θ by a liquid scintillator counter.
We have estimated that, after collimation and using a 10 cm argon cell, we would obtain around 5
counts/s in the neutron detector. The purpose of the experiment is thus to measure the light yield as
a function of nuclear recoil energy which differs strongly from that of electronic excitation, due to
quenching.

In the 1t detector the probability for two or more neutron interactions is large enough to be mea-
sured precisely. This fraction can be measured with the DD-source and used to reduce the neu-
tron background during WIMP searches, since WIMP interactions do not lead to multiple scattering
events.

During 2008 the design of the DD-source was optimised in collaboration with the producer to
fulfil the safety and radiation requirements at CERN, so that the source could be operated in our
laboratory close to our offices. We had also to provide our own GEANT4 simulation of the expected
radiation levels in and around our laboratory (fig. 3.19). The apparatus includes a real time ambient
neutron dose monitoring system, and components for an operation interlock. A safety fence will be
installed to avoid access to the radiation area during operation.

The neutron source, including its 27 mm thick aluminium housing, is surrounded by a 1 m long
cylindrical shielding (50 cm of polyethylene). A hole, 10 cm in diameter, provides the collimated
beam of neutrons. The neutron energy spectrum of the neutrons exiting the collimator is shown in fig.
3.19, bottom. About 1.5% of the total neutron flux reaches the argon cell located at 1 m of the source.
A fraction of 20% of the neutrons have the initial energy of 2.45 MeV, while 60% are thermalized.

Meanwhile we have purchased a liquid scintillator cell from SCIONIX with a photomultiplier

Principle of the experiment
Relative scintillation efficiency (Zero E-field) : 

Se = Sn = 1In this work
Eee is the electron-equivalent energy expressed in keVee 

(nuclear recoil of visible energy         measured) calibrated using the 
light yield of 60 keV line    from the Am source

Enr is the true recoil energy expressed in keVr (energy calculated) 

Measurement performed by recording fixed-angle elastic scatters in LAr of monoenergetic neutrons tagged 
by organic liquid scintillator cell with          discriminationn/γ

Leff = Ynr
Yer

· Se
Sn

= Np.e,nr

Enr
· Eee
Np.e,er

· Se
Sn

= Eee
Enr

· Se
Sn

Enr =
2En

(AAr+1)2

�
(1 + AAr − cos2θ − cosθ

�
A2

Ar + cos2θ − 1
�
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Figure 2.2: Ar recoil energy versus scattering angle for 2.45MeV neutrons [20].

energy deposit it is important that the target has a mass similar to that of a neutron.

A proton recoil from a neutron scattering on a hydrogen nucleus produces a light signal

containing a slow and a fast component. This property is used to detect neutrons in

the trigger stage by the pulse shape discrimination module MPD-4 described in section

2.5.1. In the contrary to liquid Ar, a nuclear recoil in the organic liquid scintillator has a

higher fraction of light in the slow component than in the fast one in respect to electronic

recoils [25]. The amount of light produced by C recoils is strongly suppressed due to the

large mass difference and higher quenching [26].

The density of the scintillator is ρLSc 0.87 g/cm
3

corresponding to a H density of

ρH = ρLSc
6

5 · AC + 6
= 0.079 g/cm3, (2.5)

with AC = 12 the atomic mass number of carbon. Using equation 2.4 the interaction

probability of a neutron with a proton from the H atom in the 5” LSc (l=13 cm) is 0.84

using a cross section of σ =3b [27].

2.4 The liquid Ar cell

A scheme of the liquid Ar cell is shown in figure 2.3. The internal vessel contains very pure

liquid Ar. The active volume with a diameter of 74mm and a height of 78 mm is enclosed

by two PMTs and a reflector. The PMTs from Hamamatsu of the type R6091-01 have

a quantum efficiency of ∼ 15% [28]. Between the reflector and the 2mm thick stainless

steel vessel wall are 40mm of liquid Ar. The distance between the outside of the vessel

and the inside of the external dewar is 45 mm.

Pure Ar gas is condensed into the inner vessel. The necessary cooling is provided

by a mixture of liquid N2 and liquid Ar in the external dewar. Ar has an evaporation

14

γ
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The experimental setup, LAr Cell

value of Leff is expected to decrease towards low energies, mainly due to the increasing fraction
of nuclear stopping power, transferring energy to heat, described by Lindhard’s theory [9, 10].
Additional (luminescence) quenching, which is less well understood, arises at high ionisation
densities by interactions among the excited and ionised states created in the process of energy
loss to electrons (electronic stopping). The light yield of recoiling electrons is not affected by
nuclear effects and shows a linear response for energies above some tens of keV [11]. This allows
for the convenient comparison of the energy scales of both recoil types, where Eee represents the
(equivalent) energy of an electron to produce the same amount of light as a recoiling nucleus with
Energy Er. Electron yields are traditionally determined at the 122 keV line of 57Co. Electric
fields reduce the recombination of free charge carriers and decrease scintillation light [12]. In
the estimation of light yields this effect is taken into account by two energy and field dependent
correction functions Sn and Se, for nuclear and electronic recoils, respectively, which are unknown
for liquid argon. In liquid xenon [13, 14] values for Sn are close to unity while Se drops to below
0.5 at fields >1 kV/cm. This is due to screening effects at the large ionisation densities of nuclear
recoils. Thus the relative scintillation efficiency can be calculated by Leff= Ynr/Yer ·Se/Sn=
Eee/Er ·Se/Sn. In this work the values for Se and Sn are set to unity.

Liquid argon allows for a separate study of fast and slow components in the scintillation signal
due to the large difference in their lifetimes. The analysis of pulse shapes [15] is an important
tool for background discrimination in LAr dark matter detectors. Here we apply pulse shape
analysis to light yield studies in regions of both, low and high ionisation densities in a noble
liquid. In the following we present a brief overview of the experimental method and show first
results obtained from data recorded under neutron, alpha and gamma irradiation in liquid argon
at zero electric field.

2. Experimental Setup
We induce nuclear recoils in the liquid argon cell by fast neutrons (2.45MeV) from a deuterium-
fusion-generator made by the company NSD-Fusion, Germany. It delivers up to 2·106 isotropi-
cally emitted mono-energetic neutrons from the two-body reaction dd→ 3He+n (dd→ t+p is

Cryo-cooler

Neutron 
shield

Collimator

Reaction 
chamber

Neutron 
emission

point °

LAr cell

5” liquid scintillator

Top PMT

LAr level

Active
volume

Bottom PMT

Dewar

0.73 m 1 m

Figure 1. Setup of the scattering experiment with
neutron generator, shield and zoom on the LAr cell.

equally probable). The overall setup
was developed in collaboration with
the producer. The fusion rate in
the deuterium plasma is controlled
by an electrical DC field generated
by an adjustable constant current
(1-15mA) HV supply. The volt-
age to keep the plasma current sta-
ble (30-120 kV) is regulated indi-
rectly by the pressure of the deu-
terium gas which is released from
heated getter disks storing deu-
terium on their surfaces. Higher
voltage (lower gas pressure) pro-
duces higher fusion rates but also a
harder bremsstrahlungs background
spectrum. The environment is
shielded from neutron and X-ray
radiation by means of a 1600 kg
polyester cylinder with 2mm Pb
cladding (fig. 1) keeping the radia-
tion dose far below the limit of 2.5µSv/h imposed by CERN’s radiation protection requirements.
A safety area with access control and radiation interlock complete the setup. A polyethylene

 Stainless steel dewar with 133 mm inner diam.

 Stainless steel thickn. 1.5mm

 Active volume surr. by 30 mm LAr

 Height of the active volume 49 mm

 2 x R6091 3”PMT Hamamatsu, Pt underlay, QE 
~15% 

 Side reflector TTX,coated with TPB 1 mg/cm2

  PMT coating : evaporated TPB, 0.08 mg/cm2
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The experimental setup, neutron generator

Voltage [kV]
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(insuf. Pb shielding)

IG = 10mA (NSD manual)
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IG =  14/15mA

IG =  14mA

IG =  14/15 mA

NG Flux in 4π

Rates measured with 5” organic scintillator cell,
corrected for solid angles and acceptance (0.8)

with coll., using MPD4

without coll., 1mm Pb, using MPD4

with Coll., 1mm Pb, using MPD4

without coll., 1mm Pb, using MPD4

without coll., MatLab

without coll., 2.5cm Pb, MatLab

without coll., 2mm Pb, MatLab

without Coll., 2.5cm Pb, MatLab
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NSD-Fusion Tech. Note  NSD-188
Issue 1 Version B  7-12-2008

as confidential information for Dr. Regenfus, CERN

2.2.3 Sealed Reaction Chamber

The reaction chamber assembly consists of a hermetically sealed vacuum vessel.

The Ultra High Vacuum seals are used in many vacuum systems including particle 

accelerators.  Residual Helium leakage is less than 10
-10

 mbar.l/sec .  At such a leakage rate 

the reaction chamber will retain operational conditions for a decade or longer.

In the event that reaction chamber servicing is required, the fill port can be opened.  It is re-

usable.    Servicing is offered by NSD-Fusion.

The entire reaction chamber is housed within an aluminium cylinder which as as a cowling to 

direct the cooling air flow across the cooling fins.

10

1D
2
+ 1D

2 → 2He
3
(0.82MeV)+

1D2 + 1D2 → 1T3(1.01MeV) + 1p1(3.02MeV)

0n1(2.45MeV)

monoenergetic neutron 
generator by DD fusion

NG flux measured    1 order of magnitude 
less compared to the rate predicted

Typical operation 80 kV/10mA  

∼

∼ 6× 105n/s in 4π

Reconstructed NG spectrum
Edep_LSc3” + E_TOF

neutrons
LSc 3” calibrated

LSC 5”

TOF
θ
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Detailed view of the cryocooler.The experimental setup, auxiliary systems
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DAQ system and trigger
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 LeCroy oscilloscope WavePro 35Zi DSO 4 x  1Gs/s 8bit

 Analogue signal split (passive)

  Data recorded with 5000 samples at 1Gs/s

 Trigg. Cond. between PMt’s in LAr “OR” or “AND” (only 
“AND” for   december 2011) 

 Events accepted if there is a Coinc. signal in LAr “AND” a 
signal in LSC within a time window <200 ns
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Trigger settings in December 2011
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Data reconstruction, SPR
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Data reconstruction, Energy calibration

interlock completes the setup. A polyethylene collimator with square cross section restricts the
emission of neutrons in a solid angle of about 0.2% of 4π, covering fully the sensitive volume of
the (cryogenic) LAr cell. For the measurements described here the cell was located at a distance
of about 73 cm from the neutron emission point while the liquid scintillator counter (LSC) could
be set at various scattering angles on a 1m long arm rotatable around the centre of the cell to
detect scattered neutrons. Errors on angles or mechanical misalignments were estimated to be
below 0.5◦.

The internal structure of the cryogenic cell is shown in the inset of fig. 1. Two tetra-phenyl-
butadiene (TPB) coated 3” PMTs (Hamamatsu R6091-MOD) with bialkali photo cathodes and
Pt underlay (QE≈15%) are arranged face to face at a distance of 47mm forming a cylindrical
sensitive volume of roughly 0.2". This volume is defined by a thin Al cylinder holding the TPB
coated reflector foil 1 to shift the VUV scintillation light to a longer wavelength. A small 210Po
α-source of about 40Bq activity is installed in the centre of the cell. The source was coated with
some tens of µm plastic (Paraloid B-72) to spread the energies of emitted αs over a broad range.
The Al cylinder is polarised to the same voltage as the photo cathodes of the PMTs to keep the
internal electrical field close to zero. A 60 "/s turbopump is used to evacuate the chamber to
typically 10−6 mbar prior to filling with argon gas class 60 (impurities≤ 1.3 ppm). A membrane
pump provides for continuous recirculation via two in parallel mounted OXISORB-W cartridges
which reduce the O2 and H2O levels to <5 and <30 ppb, respectively. The gas is condensed on
top of the chamber at the cold head of a Sumitomo CH210 cryocooler system with about 80W
cooling power driven by a Sumitomo F-70H helium compressor.

A LabView based slow control system regulates the cold head temperature and records
temperatures, pressures and liquid levels. The analogue signals from the two PMTs are each split
into 2 inputs of a LeCroy WavePro 735Zi DSO, sampled with 5000 points at 1GS/s and stored
to the hard drive. The splitting of the signals permits a large dynamic range to fully reconstruct
α-particles while maintaining high signal over noise ratios for single photons. Cosmic signals
however can saturate the FADC [3]. Coincidences between PMT signals and external detectors
were achieved with the programable trigger logic in the oscilloscope. Signals of neutrons in the
LSC were processed in a dedicated analogue pulse shape discriminator (Mesytec MPD4 [18]) and
fed into the external input of the oscilloscope.

3. Data reconstruction and light yield
Scintillation signals in liquid argon are determined by numerical integration of the digitised
photo currents of the two PMTs, normalised to their mean single photon charges. Due to the
generally long integration times in LAr an iterative method was developed to calculate precise
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Figure 2. Left: 60 keV line from the raw signals of the 241Am
data. Right: light yield of various photon sources.

pedestal values on an event-by-
event base. The sum of both
channels yields the raw integrated
pulse height (IPH) in units of
photo electrons (pe). This value
is furthermore corrected for the
finite integration time, losses by
software thresholds (cluster finder)
and most importantly by losses
due to impurities in the liquid
argon (see next section). Light
yield calibrations were performed
periodically during data taking by means of a strong external 241Am source producing a
prominent 60 keV photo peak in the integrated pulse height spectrum of the data (fig. 2 left). The

1 1mg/cm2 TPB on Tetratex; PMT coatings 0.08mg/cm2 TPB. See [16, 17] for details.
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Data reconstruction, Impurity correction

from LED pulses or single photon signals collected from event tails in the data. Single photon
distributions are analysed for most probable values and corrected for asymmetry (+14.5%) to
find the mean single photon charge. The gains during several weeks of data taking in summer
2011 were found to be stable within 2.7%. An average light yield of 3.75 ± 0.1 pe/keV has
been determined over the whole run time. To check the linearity of the system we employed
various external photon sources, 57Co (122 keV photo peak), 22Na (511 and 1275 keV Compton
edges), as well as 137Cs (662 keV Compton edge). Figure 2 (right) shows a linear fit to the raw
measurements of these data which were taken under similar conditions.

4. Impurity effects – correction of light yields
In liquid argon VUV fluorescence from the so-called second continuum is the dominant
mechanism for light emission under excitation. The light pulse shape is well described by
the sum of two exponentials originating in the radiative decays of two fundamental excimer
states. Atomic selection rules are the cause for a large difference in their lifetimes, τ1 and τ2,
approximately 6 and 1600 ns, for singlet and triplet states, respectively. This feature is used
for background discrimination in LAr dark matter detectors thanks to the ionisation density
effect [15] modifying the pulse shape according to specific energy losses of particles. Suppression
factors up to 3 orders of magnitude are reached [22] for recoil energies above 30keVr using a
likelihood based discrimination method. The improvement of such algorithms is also part of our
research but will be described elsewhere.

In the following we decompose individual or averaged signal traces by means of the sum of two
exponential decays convoluted with a gaussian which describes general time spreads (2.9 ns). We
denote the integrals of fast and slow scintillation components, representing the occurrences of
singlet and triplet states, with A and B, respectively; A+B being the total measured light yield
Y . Furthermore we denote the fraction A/(A+B) as the component ratio CR, representing the
relative strength of the fast portion of the scintillation light. We want to stress that values for
CR are similar but somewhat different from the common variable for the prompt light fraction
fp, determined from short and long signal integrations.

Due to their long lifetime triplet states undergo various collisions with neighbours before they
eventually decay. Thereby interactions with impurities can cause the (non-radiative) destruction
of these states and hence induce losses in the scintillation light (impurity quenching [20, 21]).
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Figure 3. Yield of the fast and slow scintillation
components under different purity conditions.

This process occurs in competition to the
natural decay of the states and results in an
apparent reduction of the triplet lifetime τ2 in
the data 2. On account of the normalisation
of the exponential PDF the corrected light
yield [20] is found from the relation

Ycor = A + Bcor = A + B/τ2 · τmax
2 ,

where Bcor is the extrapolated yield of the
triplet component and τmax

2 the undisturbed
lifetime of triplet states in LAr (1600 ns [15,
19]). The fraction B/τ2, corresponding to
the triplet decay rate at t=0, is effectively
invariant versus variations of purity and completely determined by the fit. In the same way the
value for the corrected component ratio is given by CRcor=A/(A+Bcor). Corrected light yields
are conveniently calculated by Ycor =A/CRcor. As an example fig. 3 shows the two components
of such fits to averaged signal traces of 60 keV calibration data versus the value found for τ2 under

2 In LAr the value for τ2 can be used to estimate purity levels in respect to scintillation yields [19]. In this work
purity levels are predetermined by residual H2O on internal surfaces of the vacuum and gas system

The decay time of the triplet     decreases  
with the impurities

The singlet state A remains unaffected for 
 

60 keV    data

60 keV   data

τmax
2

τ2

τ2 ≥ 400ns

Ycor = A+ Bcor = A+ B
τ2

· τmax
2

Light yield correction

From the fit of the average pulse
(meantrace)  we correct the component 
ratio and the light from the integral of the 
singlet state (A    IPHA) for N-Scatt. Exp.

CRcor =
A

A+Bcor
Ycor =

A
CRcor

≈

γ

γ
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2  main cuts on the analysis:
• TOF cut : 

   time window acceptance 5ns around
                      46ns

•Energy cut: IPH<70 p.e

79k events

2k events

CRcorr =0.49±0.05 

A = IPHA− 7% · IPHB

(τ2 ∼ 700ns)

mean 14.8

Leff

= 0.272±0.030

The error of         is estimated from the reconstruction of A, CR and LY 
and calculated by the standard propagation law

Leff

Ycorr =
A

CRcorr
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Results

15

Angle [deg] Energy [KeVr]

30 16.36 0.318±0.041

40 28.49 0.272±0.030

50 43.37 0.290±0.022

60 60.50 0.279±0.020

90 119.51 0.295±0.042

Leff

scattered neutrons around the nominal flight time at roughly -45 ns. Also visible is a broad
distribution of inelastic scatters where neutrons loose a substantial fraction of their energies. A
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Figure 7. Raw distributions of IPH and CR
after the time and IPH cut.

small uniform background originates presumably
in accidental coincidences of bremsstrahlung pho-
tons in the outer LAr volume. Two principle cuts
are applied to select events. Firstly a time cut of a
5 ns window to the right of the most probable value
of the elastic scatter peak and secondly the (loose)
limit on IPH (typ. 50 pe). The latter removes very
efficiently accidental coincidences with photons, in-
elastic scatters with large energy deposit in the LAr
as well as cosmic muons. In the case of the 30 deg
data we end up with roughly 1k events, shown in
fig. 7. From these distributions we determine the
value for A and CR, the former from the distribution mean and the latter by a fit to the mean
trace of selected events. A more precise study by comparing the measured distributions to the
ones generated by MC is in progress. We estimate roughly 15% background in the selected data
(incl. double scatters). From a preliminary analysis of the 5 scattering angles we determine
light yields as well as component ratios with errors of typically 15%. The errors are estimated
from the reconstruction of A and CR and calculated according to the standard propagation law.
Figure 8 to the left shows our measurements in comparison to [8] and the one averaged value
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Figure 8. Left: values for Leff with a comparison to theoretical curves and other published data. Right:
relative scintillation components for nuclear recoils and electrons plotted against the two energy scales.

from [7]. The measurements still allow for a flat interpretation of Leff , leading to a mean value
of <Leff>=0.29±0.03 for nuclear recoils at energies above 20keVr or 6keVee. At the present
state of the analysis we can neither exclude nor confirm the increase of Leff at the low energy
edge of the data from [8]. However we plan to upgrade the LAr cell with higher QE PMTs as
well as to improve significantly on the argon cleaning system.

LAr features the possibility of a separate study of singlet and triplet contributions under
quenching effects. This is shown by the relative values of A and B in fig. 8 (right), for nuclear
recoils and electrons, respectively. The two energy scales are added to top and bottom. The
dashed lines correspond to linear fits of the absolute values of A and B and are meant to
guide the eye. A comparison with the theoretical description of luminescence quenching in LAr
by a simple saturation law combined with the Lindhard model [11] favours the assumption of
a constant value for Leff . Hence these measurements are compatible with an interpretation
of collisional spin change of triplet state excimers or a preferred production of singlet states
excimers under higher ionisation densities during the selftrapping process of the excitons.

< Leff >= 0.29± 0.03

In agreement with McKinsey results
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Scintillation light quenching

43

A. Hitachi and T. Doke,
Luminescence quenching in liquid argon under charged particle
impact: Relative scintillation yield at different linear energy transfer. 
Phys.Rev., B46(18), 1992. doi:10.1103/PhysRevB.46.11463.

Lindhard’s theory alone can not well explain the observed behaviour in liquid noble gasses. 

Correction: Hitachi’s bi-excitonic quenching mechanism:

• Can occur before the free excitons self-trap when the excitation density is high

• Agrees reasonably well with xenon data, but is problematic to explain low-energy 
  recoil data for neon or argon. 

Other possible quenching processes: 

• Collisions between two excited molecular states (excimers) to form one excited state and 
   one ground state (Penning process) 

• Supereleastic collisions that quench the singlet states to triplet states. 

Total scintillation efficiency for nuclear recoils as a 
function of recoil energy for different noble liquids.

High ionization density undermines recombination of 
electron-ion pairs reducing scintillation light yield. 

Still subject of intense research, measure:

The relative scintillation yield (ratio of the numbers of 
photons in NR and ER events at the same energy) 

= nuclear recoil scintillation efficiency 

= visible deposited energy over the true recoil energy. 

in addition to Lindhard

Model prediction
 A recoiling nucleus loses energy through inelastic interactions with electrons in the medium (electronic stopping) 

    and elastic collisions with nuclei (nuclear stopping) 

the energy lost in electronic excitation or ionization will result in the creation
of excitons and electron-ion pairs in the noble liquids, the fraction defines an
ionization energy reduction factor (fn) due to losses to the nuclear stopping
power

fn(ER) ≡
η(ER)

ER
=

η(ER)

η(ER) + ν(ER)
. (4)

As the total stopping power is

(
dE

dx
)tot = (

dE

dx
)elec + (

dE

dx
)nucl, (5)

fn(ER) can then be determined by the ratio of two integrals

fn(ER) =

∫ ER

0 (dE/dx)elecdE
∫ ER

0 ((dE/dx)elec + (dE/dx)nucl)dE
. (6)

To present fn as a function of recoil energy, the integrals above should be
evaluated for each possible recoil energy. Lindhard et al. [15] represents fn as

fn =
kg(ε)

1 + kg(ε)
, (7)

where, for a nucleus of atomic number Z, ε = 11.5ER (keV) Z−7/3, k =
0.133Z2/3A−1/2, and g(ε) is well fitted by: g(ε) = 3ε0.15 + 0.7ε0.6 + ε. Fig. 1
shows this ionization energy reduction factor for noble liquids from Lindhard’s
theory.

3 Reduced Scintillation Yield due to High Ionization Density

3.1 Birk’s Saturation Law

The passage of a particle in a noble liquid produces a structured track along its
path that is conveniently described in terms of a core and a penumbra [23]. The
penumbra that surrounds the core is a low ionization density zone. The core is
expected to be a high ionization density zone, so ionization density dependent
quenching caused by biexcitonic collisions or the Penning process is likely to
occur there. On the one hand, the free excitons can be self-trapped to form
excimers, for example, Ar∗2, that then fluoresce to the lowest states. On the
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5

 : Ionization reduction factor from 
Lindhard’s theory

fn

 Lindhard’s theory describes the ionization for
    semi-conductors and organic scintillators but not for 
    noble liquid

 Hitachi model explaining the reduced scintillation yield
    due to high Ionization density :
    a charged particle crossing a medium left a track behind
    core (high ionization density zone) and penumbra
   (low ionization density)

• Bi-Excitonic collision 
• Penning process 

 

Recoil Energy (keV)
0 50 100 150 200 250 300

Io
ni

za
tio

n 
R

ed
uc

tio
n 

Fa
ct

or

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8 Neon
Argon
Xenon

Fig. 1. The ionization energy reduction factor according to Lindhard’s theory versus
the recoil energy in liquid neon (black line), argon (red dotted line) and xenon
(magenta dashed line).

other hand, the free excitons can diffuse and undergo biexcitonic quenching, or
the excimers can further collide with each other via the Penning process, with
a probability of occurrence that depends on the density of free excitons pro-
duced, which is proportional to ionization density. Therefore, the biexcitonic
collisions and the Penning process act as quenching agents for the excitons pro-
duced by the ionization along the track. It is well known that the number of
excitons and electron-ion pairs produced per unit path length is proportional
to the electronic energy loss dE/dx [24], with a proportionality constant that
will be designated as A. The local concentration of the core is also propor-
tional to the ionization density, and is given by BdE/dx. The overall collision
probability in the core is given by k. Thus, the specific fluorescence can be
expressed by

dS

dx
=

AdE
dx

1 + kB dE
dx

. (8)

Eq. 8 is called Birk’s saturation law [20], which describes the relative scintilla-
tion response of scintillators to an ionizing particle of any energy. The values
of A and kB can be determined experimentally.

According to Eq. 8, the scintillation photon yield is reduced at high ionization
density. Thus, we define a quenching factor

fl =
1

1 + kB dE
dx

, (9)

6

fl : Electronic quenching factor : collision probability in the corek

B dE
dx

: local concentration of the 
core proportional  to the 

ionization density

fn fl×Leff =

Ar∗2 +Ar∗2 → 2Ar + Ar+2 + e−
Ar∗ +Ar∗ → Ar+ +Ar + e−
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Data reconstruction, Impurity correction
Other technics were investigated to correct the impurity event by event
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Data reconstruction, Impurity correction
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