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There are many “angles” for describing nuclear recoil
angular distributions
3D tracks are needed...

Recoil

Map of recoils in galactic coordinates (HealPix)



MIMAC detection principles
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Drift velocity = 11 um/ns

Measurement of the ionization energy:

Charge integrator connected to the mesh coupled to a FADC sampled at 50 MHz
+ Cathode signal

+ Ionization Quenching Factor measurements
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MIMAC-bi-chamber module
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3D Tracks: Drift velocity

Electron Drift Velocity (um/ns)
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* New mixed gas MIMAC target : CF, + 28% CHF,

e Other mixed gas used recently: C,H;,+ 50% CHF,



Cathode Signal to place the 3D-track

The cathode signal is produced by the primary electrons drift. It 1s

produced before the anode signal produced by the avalanche.
(C. Couturier,Q. Riffard, N. Sauzet et al. (2017) )
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MIMAC-Cathode Signal measurements
giving the drift velocity of primary electrons !!
(C. Couturier, Q. Riffard, N. Sauzet et al. 2017)
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Figure 4. Measure of the time differences (TAC) between the grid signal and the delayed cathode
signal in the “START Grid” configuration, as a function of the distance of the a source from the anode
(green points) ; error bars correspond to the standard deviation of the mean. A linear fit of these
points is superimposed in red and provides the values of the drift velocity and the additional delay.



First Cathode Signals from the MIMAC

bichamber background
(O. Guillaudin, D.S. et al.)
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Measuring the time between the “event production” and the avalanche signal !!
Covering the 26 cm drift distance (13 us x 20 um/ns) !!



3D event-localization in MIMAC

hTrackXYZ hTrackXYZ
Entries 889

Mean x 112.2
\ Mean Yy 128

20—_ Mean z 8.642
18— | — | StdDevx 64.05
. — Std Devy 76.97
167 StdDevz 2.836
usec 14 .
12

—
(0)} oo o
AN EENI EERE NENE F RN SRR FE NI NEE'

H

\V)

25'93%% AEO Anode




Ionization Quenching Factors
SRIM-Simulations (LPSC)
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Nuclear and electron 3D-tracks, produced
by COMIMAC
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Laboratoire de Physique

es deux infinis Subatomique et de Cosmologie

@ Electrons Performance L=PSCE
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Laboratoire de Physique

@mm Electrons Performance LPSE

es deux infinis
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Ions Performance LPSC
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Quenching Factor

lonization Quenching Factor for Fluorine
in pure CF4 at 50 mbar
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Fig. 5: Complete set of energy spectra used for the calibration of the detector response. The kinetic energy is
determined by the Comimac facility. The cosmic background has been subtracted but no cut is applied.

Non-linearity at energies
higher than 4 keV probably
due to screening charge
effect of previous
avalanches on the primary
electron avalanches.

(NEWS-G collaboration,
arXiv 2201.09566
published in EPJ-C)
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Electron Calibration with
COMIMAC of a30 cm
diameter Sphere with an
akinos sensor (NEWS-G)
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COMIMAC-IQF measurements of H in CH, compared with simulations
NEWS-G collaboration, arXiv 2201.09566, published in ERJ-C (2022)
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Nuclear recoil calibration with neutrons

Neutron monochromatic field:
AMANDE facility at IRSN of Cadarache

— Neutrons with a well defined energy from resonances of nuclear
reaction

_4 mnmR
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MIMAC one chamber
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Electron Calibration:

with electrons of COMIMAC facility
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Count

Electron-recoil Discrimination

"Li (p,n (565 keV)) nuclear reaction
Neutrons =—% F , C, H, nuclear recoils

Y — rays ——— Electrons

— N + y-rays —n
— y-rays 102 — y-rays
10
1 a | | PP PP BT B PP M HE
0 20 40 60 80 100 120 1‘2’ ‘GI‘(’ 180 0 20 40 60 80 100 120 140 160 180




50% C4H1o 50% CHF3 60% C4H10 40% CH F3 95% “He 5% COZ
50 mbar 700 mbar
E.=27 keV E =127 keV E.=1.2 MeV
.,g 700F n
B ® = Neutron Energy normalized to reaction cross-section
T
© 5002_ et amine |4 3 004= —— Simulation of the micro-TPC 8 N
C [ e ts + IQF from W f q 3 0035= 1000f-
4001 easurements om : I E D = —— Experimental data E
E [’I 9 800~
I3

300}
200;
100

600—

200:— /\J
i M| L i) B
0 5 100 150 200 250 300 A

) 15 20 25 30 35 40 et 2oeigy % I N
Neutron energy (keV)

D. Maire et al.
« Neutron energy reconstruction and
fluence determination at 27 keV with the :

TSRy %o 8 Sk S field with a u-TPC spectrometer »
LNE-IRSN-MIMAC p-TPC recoil detector » Nuclear Science, IEEE Transactions,
IEEE Transactions on Nuclear Science, m) 2090
63(3) : 1934-1941, June 2016

D. Maire et al.
« First measurement of a 127 KeV neutron
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Selection of “He nuclear recoils : D(d(1.8 MeV),n)

Discrimination from protons, 12C, 180, and (n,a) reactions
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Low energy (8 and 27 keV) mono-energetic neutron
Spectroscopy

Neutron energy (keV) AMANDE
5 ' "o ' 1'5 ' 2'0 ' 2'5 ' 3'0 _ beamline Target MIMAC-FastN
3,5+ &
1 b
3,0 | -
1 1
2.5- .n -
O 3 i
= 204 | & 11 B
i) [} 1! *' :
i ! | It
g 154 | ‘- tl -
@ v Ao
‘.0" ) ' -
R vk & o G
sl 1§ % £ L W'Y
0.5+ oyl '-..".‘,"‘\ IV VN -
| R B (Y] . | N
| TR Ry e
O.U- 1 T T T T T T T T
2010 2915 2020 2928 2030
Proton energy (keV)

455c(p,n) neutron resonances

Cygnus-Sidney, December 15th 2(23Santos (LPSC Grenoble)



Flash amplitude [ADC)

Y [Strip]

Cygnus-Sidney, December 15th 2023

Example of a proton recoil of 6 keV ., (8.6 keV
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C4H1o+. 50% CHF5; at 30 mbar
D. Santos (LPSC Grenoble)

Derivative amplitude [ADC]
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Event display of an « electron event» with a total measured
ionization energy of 24.5 keV
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Directionality at high gain - Diffusion and angular resolution
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Track length measurement of 19F+ ions with the MIMAC Dark Matter directional detector
Y.Tao, C. Beaufort, I. Moric, Ch. Tao, D. Santos et al. NIMA (2021)985, 164569

Dark Matter Directionality Detection performance of the Micromegas-based uTPC MIMAC detector
Y.Tao, C. Beaufort, |I. Moric, Ch. Tao, D. Santos et al. NIMA (2022)1021, 165412

For fluorine ions, we measured an angular resolution below 10° for Ex> 10 keV
== Twice better than requirements for a directional detector (Billard



Directionality at high gain — SimuMimac

At high-gain, measurements and simulations used to strongly disagree
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We developed SimuMimac, a simulation tool based on SRIM and Garfield++ to model
the physics of the detector from the primary electron cloud to the signal formation

Cyprien Beaufort et al JCAP08(2022)057

« SimuMimac agrees with the measurements
« Main difference with standard simulation code = takes into account the current
Cygnus-fidayeB g tverrtiohiapaf tive Sions s (LPoC Grenoble)



Directionality at high gain — SimuMimac

» Current induced by the charges (Ramotheorem):
i(t) = leie gkEw k vk with ve ~ 10°v;

* lons induce smaller currents than electrons but they remain longer in the gap

At large gain, the ionic contribution
— is non-negligible
— elongates the signal
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Signal contributions at high-gain

(primary electrons and secondary ions)
Cyprien Beaufort et al. arxiv.org/2112.12469
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Directionality — Mono-energetic (27 keV)
Neutron field spectrum reconstruction
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Directional performances at 27 keV:
* Energy reconstructed agrees within 2.5% with the energy of the monoenergetic
neutron field
« Angular resolution better than 10°

Directionality and head-tail recognition in the keV-range with the MIMAC detector by
C%ﬁg@{gﬁg&%ggrﬁggri?ﬁhcmmJIISQHGOSHEBSEOG etrabbJ&AP08(2022)057



Directionality — Mono-energetic (8 keV)
Neutron field spectrum reconstruction
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Directional performances at 8 keV:
« Energy reconstructed agrees within 4.0% and angular resolution better than 15°

Cyprien Beaufort et al. JCAP08(2022)057
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Head-tail measurements by deconvolution of the
Flash-ADC signal

Cyprien Beaufort et al. JCAP08(2022)057
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Figure 10: The asymmetry of the time distribution of the electronic current measured for
13 keV protons sent by Comimac in a mixture of 50% i-C4Hy + 50% CHF3 at 30 mbar. In
the left panel, the filled areas correspond to the integrals, I} and I3, of the electron current
in the first and the second half of the signal, respectively. In the right panel, the proportion
plotted is defined as Iz /(I + I2). In this situation, since the ions are sent at the cathode, the
last timeslices correspond to the first interactions of the track (i.e. to the tail).



From proton and carbon recoils at 27 keV
C. Beaufort et al. (2023, to be published)

Proton

Cartan

Only possible having the
lonization quenching factor
measurements to get the
neutron kinetic energies !!

Cygnus-Sidney, December 15th 2023
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A bi-energetic neutron field produced by

’Li (p,n)’Be nuclear reaction near threshold (1.881 MeV) !
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Figure 8. Simulation of the neutron fluence at the detector position as a function o
energy in the conditions of the AMANDE 2023 campaign when sending a proton energ)
on the LiF target.

Simulation of the Neutron fluence
at the detector position
(C. Beaufort et al. (2023) to be submitted)
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Fig. 1. Proton energy contours for a thick lithium target.

Lee & Zhou, NIMB (1999)
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A bi-energetic neutron field produced by

'Li (p,n)’Be nuclear reaction at 1.881 MeV

Neutron spectrum by MIMAC from hydrogen and carbon

nuclear recoils
C. Beaufort et al. (2023, next week on arXiv !!)
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High gain 3D track analysis method (C.Beaufort et al. 2023)

Signal over

. strip threshold )
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Electronic Electronic + ionic
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the anode strips are no longer fired
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High gain 3D track analysis method

i) The parameters y and 0 are fixed by using a reference dataset from a mono-
energetic neutron field, in our case the 27 keV dataset.

i1) The directional reconstruction from the Flash-ADC 1in a previous work has already
validated the calibration, the IQF, and the electron-recoil discrimination.

iii) Due to the mono-energetic field, we expect the value of cos?0/Epy to be constant
and equal to 1/En, where Ep, and En are the kinetic energies of the proton recoil and
of the neutron, respectively

iv) This lead to a mean estimation of the parameters to y = 5/3 and 6 = 5/4.

While this method relies on experimentally fixed parameters, we will see that it leads to
consistent results with the three datasets considered at multiple energies and gain, and
equally for proton or carbon recoils. It requires a reference measurement with a mono-
energetic neutron field to calibrate the y and 6 parameters.

Cygnus-Sidney, December 15th 2023



New MIMAC low background detector

Kapton micromegas readout
Piralux Pilar

Cygnus-Sidney, December 15th 2023
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Bi-chamber-512 module - working at 30 mbar (C4H;,+50% CHF5)

(with the Cathode Signal and -Permanent circulating mode
the new low background 10 cm detectors) -Remote controlled and commanded
installed in february 2023 - A periodic calibration by X-ray generator

B
s
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The first physics run of the Bi-chamber in february 2023 at Modane
Chamber 1(old detector)- Chamber 2 (new detector)

127 h analysed at moderate gain (470 V)

Only recoils after the BDT, mainly from the Rn progeny.
Improvement of the new detector showing very few Rn progeny events
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(b) In chamber 2.

Each recoil will be compared with the WIMP « wind » direction at the time of the event



X-ray Calibration of the new detector Bi-chamber Module at 500 V, 3000V drift
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X-ray calibration of both chambers simultaneously
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The new 35 cm “new technology” MIMAC
detector compared to the old one
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Operation of the electronic board on table

Coupling of the electronic board with the detector 35 x 35 cm

v Synchronization of ASICs and FPGAs

N

FPGA programming

<\

Track reconstruction software
(new map+detector routing)

Soft acquisition adaptation for tests
Ethernet protocol integration
Resolution of EMC issues

Characterization ofintrinsic electronic noise

D N N N NN

Trigger tests on simulated events
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Conclusions

MIMAC has opened new possibilities in the directional DM search and
Neutron spectroscopy.

Mainly at low energies giving a lot of flexibility on targets, pressure, energy
range...

[onization quenching factor measurements have been determined
experimentally showing an important differences with respect to simulations !
3D nuclear recoil tracks from Rn progeny have been observed and can be used
for calibration at 30 keV nuclear recoil range.

New degrees of freedom are available to discriminate electrons from nuclear
recoils.

Angular resolution and directional studies of 3D nuclear tracks are now
possible at the keV range.

A new generation of high-definition DIRECTIONAL detectors (a needed
signature for DM discovery) has been validated.

Large active volumes, with the new 35x35 cm? detector, with a high 3D spatial
resolution will open new windows beyond the neutrino floor and at low mass
Wimps

If the DM were not made of Wimps... The directional detection will also be
needed to convince us that we understand what we’ve detected...



DArk photoN DirEctionaL detectiON(Dandelion) at 1 meV

C. Beaufort, M. Bastero-Gil, A. Catalano, D-S. Erfani-Harami,
O. Guillaudin, D. Santos, S. Savorgnano, and F. Vezzu

418 pixels
Kid-Matrix

EXCLUSION:

A 30-day measurement would improve by more
————— S than one order of magnitude the existing limits

DISCOVERY:

The directional detection leads to an
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identification of its polarization




Monoenergetic measurements : detection of target pollutions
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Fast neutron spectroscopy from 1 MeV up to 15 MeV with Mimac-FastN,
a mobile and directional fast neutron spectrometer,

N. Sauzet , D. Santos, O. Guillaudin, G. Bosson, J. Bouvier, T. Descombes,
M. Marton, J.F. Muraz, NIM A 965 (2020) 163799
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MIMAC — 1m3 = 16 bi-chamber modules (2x 35x35x26
cm3)

New technology anode
35cmx35cm

New electronic board
(1792 channels)

Only one big chamber
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MIMAC-Exclusion limits
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Directional detection:
comparison of strategies

. Emulsion * Anisotropic Low pressure
| crystals TPCs
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(10° times longuer 1)

CS-IN2P3- October 23rd 2023 (SRIM simulations)
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