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Motivation
QF primer
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Electron recoil and a nuclear recoil of the same energy produce different intensities of scintillation light within 
the same target material.

Quenching Factor (QF): parameter introduced to help extract the "true" nuclear recoil energy.

QF =
Lnr

Lee
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Motivation
Direct DM searches
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Rep. Prog. Phys. 85 (2022) 056201 Review

Figure 3. Current status of searches for spin-independent elastic WIMP–nucleus scattering assuming the standard parameters for an
isothermal WIMP halo: ρ0 = 0.3 GeV cm−3, v0 = 220 km s−1, vesc = 544 km s−1. Results labelled ‘M’ were obtained assuming the Migdal
effect [131]. Results labelled ‘Surf’ are from experiments not operated underground. The ν-!oor shown here for a Ge target is a discovery
limit de"ned as the cross section σd at which a given experiment has a 90% probability to detect a WIMP with a scattering cross section
σ > σd at !3 sigma. It is computed using the assumptions and the methodology described in [151, 153], however, it has been extended to
very low DM mass range by assuming an unrealistic 1 meV threshold below 0.8 GeV/c2. Shown are results from CDEX [155], CDMSLite
[156], COSINE-100 [157], CRESST [158, 159], DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164],
DEAP-3600 [144], EDELWEISS [165, 166], LUX [167, 168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

scattering above ∼3 GeV/c2 are placed by the LXe
TPCs with the most sensitive result to-date coming from
XENON1T [41, 179]. The results from the cryogenic
bolometers (Super)CDMS [180, 181] and CRESST give
the strongest constraints below ∼3 GeV/c2. CDMSLite
[182] uses the Neganov–Tro"mov–Luke effect to constrain
spin-dependent WIMP–proton/neutron interactions down to
mχ = 1.5 GeV/c2 and CRESST-III [159] exploits the pres-
ence of the isotope 17O in the CaWO4 target to con-
strain spin-dependent WIMP–neutron interactions for DM
particle’s mass as low as 160 MeV/c2. Exploiting the
Migdal effect again signi"cantly enhances the sensitivity of
LXe TPCs to low-mass DM with XENON1T provid-
ing the most stringent exclusion limits for both, spin-
dependent WIMP–proton and WIMP–neutron couplings
between 80 MeV/c2–2 GeV/c2 and 90 MeV/c2–2 GeV/c2,
respectively [174].

The DAMA/LIBRA experiment searches for an annual
modulation signal with an array of NaI(Tl)-crystals and has
reported a 12.9σ-detection of a signal over a total of 20 annual
cycles [139] (see section 4.6.4.1). The observed effect shows
expected features of a halo DM particle interaction and no
other con"rmed or viable explanation has been provided. How-
ever, the DM nature of this observation is in tension with a
large number of results. If interpreted in the standard WIMP
scenario, much more sensitive experiments exclude DAMA’s
claim by many orders of magnitude, see "gure 3. Assum-
ing this interpretation, the phase-2 results of DAMA are even

inconsistent with the phase 1 results of the same experi-
ment [183]. LXe experiments with a signi"cantly lower back-
ground did not "nd a modulation signal and excluded DAMA’s
claim with high signi"cance [184–186]. The CDEX experi-
ment also did not "nd a signal in a 1 kg Ge-crystal with a
threshold well below that of DAMA/LIBRA [187]. Attempts
to solve the discrepancy by so-called ‘isospin-violating’ DM
models favouring NaI over Xe targets [188] are challenged by
COSINE-100 [157, 189] and ANAIS-112 [190, 191] which
also employ low-background NaI(Tl) crystals. The ANAIS-
112 data is consistent with the absence of a modulation signal;
COSINE-100 is consistent with both, the null hypothesis and
the DAMA/LIBRA best "t, but excludes DAMA if interpreted
as being due to standard spin-independent interactions.

Detectors with single-electron sensitivity are required
to provide constraints on low-mass DM interacting via
WIMP–electron scattering. In models with a heavy media-
tor, FDM = 1, the most stringent limits below ∼10 MeV/c2

come from SENSEI using a Si-CCD target [42], reaching
down to 500 keV/c2. Other competitive results in this mass
range are from the Si-detectors of DAMIC [192] and
SuperCDMS [193] as well as from the Ge-bolometers of
EDELWEISS [194]. The best limits above 10 MeV/c2

are from XENON10 [195] and XENON1T [41] and there
are also results from DarkSide-50 [196] and XENON100
[195]. In models with a light mediator where the interaction
is described by a DM form factor FDM(q) = αm2

e/q2, SEN-
SEI provides the best limits in the entire mass range above
500 keV/c2.

19

Julien Billard et al 2022 Rep. Prog. Phys. 85 056201 


• Target material: NaI


• Total exposure: 2.86 tonne years


• C.L: 13.7 sigma in (2-6 keV )                 ee

R. Bernabei et al., Nucl. Phys. At. Energy, 22(4):329–342, 2022.

APPEC report

LZ* (2022)

11.6 sigma in (1-6 keV )ee

https://doi.org/10.48550/arXiv.2104.07634
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Motivation
NaI experimental landscape
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SINGLE-CHANNEL 
SCINTILLATION BASED: 

SABRE NORTH

• Influence of Quenching 
Factor (QF) on nuclear 
recoil energy scale.

DAMA/LIBRA

ICE CUBE
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Motivation
QF of Na recoils
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D. Cintas et al 2021 J. Phys.: Conf. Ser. 2156 012065

60 70
Energy ( )keVnr

Spooner (1994)

DAMA (1996)

Chagani (2008)

Collar (2013)

Xu (2015)

Joo (2018)

Bignell (2021)

ANAIS (2021)

• Strong influence of QF on signal 
interpretation on nuclear recoil energy 
scale of scintillation-only experiments.


• Measurements of quenching factors 
(QF) at room temperature disagree. 

5040302010

Q
ue

nc
hi

ng
 F

ac
to

r (
%

)



7

Experimental setup
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Dependence on Tl dopant on QF?

Aim: 

Target low recoil energy region (1-30k )  


Crystal characteristics: 

• Utilise extremely radio-pure* Tl doped NaI 
crystals manufactured by SICCAS, Shanghai:


•    : <10ppb; : ~10ppt; : ~20ppt

• Radioactive contamination comparable/better 

than DAMA crystals.


eVnr

40K 232Th 238U
Special thanks to Y. Zhu, Z.W Ge,  
I.Dafinei and group!
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Experimental setup
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Experiment conducted in collaboration 
with Duke University at the Triangle 
Universities Nuclear Laboratory (TUNL). 

Special thanks to P. Barbeau, S. Hedges et. al 
for all the help at various points along the 
way :)

Accelerator facility
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Experimental setup
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Accelerator facility

Beam parameters: 

• Proton beam energy: 1495 keV

 
• Proton pulsing time: 400 ns

 
• Pulse width: 2ns FWHM

 
• Proton beam current: 900nA

 
• LiF target thickness: 1434 nm
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Experimental setup
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Test setup

• Small crystal size -> Reduce multiple scatters 
(d:30.5mm, h:32mm) 


• Crystal rotation -> Reduce ion channeling effects.
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Experimental setup
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Test setup

• Small crystal size -> Reduce multiple scatters 
(d:30.5mm, h:32mm) 


• Crystal rotation -> Reduce ion channeling effects.
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Experimental setup
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Test setup

• 15 liquid scintillators, denoted as 
backing detectors (BD).


• Used to tag the scattered neutrons off 
the Na or I nuclei to determine energy 
deposition in the crystal.



13

Analysis
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Trigger scheme

• Threshold free trigger scheme 
implemented.


• NaI pulses reconstructed using 
adopted charge estimate*, ensuring 
good reconstruction of low-energy 
NaI events.

Time (ns)

AD
C

 c
ou

nt
s

*L.J. Bignell et al 2021 JINST 16 P07034

Pulse readout for elastic neutron scattering event
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Analysis
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Neutron event selection

• Pulse Shape Discrimination cut on BD.

 : Charge in second half of the pulse

 : Total pulse charge

Qf
Qt

PSD =
Qf

Qt

Applied cuts: 

• Time Of Flight cut w.r.t BPM.
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Analysis
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Energy calibration for NaI PMT

• Low energy calibration peaks cross-
checked with GEANT4 simulations to 
account for low-energy X-ray 
emission peaks.


• Linear calibration function chosen for 
the following analysis.

Linear calibration function: a*ADC + b

 a: 1.446±0.08keV

 b:  (1.47)*10-4 keV/ADC

Energy calibration for crystal - 1
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Analysis
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Energy calibration for NaI PMT

GEANT4 simulation of the entire setup

Used to extract "true" nuclear 
recoil energy scale (keVnr)
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Analysis
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QF estimation
Mean from simulated distribution + exp. bgd. distribution is fit 
with Gaussian function and QF as free parameters to exp. data.  

C
ou

nt
s

Energy (keVee)

Crystal-1, BD-0 calibrated spectra (exp.)

C
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s

Energy (keVee)
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Analysis
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QF estimation

Crystal 4 (0.7% Tl)


Crystal 3 (0.5% Tl)


Crystal 1 (0.1% Tl)

PRELIMINARY

QF for Na recoils across crystals
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Conclusions
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• 5 NaI crystals with differing Tl dopants tested at neutron calibration facility at 
Triangle Universities National Laboratory (TUNL).


• No clear energy dependence of QF (Na recoils) is observed in the energy 
range ~ 10keV  - 30keV 


• Influence of Tl% on the QF of Na recoils observed.


• QF (I recoils) could not be extracted in current setup due to extremely low 
recoil energies.

nr nr
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Conclusions
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• Cryogenic NaI calorimeter operated with ~0.07%Tl successfully (See M. Stahlberg 
talk T-11.4 on 02.03.23)


• QF of Na recoils empirically derived by comparing the light yield plots of neutron 
recoils and background/gamma recoils.


BONUS sneak peek:

QF (Na recoils): ~0.2 in 10-30keVnr

PRELIMINARY
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Appendix
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Note on collimator

• Shielding with a collimated slit consisted of bi-layer of HDPE and 
borated-HDPE. Additionally, a lead wall was also consturcted in 
front of the collimator setup in order to reduce secondary 
gammas.


• Resultant neutron beam had an angular spread of 2.35° with an 
energy spread proportional to thickness of LiF film.
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Appendix
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Crystal growth cont.

• Initial NaI "Astro-grade" powder obtained from Merck and Co.


• Crystal production carried out by SICCAS in dedicated dry clean-
room.


•  Utilized modified Bridgman technique using double walled 
platinum crucibles for crystal growth. ["modified" as in allows for 
better control over the temperature gradient at the melt/crystal 
interface]
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Appendix
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Data acquisition

• PMT manufactured by Hamamatsu photonics (Model number: 
H11934-200) was optically coupled to NaI crystals; Quantum 
efficiency ~43%.


• BD were liq. scintillators produced by Eljen technology (Model 
number: M510); Scintillator medium was Gadolinium loaded in 
organic aromatic medium. 


• Pair of SIS3316 14-bit digitizers by struck innovative systeme 
with a sampling frequency of 250MHz was utilized for overall data 
acquisition.


