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Nuclear Recoils @ 100 eV scale

Neutron Capture Radiative Decay Coherent scattering of reactor v’s

r]thermal +

Similar Recoils

Nuclear recoil ‘

~ Eyz/z l\/Inucleus

= Emission of a single, several MeV, y-ray escaping the detector with no energy deposit = only signal is
a calibrated nuclear recoil from the 2-body kinematics, in the Region of Interest (ROI).

=  Asimple idea but complicated realization for large mass nuclei...



FIFRELIN Simulation Software
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FIFRELIN was designed to describe the de-excitation of all fission fragments

After a n-capture, the compound nucleus is in the S, state (neutron separation
energy). y-cascades are generated by sampling transitions in level schemes:

* Including all measured transitions

* Completed by level density models

Conversion e- are taken into account

Validated predictions: cross-check with DICBOX code, description of fissions
products, n-Gd detection in the STEREO detector, ...

O. Litaize et al., Eur. Phys. J. A51, 1 (2015) ; H. Almazdn et al., Eur. Phys. J. A55, 183 (2019).

Calibration signal: peak of mono-energetic recoils from the primary
transitions (S,,2G.S.), above the continuous distribution of all other recoils.



Good Candidates from Nuclear Data

nthermal +

= Target.nucleus: | | Target Compound
* High natural isotopic abundance Y,, ) ]

. . . I | | 1
* High capture cross-section G, Target Yar on_s S If”m Rocoll ToM

Isotope (%) (barn) (keV) (%) (eV)

= Compound nucleus:

transition 1,Pfim '%9W 14.31  9.87 7411 5.83 160.3 823

+ Long-lived 184w 30.64 1.63 5754 1.48 96.1 74
186W 28.43 37.89 5467 0.26 85.8 281

= Favorable Figure of Merit = Y, X 6,,., x 1,7™ UGe 20.52 3.05 7416 1.95 416.2 122
for several tungsten and germanium 2Ge 27.45 0.89 6783 0.0 338.7 -
isotopes. BGe 7.76 14.70 10196 0.0 754.9 -

™“Ge 36.52 0.52 6506 2.83 303.2 54
“Ge 7.75 0.15 6073 0.0 257.3 .




Emitted y and e Spectra

y-rays and conversion electrons emitted in the de-excitation cascades of
183W atoms

—— Gamma

Continuous recoil

— Conversion e-

Line of calibrated recoils

spectrum ] I

y-rays of intermediate ]| . " Sizeable probability of primary
energy corresponding to transition (very favorable case
multi-y cascades and of 183w)

leading to a continuous
spectrum of nuclear
recoils.

No conversion e for high-E y’s,
| | protecting the nuclear recoils
associated to primary transitions
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GEANT4 Simulation of Eg, in the Detector

Case of a NucLeus CaWO, crystal

Detailed geometry o

i 15t step:
Cryostat . * Send Ninh beam.
5x5x5 mm3 * Record n-capture vertices in the crystal.

* Track secondaries from the other captures.
Specific physics lists & libraries

2" step:
PAHAH) * EMZ: low E electromagnetic * From each n-capture vertex in the crystal, send a
& holder Processes cascade of particles as predicted by FIFRELIN for
\‘\ * Neutron HP:low E neutron the compound nucleus.
- * Record the energy deposited in the detector by

» Beam physics .
ii? dump these particles.

Collimator /:[mlgii

Detector e NCRYSTAL: neutron interactions * Compute the nuclear recoil from conservation of
in crystals. total momentum.
* Smear the total deposited energy by the
expected resolution.




Favorable Nuclear & Electromagnetic Physics

Energy deposited by y-rays and e-’s

FIFRELIN predictions (nuclear recoils not accounted)

for all W isotopes
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= Many low E y’s and e”’s from the cascades deposit energy in the crystal, spoiling the nuclear recoil signal.
However electromagnetic energy deposits are in a ‘all or nothing’ mode: either 0 or way above the ROI.

= Considering all W isotopes, ~22% of the cascades have no conversion e”’s nor E deposits from y-rays.
- Can work with a clean sample of nuclear recoils! The rest of the events are only a deadtime issue.



Experimental Setup

* High E deposits from the y-cascades drives the
maximum acceptable capture rate and incident
neutron flux: 400 n/cm?/s for a NUCLEUS crystal.

monochromator

Detector

Thermal neutron beam (to be calibrated)

* Vienna TRIGA-Mark-Il reactor (250 kW)
identified as perfect thermal neutron source.
One monochromator in a standard beam-line
would provide a neutron beam within specs.

@ Dilution

Low-power research reactor fridge

Detector crystal

* Low-mass detector holder to reduce n-induced
background .

* Total reactor-OFF background already measured at surface.
R. Strauss et al., Phys. Rev. D96, 022009 (2017)

* No significant background expected from the ambient y and n fluxes measured during reactor operation.



Cawo0, Case
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* 0.76 g NUCLEUS crystal

* 3dayrun

e 400 n/cm?/s

* ~10 n-capture/s, 2e6 captures total

* 5eV energy resolution (1c)

Clear calibration peaks at 112 and 160 eV !

1% stat calibration achievable within 1h

Large and steep background underneath the 3rd peak at 86 eV...




v-Tagging

Tagging the high-E y of a primary transition cleans the continuous recoil spectrum from the other transitions/isotopes

Detector

Thermal neutron beam (to be calibrated)

,‘0‘____ \,"\‘ ” ” .,
monochromator @ * Two ®3” x 3” y-detectors
e f

* On both sides of the bolometer, 4 cm away.

* BGO considered here.

e ®2cm x 2cm BGO crystal already tested at 20 mK.
5.2% energy resolution (FWHM) obtained for
the?%8Tl line (2.615 MeV).

@ /
Dilution Gamma

Low-power research reactor fridge detector

P. de Marcillac, N. Coron, G. Dambier, J. Leblanc,
and J.-P. Moalic, Nature422, 876 (2003)
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Counts

CaWO0, Case with y-Tagging

Recovering the nuclear recoil associated to the primary transition of ®’W ( 5.467 MeV)

- SINGLES 2 COINC Bolo-y

. n+182W 3 120} .
6000~ — Total © 186 — Tl * 5.4710.2 MeV requested in one

[ n+°W ‘

i = = * Multi-y only i " " " Multi-yonly of the two BGO detectors (2

R 100}~
5000 i Eresol CUL).

[ n+182\

- 80 . .
4000 [ * Recovers the 86 eV calibration

; » [ peak with far better S/B ratio
3000 60 and more symmetrical

i . background distribution.

eV 8

2000(f- e\\'<.<\ 5

i Q( i * Same approach can be applied
1000 20f to the primary transitions of

i the other isotopes.
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Ge Case

n+’4Ge n+°Ge
: : : : : : * 30 g Ge crystal from EDELWEISS R&D
NO yTAGGING
15000 — Total . Armengaud et al.(EDELWEISS), Phys. Rev. D99, 082003 (2019)
> == Multi-yonly
[}
2 o000l nh [T ReeckroffReg | * 5n/cm?/s, ~2 n-capture/s (slower time response in larger
5 r crystal)
§
5000.;_.. ..................... ,,
: . <§Gb M s 7dayrun
01oo 2 (@b 4664L§664L€664‘566 800
(0\ Energy (eV) * 20 eV energy resolution (1c)

300: “ * o COINCIDENCE

250f ey oe ‘I-[ _ 1I\;Icl)JtI?i|-y only . . 70
- - = (Calibration peak of n+’°Ge stand on a large and steep background.
o 200 [
o C
£ 150 [ L = Requesting a high-energy y (7.2 < E < 7.6 MeV) in one of the BGO’s
o C - . . .
© 100 J i L‘ reveals a nice calibration peak at the expected 416 eV.

50L £

E n_ﬂ.f"' I'lHﬂ""""lruu
07 W

100 200 300 400 500 600 700 800
Energy (eV)
12



Conclusion - |
proto-collaboration

under construction

= Unique calibration method:
* Inthe (few) 100 eV range
* Clear calibration peaks of pure nuclear recoils
* Uniformly distributed in the detector volume

= Very favorable case of W should allow a first validation of the method for CaW04 crystals without y-tagging.

= Application to Ge detectors becomes possible with y-tagging

= Exciting perspectives:
* Measurement of quenching factors
* Bolometer-y-y triple coincidence could probe even lower recoils
* Various materials could be tested with the FIFRELIN+GEANT4 toolkit
* The y-tagging defines the direction of the nuclear recoil, sensitivity to the orientation w.r.t. the crystal

lattice could be investigated...
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