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I. Giomataris (2008)

Radial TPC with spherical 
proportional counter read-out

Saclay-Thessaloniki-Saragoza
5.9 keV 55Fe signal

E=A/R2

20 µs

• Simple and cheap

• Large volume

• single read-out

• Robustness

• Good energy resolution

• Low energy threshold

• Efficient fiducial cut

1-15 mm

A Novel large-volume Spherical Detector with Proportional Amplification read-out, 
I. Giomataris et al., JINST 3:P09007,2008

C≈ Rin= 7.5 mm < 1pF

D. Santos (LPSC Grenoble)
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S30 coupled to COMIMAC

● Ta b le-top  p a rt icle  a cce lera tor

● Se nd  elect rons  a nd  ions  of known  kine t ic e ne rg y

● In te rfa ce d  with  th e  d e te ctor th roug h  a  1 .4 5  µm  hole

● IQF ( E )=K
E ioniz

EK
=

f ( E )calib ADU

EK
Ions

Elect rons Com im a c



Ionization Quenching Factors
SRIM-Simulations (Lindhard Theory improved)
Q= Energy transfered to electrons (Ee)/Total kinetic energy
but not all the Ee will produce ionization !!
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- Huge contribu.on of the excita.on process! 
(50% between 1 keV- 100 keV)

- Elas.c collisions more important than direct 
ioniza.on up to 5 keV !

-  Charge exchange process up to 30 keV
-  Measurements performed at low 

pressures (4-37 mbar)
keeping E/p constant and further 
extrapola.on of p to zero to reduce 
the impact of diffusion and 
recombina.on !

-  All these processes are even more 
complex with heavier par.cles !

Interaction Processes during the complete slowing down of particles
B. Grosswendt et al, (1997, PTB’s team)

The complexity of the processes forced us 
to try to measure the ionization available in 
our detector !!



D. Santos (LPSC Grenoble)

First controlled Nuclear Recoil tracks, using COMIMAC

For more info on COMIMAC:
(Muraz et al.  NIM A, 2016)



Electrons Performance

9 keV
mean = 309.87

FWHM = 12.3%

D. Santos (LPSC Grenoble)



Electrons Performance

1.5 keV
mean = 44.92

FWHM = 27%



Electrons Performance

5.96 keV
mean = 210.12

FWHM = 17.1%



Electrons Performance

55Fe source calibration 5,96 keV
55Fe X rays

1,5 keV
Alu X rays

mean = 219.17

FWHM = 18.2%

ie: 4.1 % # CoMimac 

D. Santos (LPSC Grenoble)



Electrons Performance

3 keV
mean = 102.28

FWHM = 18.5%



Electrons Performance

55Fe

Electron Linearity response



10 keV
4He⁺

No Wien filter

He

H2O

N2

H

D. Santos (LPSC Grenoble)

Ions Performance



S30 coupled to  COMIMAC (J-F. Muraz) 
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Electron spectra from 1.5 to 13 keV delivered by Comimac
measured by S30



Systematic effects : Cosmic background substraction 
and losses in the 13um interface hole 

Molflow+
Casino and SRIM

Ballistic correction (RC preamplifier)



Electron calibration 



Proton and other species 
spectra from
2 to 13 keV kinetic
energies !!

Provided by Comimac



One of the more difficult tasks is to discriminate the 
proton from the other species, heavier ones (H2

+, He, N, 
O, H2O,…)

The proton, being the lightest ion, is the particle ionizing the most!



IQF Measurements of H in CH4 at 100 mbar
  EPJC 82, 1114 (2022)



NEWS-G at LSM and SNOLAB

From F. Vazquez de Sola’s Blois presenta7on in May 2022



NEWS-G at LSM

From F. Vazquez de Sola’s Blois presentation in May 2022



Dark Matter Directional Detection and
Neutron spectroscopy with MIMAC

JCAP 08 (2022) 057, arXiv 2112.12469 

Cyprien Beaufort, Olivier Guillaudin, Nadine Sauzet, D. Santos



a) Simulation d’une mesure réaliste

Wimp recoilsBackground

100 WIMP evts + 100 Background evts

Méthode de vraisemblance

D. Santos (LPSC Grenoble)



Proof of discovery: Signal pointing toward the Cygnus constellation

Blind likelihood analysis in order to establish the galactic origin of the signal
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100 WIMP + 100 BKG

Strong correlation with the 
direction of the Constellation  

Cygnus even with a large 
background contamination

Phenomenology: Discovery

D. Santos (LPSC Grenoble)



MIMAC operation principle

From θ, Eion, and the IQF,
we get the neutron energy En

Neutron
En

Field cage

Cathode
Pixelated anode

HV1 HV2

θ

Nuclear recoil

e - e - e - e -
3D recoil track      θ

Energy deposited in 
ionization :

Eion

20 ns sampling :

Grid



Example of a proton recoil of 6 keVee (8.6 keVnr)

− →  Sampling at 50 MHz (20 ns)

Proton recoil 3D track of 8.6 keV kinetic energy



A large energy adjustable range

50% C4H10 50% CHF3
30 mbar

En=127 keV

60% C4H10 40% CHF3
50 mbar

En=27 keV

95% 4He 5% CO2
700 mbar

En=1.2 MeV

Neutron energy (keV)
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Neutron Energy normalized to reaction cross-section

D. Maire et al.
« First measurement of a 127 KeV 
neutron field with a μ-TPC 
spectrometer »
Nuclear Science, IEEE Transactions, 
61(2014) 2090

D. Maire et al.
« Neutron energy reconstrucQon and 
fluence determinaQon at 27 keV with 
the LNE-IRSN-MIMAC μ-TPC recoil 
detector »
IEEE TransacQons on Nuclear Science, 
63(3) : 1934-1941, June 2016



Low energy (8 and 27 keV) monoenergetic 
neutron detection

45Sc(p,n) neutron resonances Amande facility (IRSN-LMDN) ⇒  
Produce monochromatic neutron fields



Directionality at high gain - SimuMimac (1/2)

At high-gain, measurements and simulations used to strongly disagree

Measured and simulated fluorine track lengths

We developed SimuMimac (C.Beaufort 2021), a simulation tool based on SRIM and  
Garfield++ to model the physics of the detector from the primary electron cloud to the  
signal formation

• SimuMimac agrees with the measurements
• Main difference with standard simulation code =  takes into account the current

induced by the motion of the ions



Directionality at high gain - SimuMimac (2/2)

• Current induced by the charges (Ramo theorem):
i(t) = k = i , e qk Ew, k  · vk  with ve ∼ 103 v i

• Ions induce smaller currents than electrons but they remain longer in the gap
• At large gain, the ionic contribution

– is non-negligible
– elongates the signal



Signal contributions at high-gain
(primary electrons and secondary ions)
Cyprien Beaufort et al. arxiv.org/2112.12469
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N eu t ron  s p e c tros c o p y  w ith  MIMAC ( 1 /2 )

● Me a sure m e n ts  with  MIMAC in  CHF3 +  5 0 % C4H10 a t  3 0  m b a r

● Th e  re con struction  of th e  kin e t ic  n e utron  e n e rg y from  p ro ton  re coil m e a su re m e n ts  is  v e ry 
s e n s it iv e  t o  t h e  IQF since  n e utrons  in duce  nucle a r  re coils  of any  e n e rgy u p  to  t h e  
kine m a t ic  lim it

● As in the case of methane, t h e  p ro t o n  I Q F m e a s u re d  w i t h  C o m i m a c  i s  l o w e r  t h a n  S R I M  
(40% difference at 2keV, compared with 33% difference in the methane measurements)

3 3  / 
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Directionality - Neutron spectrum reconstruction at 27 keV

Reconstructed spectrumAngular distribution

Directional performances at 27 keV:

• Energy reconstructed agrees within 2.5% with the energy of the neutron source
• Angular resolution better than 10◦. 



Directionality - Neutron spectrum reconstruction at 8 keV !!

Reconstructed spectrum

11 / 12

Angular distribution

Directional performances at 8 keV:

• Energy reconstructed agrees within 4.0% and angular resolution better than 15◦



Conclusions

i) A new method to measure the IQF in gas detectors has been 
 validated

 ii) The Directional Detection (DD) of Nuclear Recoils at low 
 energies (E > 1 keV) is now possible

 iii) The DD is a degree of freedom to cope with the Background !!



W-value measurements for low energy electrons !
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GRIDS-2022, 
TRIUMF-Vancouver, 
June 2022

D. Santos (LPSC Grenoble)

Ionization Quenchin Factor Measurements with COMIMAC
(NEWS-G collaboration, arXiv 2201.09566 to be published in ERJ-C)



3D Tracks:  Drift velocity

• New mixed gas MIMAC target : CF4 + x% CHF3  (x=30)

Magboltz Simulation

Too slow

Too fast

GRIDS-2022, TRIUMF-Vancouver, June 2022 D. Santos (LPSC Grenoble)



Monoenergetic measurements : detection of target pollution

D(d(1.8 MeV,n) : neutrons of 5 MeV

12C(d,n)

D(d(1.8 
MeV),n)

NPL /(UK)
700 mbar He/CO2 (5%)

Paper to be submi.ed

IRSN / 
AMANDE 

(Cadarache)

12C(d,n)

16O(d,n)

D(d(3.2 
MeV),n)Co

un
ts

Neutron energy (keV)

D(d(3.2 MeV,n) : neutrons of 6.5 MeV



Polyenergetic measurement with 9Be(d(1.45 MeV),n)

Spectrum measured at 0 deg Spectrum measured at 60 deg

M.E. Capoulat, N.Sauzet et al.
« Neutron spectrometry of the 9Be(d(1.45 MeV),n)10B reaction  for accelerator-based 
BNCT »
NIM B, vol. 445, pp. 57-62, 2019

Angular distribution INFN LNL 
(Legnaro - Italy)

700 mbar
He/CO2 (5%)



Nuclear recoil spectra

First measurement of 3D nuclear-recoil 
tracks coming from radon progeny

MIMAC detection strategy validation

Mesure:{
Electron/recoil discrimination

First detection of 3D tracks of Rn progeny


