Gas Detectors for Dark Matter, Nuclear
Recoil or Electron Detection

Daniel Santos
Laboratoire de Physique Subatomique et de Cosmologie
(LPSC-Grenoble)
(Université Grenoble-Alpes -CNRS/IN2P3)

P @



Overview

What is a gas detector in general ? Some of them...
Why gas detectors for DM or Neutron detection
Ionization Calibration Measurements
Non directional detector (high pressure ~ 10 bar):
« NEWS-G
Directional Detectors (low pressure ~50 mbar) :
« DRIFT, DMTPC, NEWAGE, MIMAC
Electron-recoil discrimination and Radon progeny
Angular Resolution Measurements

Conclusions
D. Santos (LPSC Grenoble)
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What is a gas detector in general?

e An active volume where the primary ionization electrons
will be drifted to the amplification region (directly or carried
by “negative ions”) by means of a Electric field (E) :

— Drift velocity: vg,= f (E, gas mixture, pressure)
— Active Volume Geometry: spherical, cylindrical, cubic

« An avalanche region where the multiplication of primary
electrons takes place:

— Mult1 Wires (DRIFT)

— An 1solated electrode (spherical) (NEWS-G)

— A micro-pattern device: Micro-Pic (NEWAGE)
Micromegas (Bulk) (MIMACQC)
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Some definitions...
to describe a gas detector

Gas mixture = A +x% B (the gas quencher)

e+ A->e + A* + e (the Townsend ionization...on which the
avalanche will be built )

e + A -> e + A™ (metastable atomic state)
ifthe E(A®)>E,(B): A+ B->A+B*+e

e+ A ->e + A" (excited atomic state)
ifthe E(A)>E;(B): A"™+B->A+Bt+e
called the Penning transfers !

Recombination (e - 10n ) : the electron recombined 1n an atom
Attachment : AX + e -> AX- (the electron is attached to a molecule...)
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PSTAR : Stopping Power and Range Tables for Protons

ARGON

-
2

10
(dE/dx),

o rrrrl
Ll L L lll

1

-

Stopping Power (MeV c¢cm/g)

Nuclear Physics

I

"
o

{0y

1

[y

o
o

Particle
Physics

Ll

0 I Ll L L LLLLl I Ll L L LIl I L L L LLLLLl
10

107 10° 10° 10
Energy (MeV)

—— Total Stopping Power

GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



Some numbers to keep in mind...

Properties of several gases used in proportional counters (from different sources,

see the bibliography for this section).

at atmospheric pressure for minimum ionizing particles

(ST L R VR 72 I~ - B L -

Gas Z A
i1, 2 2
lie 2 4
N, 1d 28
02 16 32
Ne 10 20,2
Ar 18 39.9
Kr 36 83.8
Xe 54 131.3
@0, 22 44
aly 10 16
Colljo | 34 S8

i
a) 1i.p. = ion pairs

Energy loss and ion pairs per unit length are given

L ..
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.38 x 107% {10.8 [15.9 | 15.4 | 37 4.03 0.34 5.2 9.2
.60 x 107" [19.8 |24.5 1 24.6 | 41 1.94 0.32 5.9 7.8
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A9 < 1077 | 8.4 (120001201 | 22 1.23 6.76 44 307
86 = 107 | 5.2 [13.7 [ 13.7 | 33 1.62 3.01 (34) 51
J70 x 107° 15.2 1 13.1 | 28 2.21 1.48 16 53
42 » 1073 10.6 | 10.8 | 23 | 1.86 4.50 (46) 195

F. Sauli, (1977, CERN )
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Radial TPC with spherical

A Novel large-volume Spherical Detector with Proportional Amplification read-out,

proportional counter read-out I. Giomataris ef al, JINST 3:P09007,2008
Saclay-Thessaloniki-Saragoza
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» Simple and cheap

* Large volume

* single read-out

_  Robustness
\ /

* Good energy resolution
—_ —] —{—> signal

|. Giomataris (2008) * Low energy threshold

HV
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MIMAC: Detection strategy

cathode

Sampling
@ 50 MHz

E~200 V/cm

> t=60 ns
=

=40 ns

grid

/ Drift velocity:
~ =
//// /// V =20 um/ns //C:;O s
1

E~ 30 kV/c
hode A ns —d

Scheme of a MIMAC uTPC Evolution of the collected charges on the anode

Measurement of the ionization energy: Charge integrator connected to the mesh
coupled to a FADC sampled at 50 MHz
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Distribution of Number of electrons (N,)
produced in Avalanches (Polya distribution)
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Gain of a Gas detector =
< Number of e- produced in an avalanche per primary e->
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Fig. 6. Experimental mean gains N. as a function of the amplification field E
compared with the Monte-Carlo simulations for the argon, neon and helium gas
mixtures.
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Ionization Quenching Factors

SRIM-Simulations (LPSC)

e °F in CF4+CHF3+C4H10 @ 50 mbar
—2C in CF44+CHF34+C4H10 @ 50 mbar
'H in CF4+CHF3+C4H10 @ 50 mbar
........ "F in CF4 @ 50 mbar
........ 2C in CF4 @ 50 mbar

Eioni/Ekin

0.8
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Counts
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Portable Quenching Facility
(COMIMAC)

(Electrons and Nuclei of known kinetic energies)

en ionisation - Faisceau d'électrons a 7kV (plasma He)

Electrons of 7 keV

In a gas detector the IQF depends strongly on the quality of the gas.
The IQF needs to be measured periodically (in-situ) in a long term run experiment.
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Setup:
» Chamber volume : 2 liters

> 128, 256 or 512 pm micromegas
(@ 60 mm, bulked @ CERN)




@mng Electrons Performance

es deux infinis

Laboratoire de Physique
Subatomique et de Cosmologie

Set up :

» Electrons extracted from Nitrogen plasma in the source (I=20 nA)

» Gas : He + 5% C,H4,

» Pressure : 700 mbar

» Mmegas : 256 um

» Drift distance : 60 mm

> Drift E field : 108 V/cm

» Gain : 471V (Grid : 650 V, Anode : 1 121 V)

» Energies : 1.5 -3-5.96 -9 - 12 keV

SNOLAB, NEWS 1st Meeting,
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@mzps Electrons Performance Ge -t . :

es deux infinis

1
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%mm Electrons Performance (

Greneb.e
Laboratoire de Physique
Subatomique et de Cosmologie
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%mzm
Les deux infinis
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%mzm
Les deux infinis
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%mm Electrons Performance
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%mzm
Les deux infinis

Electrons Performance
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@mzm Electrons Performance

es deux infinis

Laboratoire de Physique
Subatomique et de Cosmologie

Electron Linearity response
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@mzm Electrons Performance (crene®.e

e Laboratoire de Physique
es deux infinis Subatomique et de Cosmologie
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@mzpe Ions Performance

es deux infinis

Laboratoire de Physique
Subatomique et de Cosmologie

Set up :

> Ions : 4He*

> Gas : He + 5% C,H,

» Pressure : 350 mbar

» Mmegas : 256 um

» Drift distance : 60 mm

> Drift E field : 166 V/cm

> Gain : 460V (Grid : 1000 V, Anode : 1 460 V)

> Energies : 1 -2-4-6-8-10-12 - 15 keV
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%mzm
Les deux infinis
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@mzm Wien Filter iy

Laboratoire de Physique

es deux infinis Subatomique et de Cosmologie

He
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@mzm Ions Performance

es deux infinis
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@mm Ions Performance

e e Physique
es deux infinis Subatomique et
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@mm Ions Performance

es deux infinis

500 —
4 keV
4 +
He mean = 186.42
400 -
FWHM = 33.8%
300 -

200

100 —

>>Fe

SNOLAB, NEWS 1st Meeting,

- -~ A e



@mm Ions Performance

e e de Physique
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F - IQF Measurements compared with
SRIM-Simulations !

——i—  Difference between measurement & SRIM
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Quenching Factor

lonization Quenching Factor for Fluorine
in pure CF4 at 50 mbar
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IQF in “He + 5% C,H,, for different pressures!!
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[onization Quenching Factor Measurements in the frame of NEWS-G
(up to 10 bars...) with COMIMAC in Grenoble (France)

T
B
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Why Gas Detector for DM detection

(ionization, scintillation and tracks)

1) Flexibility to change the nucleus target:
IH, 3He, “He, IF, 20Ne, 490Ar, 129.130X¢

Optimizing the momentum transfer !!

11) Access to very low threshold in ionization energy
(sub-keV) by low capacitance and high gains
111) Flexibility to change pressure (N ..~ N

evts nuclei)

1v) Opening the directional signature ( 1D, 2D and 3D tracks)

v) Allowing to cope with neutron background events
GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



Directional detection: principle

WIMP Wind

December
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Directional detection : principle

Cygnus

Disk /

Halo

<V, >~ 220 km/s

The signature, the only one (!), able to correlate the
events in a detector to the galactic halo !!
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There are many “angles” for nuclear recoils...

Recoill

0.0 e— s | .0 Arbitrary units

Map of recoils in galactic coordinates (HealPix)
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100 WIMP evts + 100 Background evts

0.0 e— — 2.0

Background Wimp recoils

00— e 4.0 Number of events
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Phenomenology: Discovery

1. Billard et al.. PLB 2010
J. Billard ef al.. arXiv:1110.6079

Proof of discovery: Signal pointing toward the Cygnus constellation

Blind likelihood analysis in order to establish the galactic origin of the signal

N
o
T

Z(l,b,my, \)

=

Latitude galactique
<?

n
o

0.0 e— .0

100 WIMP + 100 BKG i

-100 0 100
Longitude galactique

Strong correlation with the
direction of the Constellation
Cygnus even with a large
background contamination
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Directional Detection : identification

J. Billard et al., PRD 2011
8 parameters simultaneouly constrained by only one 3D experiment

Mass — cross section Dark Matter signature Galactic Halo shape
M ass l [kmfs]
m, [GeVic’] /\\
18 o

y

2505 , lkemis]
..5})...‘100 80 . RS S TR . ST 3
Cross section 856055100 b o
26F _ 3
C o, [log, (pb]] 10E [degres] 100 0]

)@

- E z
2'8:_ 5 f_ 200 200 , - [kmis]
-3% oz_ 1sof- 150
322 . |7 N B, 1 -5: | | | '°° '00:',

50 100 150 -3.2 -3 28 -26 55 90 95 100 0 5 10 10078 100 150 200 250 00 150 200

Y AV )
my (GeV/c?)|log,o(on (pb)| £ (°) | be Iar (kms™ ') oy (kms™') |- (kms™) B Ry (kg 'year ')

Input 50 -3 90 0 155 155 155 0 10
Output | 51.8737, —3.017005 |92.2722 | 2.0 22| 158713 164737 145717 | -0.0737058 | 1097 £1.2
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There are many angles to measure in 3D!
1D and 2D are not enough !

OF recoils (E,;,= 1-110 keV)

Angular distribution in the laboratory F recoils (Ekin= 1- 40 keV)
(with respect to the neutron direction) Angular distribution in the laboratory
Produced by neutrons of 565 keV Produced by neutrons of 200 keV
Validated experimentally at Cadarache !!

ThetaRecoil ThetaRecoil

htemp htemp

Entries 1e+07 , Entries 1e+07
10° ean 47.09 10 Mean 45.94
20.63 RMS 19.9

T ]IIIIII]

T IIIII]II

100 . H

L ! ! 1 ! L ! ! ! ! ! !
ThetaRecoil 0 20 40 60 80 100
ThetaRecoil

Geant4 simulations ( N. Sauzet, DS)
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DRIFT Basics

1.00m | AZ: Drift time between start and end of track C

Significant advances recently
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DM-TPC — Dark Matter TPC

Started = 2007, US TPC Readout

Underground in WIPP, USA in 2011 sk . = P

Current operating detector = DMTPC |
10 liter

Technology = TPC with micromegas +
light and charge readout

Voltage

Copper Mesh, 256 um pitch #)
U NS . e time (s)

goal: charge and light=2->3D

h -

February 24, 2012

xyz resolution = 0.256 mm &
absolute in xy, Az coming

Target =CF, @ 75 Torr

Fiducial volume =9.18 liters

Fmass=2.85g
Limit setting threshold = 80 keVr

These values are probably out of date
See more on DMTPC website

GRIDS-2019, TRIUMF-Vancouver, June 2019
D. Santos (LPSC Grenoble)



WIMP-search

NEWAGE

NEWAGE-0.3b" Detector

Detection Volume: 31 X 31 X41cm?3

Gas: CF, at 76Torr (50keVee threshold) N e B
. -

Gas circulation system with cooled charcoal | -

Installed in Kamioka Laboratory

Inside view

S

d Y |
[
—7 N GEM
7 3231cm?

electronics 1 &
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MIMAC-bi-chamber module prototype

—Buffer volume (1 bar)
P . ) |
u|mp Circulation 102, Hgl O filter

Flow controller /_\ Pressure regulator
| |

70% CF4 + 28% CHF'3 + 2% C4H10 @50 mbar
256 pm

I A Micromegas 10x10 cm?,
12 Hm CathOde . '.' . designed by IRFU- Saclay (France)

.' /
Grid s>

DO
o
Q
=

1)

5

:><l

. .

7\ \

Electronic board fgaﬁn

o
X —ray generator \@\i Cle, ‘X

19
MIMAC Target: F

Light WIMP mass
- Axial coupling



In any case one needs to measure the ionization

released by the particles In the active volume

. . +« 500
Example of calibration (MIMAC) =
8 400
X-ray generator producing fluorescence :
photons from Cd, Fe, Cu foils. 0T
Threshold ~ 1 keV 200
Circulation system: 1001
Excelent Gain stability in time ok
g :%"ﬁFHH-*':’!’;"zi"!‘!‘5 Wb
@ — - ]
(cl) 0.015 — ?é”‘ 5 E
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S 001— —Ch. 2 o b
E _
IE. I 6 |—
0.005 | — -
_ 2 [
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MIMAC readout

Dedicated fast electronics (self-triggered)
Based on the MIMAC chip (64 channels)

3D - track
preamplifier signal + FADC: Energy
N 8
[ .
20 :
L 6
7 : '
2 T T T 15F i
S 2000 ' [ e AX
O - T ' B g
A 1 10—1 ] 1 1 "
2 1000 > 125 130 135 140 y
<" o X
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35 of | , D. Santos (LPSC Grenoble)
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3D Tracks: Drift velocity
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Magboltz Simulation
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* New mixed gas MIMAC target : CF, + x% CHF; (x=30)
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GRIDS-2019, TRIUMF-Vancouver, June 2019

MIMAC (bi-chamber module)at
Modane Underground Laboratory
(France)
since June 22742012,
Upgraded in June 2013, and

in June 2014.

-working at 50 mbar
(CF,+28% CHF; + 2% C,H,,)

-in a permanent circulating mode
-Remote controlled

and commanded
-Calibration control twice per week

Many thanks to LSM staff

D. Santos (LPSC Grenoble)



Nuclear recoil calibration with neutrons

Neutron monochromatic field:
AMANDE facility at IRSN of Cadarache

— Neutrons with a well defined energy from resonances of “Li by
a (p,n) reaction

nm_m
=4 R __F . ..COS"0 - -
(m,, +my)
MIMAC one chamber proto

Recoil

Electron Calibration:
Fe (5.9 keV) and '9°Cd (3.1 keV)
sources

k)~ "Litarget

i -7
L

GRIDS-2019, TRIUMF-Vancouver, June 2019



Electron-recoil Discrimination

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

Y — rays ——— Electrons

Count

— n + y-rays

— y-rays 10?

10

PRPEET BPRPErE B | PP B B BT T
0 20 40 60 8 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Eioni[kev‘-|

Eioni [keV]

Naept/Niot = 1.1 x 10~ °electron integrated rejection




22 observables built using the MIMAC readout.... and more ...
(Q. Riffard et al. arXiv: 1602.01738 (2016))

With fast neutrons

Variable Type E‘ 60___:?"""""""""_
Minimals < - NR + e .
S10] Pulse-shape Qﬁ %0 ]
Track is outside Track - ]
Clustering Track 1
AX >1or AY >1 Track wolf Only e i
Discriminanting | PR .
N Coinc Track '
ptrack/Atslot Track ,
Nstrip Track
Apeak Pulse-shape v/E [ns/keV]
Ptrack Track /
NIS Track
T Pulse-shape —_ 10°
tstart Track g
Atslot Track I_('.)
tpulse _ tstart Both - 102
start slot 3
Xpeak Pulse-shape
O Long Track : R
Hpeak Pulse-shape 10 | m
7/ Eioni Pulse-shape NR + e
Lc Track ¢
V(AXAY) Track .
FEioni Pulse-shape e 150
O"g“l'r?a,ns — Ug?gans Track Eioni [keV]
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160

Lo

L
o v = u N

Anode projection

An Electron event (18 keV)
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GRIDS-2019, TRIUMF-Vancouver, June 2019

Track ZX

8 9 10111213 1415 16

r4
flash signal

T

0 100 200 300 400 500 600 700

time slot

Track ZY

me L 166 me L
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::0,6 v - :_—0,6
IE %4 162 I 0.4
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8 9 1011121314 15 16
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flash derivative signal
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D. Santos (LPSC Grenoble)



A “recoil event” ( ~ 34 keVee)

[By event number ~>|  From: [133

olz

Anode projection

O N WLBRBRUOO

[ L B
112 114 116 118 120 122 124

X
Strip count versus time

10 ? ~ X strips
8 — Y strips
IERNEE ~ X+Y
= 3
o 44
2
=
[T T [T [ I T L T T [T
0 20 40 60 80 100120140 160
romm e e Fine ot L D e e . R

=N 133 =] Search Eventsl MNNNNNNNNRNNNNNN 100% Event list: [133 ~]
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GRIDS-2019, TRIUMF-Vancouver, June 2019

26 = strip size: 420 =4 time clock: 20 = TrackinfosI

Track ZX Track ZY

36 m
34
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3 32
> 30

2 28
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o H N W B U O
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MIMAC-FASTn operation principle

Pixelated anode 25 ns sampling :
Cathode s e
Grid AR .
| . —

HVA HV2 Energy deposited in

Field cage ionization :

From 6, E;,,, and the IQF, % /' IEion
C—
we get the neutron energy En -

mmmmm




“He nuclear recoil / electron discrimination

Measurements at CERF facility
(CERN high energy Reference Field)

2.9 MeV Kkinetic

Anode projection Track ZX Track ZY
100 6 140 6
| o | |
10 5 5
80 60 120
100 o 50 4 4
> = x 40 | 3 > 100 3
90 = 40 30 1! L] "
]
S " 2 ] 2
20
& 10 1 1
60
0 0 0 0
rrrrrTrrnTrrrv-rrrrrrrrrv-rrrﬁTﬁ'n-r [rrrrprrrrrrrr[prrrrprrorog I T T T T T
10 15 20 25 30 35 40 45 0 100 200 300 400 500 0 100 200 300 400 500
X z z
Anode projection rack ZX Track ZY
- | |
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ssssss
[ | 0 - . —
000000
138
136 - 105
08 L 100
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Specificity for high neutron energies, above 5 MeV

GEANT4 simulation

Angular distributions of “He recoils, resulting
from elastic diffusions with neutrons :

Measurement configuration

—— En=15MeV above 5 MeV :
—— En =3 MeV

—— En=1MeV

0.03

0.025

Normalized distribution

0.02

Neutron
0.015

Nuclear recoil Nuclear recoll
Case 2 Case 1

0.01

0.005

G L1l I L1 1 1 I L1 1 1 I Ll 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 ' L1 1 1
0 10 20 30 40 50 60 70 80 90
Angle between the incident neutron and the 4He recoil (deg)

Read-out strategy patented for high Cathodé |

I Pixelated anode
energy neutron spectroscopy

Drift volume



Direction of “He recoil tracks : head-tail signature

Detector perpendicular to the beam direction

Cathode direction Anode direction

I . 1
Analysis from the charge g " | '
depOSIt proflle On the grld {0 S AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA laoo
20| .................................. _- ...... " .'. .................
Min Max 50 - - D —300
E| Ri<etir 1 40 - . ' = :': . .....................................
froe i : | | 200
By 4 30
S o e Entries 31686 |
o} 4572 20 Meanx  18.61 |+
: Mean y 19.37 | 100
10 RMSx  6.8141;
! RMSy  6.257]:
1 | 1 | 1 | 0

80 100
riseTime1

IRSN /AMANDE (Cadarache)
' The track direction is essential for 3H(p(3357 keV),n)

the definition of the interaction Monoenergetic neutrons of 2.5
point MeV



Energy calibration of the Flash-ADC

Detection of a and ’Li, resulting from thermal neutron capture on a B,C layer

Q

)
<

1,47

| U

200~

150+

layer

100H-

50—

1 > 250

i 1 1 1
0 200 400 600 800 1000 1200 1400 1600

Energy (ADC)
Alpha track

Anode projection Track ZX Track ZY

200

150

100

20 . = l . 10 340 ||I ‘- 15
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6 40 ;]H 5 50
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Selection of “He nuclear recoils : D(d(1.8 MeV),n)

Discrimination from protons, 12C, %0, and (n,a) reactions

recLength (mm)
) IS
O o

—
o
o

PR R L L T L T T L L CE LT LTy | - R -

..............

12C and 160 :
. i - 0 e Ql L1 l PE N l
500 1000 1500 2000 00 3000 3500

Energy_calib (keV)

‘Anode projection

IRSN /
AMANDE

g 8 8 8 B

(Cadarache) TR

700 mbar He/CO,, (5%)

160(n,a)13C

Track 2Y
100
l:’5 200
80 a0
150
il 25
60 | 20
| 15 100 |
40 ‘
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20 5 %0 il
T T T I e e o B L
20 40 60 B0 100 120 140 50 100
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Monoenergetic measurement with neutrons of 3.1 MeV
and 15 MeV on GENESIS (LPSC)

D(d(220 keV),n)
Parallel configuration

< ol Residual L —
2 [ scattered 150 keV/bin
% ol Neutrons | » ' MIMAC- Beam line
2
s / N
o T(d(220 keV),n)
- Perpendicular configuration
40.—
- fg,zsoo:—
20 2T 1.5 MeV/bin
L[ .  2000f
%7000 2000 3000 4000 5000 6000 7000 8000 |
Neutron energy (keV) 1500/~
700 mbar He/C02 (50/0) 1000::
Paper to be B JILJ
i 500_—
submitted . T
0 - 1I000(l) — éOOOb — éOOOb — 4000{) — 5IOOOO

Neutron energy (keV)



Monoenergetic measurements : detection of target pollution

D(d(1.8 MeV,n) : neutrons of 5 MeV g D(d(3.2 MeV,n) : neutrons of 6.5 MeV

o =R N AR RN RN R RN R RN R -
- 800F
Q- | D((1.8 = [\ 180(d,n)
jo00f- MeV) n) "27005_
wib 120(d.n) 3 600 D(d(3.2
12005— , O 500;— Me\/)’n)
S 400F
1000— -
- 300
800f—
s 200
600f—
- 100
400f— 0
[ TR RN TN T SN TN RN AN TN NN SR N S SR SR NN SR S
Gl SN I G SN S R L R R 0 2000 4000 6000 8000 10000
Coooo by oo by o b oy s by vy by sy o 03 POUPS DPEPRERI DPEPEr
GO 1000 2000 3000 4000 5000 6000 7000 N g&?gn engeorgg « ; 8)000 N e utro n ene rg y (keV)

NPL /(UK) IRSN /

700 mbar He/CO, (5%) AMANDE
(Cadarache)

Paper to be
submitted



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

Angular distribution

Spectrum measured at 0 deg

10° -

(a) —— Experimental
------ Estimation

Neutron Yield (pC".sr'1.keV1)

103 LI B B L L R R | l- LA B 'l' |l v 3 |I L
0 1000 2000 3000 4000 5000
Neutron Energy [keV]

M.E. Capoulat, N.Sauzet et al.

700 mbar
He/CO, (5%)

INFN LNL
(Legnaro - Italy)

Spectrum measured at 60 deg

10° -
] Experimental
ks (c) ------ Estimation
3
-
Iz
Q
31041, v
'U B
o
>
C
o
5
[}
] |
103"'I"'ll"'l'l'l'l"l'l"'
0 1000 2000 3000 4000 5000

Neutron Energy [keV]

« Neutron spectrometry of the °Be(d(1.45 MeV),n)'%B reaction for accelerator-

based BNCT »
NIM B, vol. 445, pp. 57-62, 2019



Exploration up to 200 MeV : measurement at CERF

Perpendicular configuration

Below 25 MeV :

w - L L L
5 160 250 keV/bin
g "2 Above 100 MeV :
10F
8 _ -
- s [
- c — L]
6 < % 5 MeV/bin
4 i =
S 200—
2 P -
=z L
O '5o|oo' - 50606 - iscl)oc') - '20c|)06 - '25c|)oo 1501~
Neutron energy (keV) -
1.2 bars 1001~
He/CO, (5%) Preliminary results -
50—
O:||||I 1 | TR R T B
10* 10°

Neutron energy (keV)



Exploration up to 200 MeV : measurement at CERF
Discrimination of muons and pions

GEANT4 simulation

Track length (mm)

— Nuclear recoils

—— Pion contribution

—— Muon contribution

~ Protons

R

e S — g

_recoils

5000
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1 I 1 1
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Measurement with Mimac-FastN
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A large energy adjustable range

E, =27 keV
9 700F
C 5
S H MCNP neutron source
(@] 6005 -------- uTPC simulation
O 500:_ ——Measurements + SRIM |IQF
I | ===- Measurements + IQF from W
400;
300/
200F- E
100, & i
0; N €)1 i Tl e L I ';Q’N‘!'““ '
0 5 10 15 20 25 30 35 40

Neutron energy (keV)

D. Maire et al.

« Neutron energy reconstruction
and fluence determination at 27
keV with the LNE-IRSN-MIMAC u-
TPC recoil detector »

IEEE Transactions on Nuclear
Science, 63(3) : 1934-1941, June
2016
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« First measurement of a 127 KeV
neutron field with a p-TPC

spectrometer »

Nuclear Science, IEEE Transactions,

61(2014) 2090
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Paper to be submitted



Radon Progeny

222Rn chain: 222Rn
- 4 [3-decays (3.8 days)
—_ Electron event (background)
- 4 o-decays
— () -particle emission:
E, ~ 5MeV — Saturation

— Daughter nucleus recaoll
(surface event):

Parent | Daughter | E¥" . [keV] | Efn [keV]

222R,, 218p, 100.8 38.23
218, 214p}, 112.3 43.90

210Bi
214p,, 210py, 146.5 58.78 (5.01 days)
210p,, 206 py, 103.1 39.95
Simulation (SRIM)  (SE&GED) Q‘

218
> ® Po

22Rn



RPR: « In coincidence » events
Ch. 1 Ch. 2

Chamber coincidences:

214
P: 218p,,
— 70
g ;
2 60F 2
X - 3y
N 50 = ]
55 3 E.
| L
30l il 3D tracks from nuclear recoil
B il of radon progeny detection
20 = 1
10, [ § "
00 . 1lO 2.0 3.0 4l0 5.0 6.0 70

GRIDS-2019, TRIUMF-Vancouver, June 2019 Efn' [keVee] D. Santos (LPSC Grenoble)



. ®—— (6)
“’Rn" _»@—————> / 210
- - Pb (7
2) : @---> (7)
. 222Rn
o————>
| | * /
2-/
" (1)
GRIDS-2019, TRIUMF-Vahcouver, ?1‘1';!92019 Cathode

Pixelized anode D. Santos (LPSC Grenoble)



First detection of 3D tracks of Rn progeny

Nuclear recoil spectra

Electron/recoil discrimination - 1
8 14

Mesure: {Eioni (*'“Pb) = 32.90 + 0.16 ke Vee ; .2
" Eioni(**°Pb) = 45.60 + 0.29 keVee T

o 08

First measurement of 3D nuclear-recoil 0.4
tracks coming from radon progeny

—»MIMAC detection strategy validation

20 “60
Etonl[kevee]
R206py, ~ 0.25day ~!.keVee ™!

135




MPD [arb.]

RPR events occur at different positions in the detector...

(3]

F=Y

20 +— Diffusion

D1 = 237.9pm/y/cm
Dy =271.5pym/+/cm
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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) )

Measurement in a MIMAC
chamber of an alpha
passing through the active
volume parallel to the
cathode at 10 cm distance.

50:

Amplitude [mV]

50
— Anode
—— Cathode

-100 |-

B |l 1 1 l ] 1 1 l ] 1 2 I |l 1 1

0 20000 40000 60000 80000
Time [ns]




MIMAC-Cathode Signal measurements
giving the drift velocity of primary electrons !!
(C. Couturier, Q. Riffard, N. Sauzet et al. 2017)

40 2 1 ndf 7.701/10
Tog  23.72 +0.5266
Varitt 21.32 +1.139

At [us]

35

30

25

20

15

10

100 150 200 250
Distance from grid [mm]

OO
(o))
o

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.

GRIDS-2019, TRIUMF-Vancouver, June 2019 L. dantos (LEdL urenoolie)



First Cathode Signals from the MIMAC

bichamber background
(O. Guillaudin et al. October 2018)

hTDCcount hTDCcount
- hTDCcount - — hTDCcount
S = o Entries 161 5 jol— Entries 292
8 Mean 7743 8 F Mean 7.138
- Std Dev 3.214 - Std Dev 3.617
61— 10—
51—
4=
3
2:— HH
.
oﬂllllAllllllJlllllllllllllllAllllllJll O...l.‘.l...l ................... | PP PR |
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 14 16 18 20
hTDCcount ( -ws) hTDCcount ( -ys )

Measuring the time between the “event production” and the avalanche signal !!
Covering the 26 cm drift distance (13 us x 20 um/ns) !!

CS-IN2P3, Paris, 25 octobre 2018 D. Santos (LPSC Grenoble)



Ionization Energy distribution of the events
recorded with the Cathode Signal

hEnergyTDC
hEnergyTDC ) hEnergyTDC
. hEnergyTDC 'g S . Entries 292
?;25 _— Entries 161 T - Mean x 3675
(_3, B Mean x 3499 8 : Mean y 7.14
Q | Mean y 7.747 = 20l Std Dev x 527.6
— L Std Dev x 737.3 | Std Devy 3.628
20 N Std Devy 3.23 -
i 15—
15— i :
- l“" | L .r
= # 10f— %
10— g B E
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- | | T T Ll '_ L 0 b v by v b vy v bvvv v by v s by 1 .\| |
111111111
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Energy [ADC counts]

CS-IN2P3, Paris, 25 octobre 2018 D. Santos (LPSC Grenoble)



First controlled Fluorine tracks, using
COMIMAC

N
Y

AN

/ more info on COMIMAC:
uraz et al. NIM A, 2016)

GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



COMIMAC: first measurements on
controlled tracks of Fluorine

25 keV (kinetic) Fluorine =2 ~ 9 keVee

. hAnode . hZX . hzY
#'36-_ Entries 320 #"ﬁ36 ) ) ) Entries 320 *‘136- . ) ) Entries 320
- H H Mean x 128.8 Mean x 14.43 Mean x 14.35
8_ [ AﬂOde prOJeCtlon Meany 129.2 8 X/Tlme prO]eCtlon Meany 128.8 8. [ Y/TIme prO]eCtlon Meany 129.2
d34r RMSx 1625| T34 RMSx sos7|  S34F RMSX 3014
9 r RMSy 1.486 v RMSy 1.623 9t RMSy 1.486
>J32_— >832 1, >]32:- 1,
130F o 130 130F
o8 I6 12§ b B
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[ 4 -12 [ 12
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122f b 122 1 12k 1
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D. Santos (LPSC Grenoble)
GRIDS-2019, TRIUMF-Vancouver, June 2019



COMIMAC: first controlled tracks of I°F
8 keV kinetic = 2 keVee 25 keV kinetic 2 9 keVee

hTimeslice U hTimeslice
2] s Entries 5278 %500 o - Entries 12227
. Mean 7.259 STF Mean 1004
1400 ] |RMS 2.141 - RMS 3.962
1 3000—
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. 2500
1000_: .................................................................................................................................... E
] 2000(—
800__ .................................................................................................................................... : I
] ] 1500}~
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] 1000
400__ ........................................................... :
200_: 500:
0: O:IIlélllilllélllsl"ll"llIII4Tl_A—I6Il_‘J8III2IIII2|2III24
: T 0 00T T e 0
0 8 10 12 14 #%es“ceés # timeslices

8 timeslices

* 20 ns/timeslices 22 timeg,lices_
. 20 ns/timeslice
23.5 ym/ns

*23.5 ym/ns

= 3.8 mm — 58 mm

C. Couturier, I. Moric, Y. Tao et al. (in preparation)
GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



Protons (25 keV (kinetic))
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Track “Lengths” measured with COMIMAC
(Y. Tao, I. Moric, et al. (arXiv1903.02159)

(important differences with respect to the SRIM simulations !)

¥ track depth (2-4ength)
SRIM g@mulation
«  SRIM 4+ 1louew
«  SRIM 4 30y *
71 A SRIM 4 Kypee Oeg

Track Depth [mm]

0 S 10 15 20 25 0
Epnl I9F+ ) [kQV]

(a) Track depth comparison

GRIDS-2019, TRIUMF-Vancouver, June 2019

Track Width [mm)

*  teck wigth {trans )
SRIM simailation

o SRIMELoyes

o SRIM+:Ion

10 15 20 25
Eunlt*F*) [keV]

(b) Track width comparison

D. Santos (LPSC Grenoble)
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Angular resolution measured with COMIMAC
(1F ions at known kinetic energies)
(Y. Tao, I. Moric, et al. (arXiv1903.02159)

18
§ o6

Y Y Y
N - »
——

-
o

Angular Resolution (3D) [ 7]
oo

5 10 15 20 % 30
Eun(PPF ) [KeV]

Figure 8. MIMAC angular resolution as a function of '?F ion kinetic energy. At lower energies, the
ion tracks are shorter and have more straggling resulting in worse angular resolution and bigger error
bars. The angular resolution is better than 20° down to a kinetic energy of 6.3 keV, and is below 10°
for a kinetic energy of 9.3 keV. Error bars are derived from the pixel strips pitch and reconstructed
track length as described in the text.

GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



MIMAC-Exclusion limits

1 0—37

30 kg.yr, 90% CL lower limits
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GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



WIMP Light Mass window
MIMAC- NEWS complementarity

107 , 107"

10°% . 8 ok 102
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5 10®
£ 104
=

WIMP Mass [GeV/c?)
GRIDS-2019, TRIUMF-Vancouver, June 2019 D. Santos (LPSC Grenoble)



The new 35 cm “new technology” MIMAC

detector compared to the old one
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New MIMAC low background detector
10cm x 10 cm
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HT grille : -560 V
Drift field : -150 V/cm

16,3 % FWHM (6 keV)
Gain ~25 000

Energy threshold <1 keV
D. Santos (LPSC Grenoble)



MIMAC — 1m3 = 16 bi-chamber modules (2x 35x35%26 cm3)

i) New technology anode 35cmx35cm

ii) Stretched thin (12 um) grid at 512um.
iii) New electronic board (1792 channels)
iv) Only one big chamber
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Conclusions

* Gas detectors open new possibilities in the DM research, Neutron
spectroscopy and other fields...

* New directional detectors of nuclear recoils at low energies have been
developed giving a lot of flexibility on targets, pressure, energy range...

* Jonization quenching factor measurements have been determined
experimentally and they can be checked in-situ.

* 3D nuclear recoil tracks from Rn progeny have been observed and can be used
for calibration and monitoring.

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

* Angular resolution and directional studies of 3D tracks are now possible with
COMIMAC.

* The 1 m? will be the validation of a new generation of a large DM high
definition DIRECTIONAL detector (a needed signature for DM
discovery)

* Large active volumes with a high 3D spatial resolution will open new
windows to observe Nature !
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TPC directional detectors

DRIFT MIMAC NEWAGE DMTPC
Boulby Modane Kamioka SNOLAB
73%CS2 70%CF4
Gas mix +25%CF4 +28%CHEF3 CF4 CF4
+2%02 +2%C4H10
Current volume 800 L 6L 37L 1000 L
Drift ion, 50 cm e—, 25 cm e—, 41 cm e—, 27 cm
Threshold
(keVee) 20 1 50 20
Multi-Wire micro-pixel
Readout Proportional Micromegas chamber CCD
Counters +GEM

Adapted from Mayet et al. [arXiv:1602.03781]
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