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Spherical Proportional Counters

Spherical Proportional Counters (SPCs) to search for low-mass dark matter

Metallic vessel filled with a noble gas
mixture, with a single high voltage
anode/sensor

Low-A target atoms increase
sensitivity to low-mass
WIMPs

. 1 GeV WIMP, different targets
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Spherical Proportional Counters

Spherical Proportional Counters (SPCs) to search for low-mass dark matter

E Field [V/m]
10°

Metallic vessel filled with a noble gas
mixture, with a single high voltage
anode/sensor
10°
Low-A target atoms increase
sensitivity to low-mass

WIMPs

10*

Low intrinsic capacitance:
(C =0.3 pF)

High ampilification gain

from Townsend avalanche
10

Energy thresholds of ~10 eV!

10°
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Principle of operation

(1) Primary lonization

E
PE) = ——
#PE) W(E)
_ Neon: Wy ~ 36 eV/pair
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Principle of operation

(1) Primary IonizatiEQn
PE) = ——
#PE) =

Wr = WV/Q(E) Neon: V(\gy:é%g eV/pair

(2) Drift of charges
Typical drift time surface -> sensor :
~ 100 ps
(3) Avalanche of secondary e/ion pairs

Amplification of signal through
Townsend avalanche (tunable with V)

(4) Signal formation

Current induced by the secondary ions
drifting away from anode
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Principle of operation

Single electron pulse:

(1) Primary IonizatiEQn
PE) = ——
#PE) =

W = WV/Q(E) Neon: V(\gy:é%g eV/pair

(2) Drift of charges
Typical drift time surface -> sensor :
~ 100 ps
(3) Avalanche of secondary e/ion pairs

Amplification of signal through
Townsend avalanche (tunable with V)

SPC Treated Pulse

60 80

0o 20 40

Integrated Charge [ADU]

(4) Signal formation

Current induced by the secondary ions
drifting away from anode

(5) Signal readout

1000
Time [ps]

Daniel Durnford

1500

Induced current integrated by a charge
sensitive pre-amplifier and digitized
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First results from NEWS-G

. m Pointe du Fréjus
Tunnel routier de Fréjus Altitude )-;-3::;\.

FRANCE ITALIE

Competitive low-mass WIMP limit with a neon

target at the Laboratoire Souterrain de Modane
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Q. Arnaud et al. (NEWS-G), Astropart. Phys. 97, 54 (2018).
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NEWS-G @ SNOLAB
Bigger, better SPC to be installed in SNOLAB!

Compact Lead and PE shield,
flushed with N>

3 cm Archeological lead

A 140cm SPC made of low

activity G10100 copper:
»36 = 13 mBao/kg of 210Pbt
»7 - 25 pBa/kg of 232Th

»1 - 5 uBg/kg 238U
22 cm Low Activity lead

Stainless steel skin

TK. Abe et al. Nucl. Instrum. Methods Phys. Res., Sect. A 884, 157 (2018). K. Derlng
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Design and fabrication progress

Glove-box to store
sensor in radon, Oo
free environment:
complete!

The two hemispheres of
the SPC are complete

Soon: cleaning and
electron-beam welding

Steel skin of shield, casting
of VLA lead nearly complete

Soon: forging archaeological
lead, machining PE

Development of multi-
electrode sensors
ongoing!

X 'é _,..__
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Background mitigation

R

9

21 OBi, (21 OPb)

210Pb’ 210B;

%

Vessel Wall
(copper)

Daniel Durnford

219Pp is a long-lived radio-impurity
found in copper

Most radiation is stopped inside
the copper but...

Bremsstrahlung x-rays (~keV)
from 219Pb and 2'°Bi - decay in
the copper escape, travel through
whole volume

Detector
volume
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Background mitigation

Plating ~0.5mm of pure copper will
reduce this background by ~70% below
1 keV and the total rate by ~98%

Plating successfully \.
carried out at the LSM in

R . .
§f collaboration with PNNL
21OBi’ (210|:)b)
To Pump and Filter
To Power Supply
210Pp, 210B; g::mﬁsng Conductivity Probe

Inner Hemisphere

R

To Power Supply

Detector Hemisphere

Vessel Wall Detector
(copper) volume P. Knights
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Quenching factor measurements

WHI' — W/Y/Q (E) Stainless steel 15 cm @ sphere

Ongoing measurement campaigns at:

TUNL

TRIANGLE UNIVERSITIES

G )
Aluminum e

window
calibration

NUCLEAR LABORATORY

Deuterium from a TANDEM accelerator
used to produce neutrons: D(D,n)*He

Deuterium 15cm SPC

gas cell

D Neutrons

Deuterium
beam

Beam monitor E M. Vidal
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Quenching factor measurements

Wir = W v/Q(E)
Ongoing measurement campaigns at: Neon measurement campaign:

Good data at 0.7 keVr
_!;AHLIE#ES Working on 0.3 keVy/!

NUCLEAR LABORATORY

Deuterium from a TANDEM accelerator
used to produce neutrons: D(D,n)*He

Deuterium 15cm SPC detecto

gas cell

Neutrons

Deuterium D

beam

Beam monitor E M. Vidal
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37Ar calibration

Low energy, detector volume calibration with 37Ar:
D.G. Kelly et al. Journal of Radioanalytical and Nuclear Chemistry 318(1), 279 (2018).

Can also be used to measure the gas properties (W-value, Fano factor)

160 — I Good agreement
1401 3TAr (gaseous): * with energy
- i t1o = 35 days response model!
120f= 0.27, 2.82 keV x-rays
T
100 —
> — |
2
£ 80
[
w e .
601 Preliminary results:
— 1
] .
40 | W ~ 28 eV/pair in Ne + 2% CHg
|
o
ool ! Fano factor ~ 0.2
— 1
B L \ ., Preliminary
% 500 1000 1500 2000 2500 3000 3500
Energy [eV]

Q. Arnaud et al. To be submitted soon!
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UV laser calibration system

»A 213nm is laser used to extract PEs from the wall of the SPC
»A photo detector in parallel is used to tag events, monitor laser power
»LLaser intensity can be tuned to extract 1 to 100 photo-electrons

. PD Raw Pulse A
Scheme of the experimental set-up g
Photo Detector P lifier jo() ° .
Optical (PD) e = =] Amplitude
Fiber %
£ 3
O«
Preampilifier
Variable o M
s tiator 0 500 1000 1500
E 213 nm Time [ps]
Band Pass = | SPC Treated Pulse
Filter 2 31
1 g 8 ] |
(4]
5™ harmonic —1 S 94 Amplitude
3 \
1 1064 nm g &1
R
LASER £
0 500 1000 1500
Q. Arnaud et al. To be submitted soon! Time [us]
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UV laser calibration system

Tests detector response model, provides measurement of key parameters

Amplitude [primary electrons]

0 1 2 3 4 5 6
: 1 1 I 1 I I I I I 1 1 l 1 I I I I I I I I l | 1 I I I I I 1 1 I ! I
B Low laser intensity (u ~ 0.2)
1A Measured parameters:

- Mean gain
S - Single electron response
< Te- | - Baseline RMS
o 10°E R
o — gy
g — ~Gy
m —
c = %Ei!
8 'I' tii )
8 10 2 e- \“ti '

T {
= !Ii | -
L
- Naiiii
L o .l!ll"%Hll
= Preliminary | | | ..
o0 50 100 150 200
Q. Arnaud et al. To be submitted soon! Amplitude [ADU]
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UV laser calibration system

Energy [<PE>]
Can be used for S R S I, B —

Preliminar
measurement of the / y
\ . D 102
detector trigger efficiency 2 Ef
s H // —4—— Data(AD t
..(L) 10 - / _+_ Data (SPC Trigger)
c E /7
> - [ Fit of [Model (Allj] to [Data (Al)]
S ! o 0
(@) B l; (N=0e)
1 ? Fi m[.:.,;. ::z 18)=(E,  0,,)] 1o Data (SPC wigger)
7. .1 ' BT B BRI
4N
0.8
> —
(@) L
c -
g 0.6/—
& C —+— Data [(SPC Trigger) / (All)]
LE — ——— Fitof «(E, 0,,) to Data [(SPC Trigger) / (Al}]
o 04—
(@)] = ———— c(E, 0, ) derived from top pannel fit
2 -
= 0.2_—
0_\ 1 L I L 1 L 1 1 | | | | | 1 1 1 | L L L I 1 1 1 I 1 1 1 | 1
0 20 40 60 80 100 120 140
Q. Arnaud et al. To be submitted soon! Energy [ADU]
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UV laser calibration system

— | Preliminary & e et
Can be used for 3 eliate .
<
measurement of the 8
detector trigger efficiency =
QE: 4000
. L _ Uncorrected 7Ar events
Real-time monitoring of 2
$ 10000
the detector response, 8
measurements of g
electron drift times... g o
Monitoring and correction of =0 _orecled. AL Bverls
gain to ~1% precision =
© 8000
%-
E 6000
<

0-19h 0-22h 1-01h 1-04h 1-07h 1-10h 1-13h 1-16h

Q. Arnaud et al. To be submitted soon! Time [day-hour]
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UV laser calibration system

— | Preliminary & e s
Can be used for = b ¢
<
measurement of the 8
detector trigger efficiency =
<% 4000
. L _ Uncorrected 7Ar events
Real-time monitoring of 2
$ 10000
the detector response, 0
measurements of 2
electron drift times... g o
=" Correoted Ar everts
- <
Will be operated Q
continuously during 2
E 6000
WIMP search run <

0-19h 0-22h 1-01h 1-04h 1-07h 1-10h 1-13h 1-16h

Q. Arnaud et al. To be submitted soon! Time [day-hour]
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Improved understanding of SPCs

Analytical model of detector energy response:

dR Emax dR Nmax N
d_E(Eee) = </0 d_E(En’r)X Z [PCOM (N|,u, F) X Plgol;a (Eee‘gy <G>)] dEnr
N=0
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Improved understanding of SPCs

Analytical model of detector energy response:

Emax Nmax
;l_g(Eee) — A j_g(Enr)X Z [PCON[ (N|,u, F) X Plgolyd( ee‘g < >)] dE,,
v ] e ()

Using the COM-Poisson distribution for primary and Polya for secondary ionization:

p=2
0.7 . T T T T T
o) — o= D. Durnford et al. Phys. Rev. D98, 103013 (2018)
— F=0.6
0.5} F=04
i
04l F=0.2 | A
0.0.3_ :’/\ | P(SUP\, V) — (:L,')VZ(A’ I/)
0.2} K\ . > )\j
N \¥ )\1/:2]|)V Ae{R>0}, ve{R>0}
. | ~
2% 1 2 3 2 5 6 7
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Improved understanding of SPCs

Analytical model of detector energy response:

Emax Nmax
;l_g(Eee) = A j_g(Enr)X j;:o [PCON[ (N|,u, F) X Plgol;d (E ‘9, <G>)] dE,,
o B i)

Supported by UV laser and 37Ar data (Q. Arnaud et al. To be submitted soon!)

Amplitude [primary electrons]

0 1 2 3 4 5 6
160 T T T T T
140 C Low laser intensity (u ~ 0.2)
C 10° -
120 =
100: 8 ‘
3 - o 102
2 gol! o
e 2
@ - 5
60 8 10
40; I
20:— 1 :I:I:ﬂ:
L Prehmmary Prellmlﬂary /\\ 1
C I T e — T S | ‘ [ L L L 1
0
0 500 1000 1500 2000 2500 3000 3500 1 50 200
Energy [eV] Amplltude [ADU]

Allows for improved analysis with the optimum interval method
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Projected WIMP Sensitivity

Installation in SNOLAB to start late 2019

| | | —1—

Preliminary
107" | \\ Ne + 10% CHa
N \
10-38 B \
; NEWS-G \
— @ SNOLAB
- 107 \
O, i
bx 10_40 3

1041 Assumptions:
F| Flat background of 1.78 dru
[l Exposure of 20 kg.days

_a> || Energy window of [146Vee, TkeVed]
10 FEF-0206=012
- SRIM quenching factor

0.1 0:3 — 10 | 3.0 — I].IO.O
M, [GeV/cz]
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Thank you!

Queen’s University Kingston - G Gerbier, P di Stefano, R Martin, G Giroux, S Crawford, M Vidal, G Sawvidis, A
Brossard, P Vazquez dS, Q Arnaud, K Dering, J McDonald, M Chapellier, A Ronceray, P Gros, A Rolland, C Neyron
- Copper vessel and gas set-up specifications, calibration, project management
- Gas characterization, laser calibration on smaller scale prototypes
- Simulations/Data analysis

IRFU (Institut de Recherches sur les Lois fondamentales de I'Univers)/CEA Saclay - | Giomataris, M Gros, | Katsioulas, T
Papaevangelou, JP Bard, JP Mols, XF Navick

- Sensor/rod (low activity, optimization with 2 electrodes)

- Electronics (low noise preamps, digitization, stream mode)

- DAQ/soft

LSM (Laboratoire Souterrain de Modane), IN2P3, U of Chambéry - F Piqguemal, M Zampaolo, A DastgheibiFard
- Low activity archaeological lead
- Coordination for lead/PE shielding and copper sphere

Aristotle University of Thessaloniki - | Savvidis, A Leisos, S Tzamarias
- Simulations, neutron calibration
- Studies on sensor

LPSC (Laboratoire de Physique Subatomique et Cosmologie) Grenoble - D Santos, JF Muraz, O Guillaudin

- Quenching factor measurements at low energy with ion beams
The NEWS-G Collaboration
(September 2018)

Pacific Northwest National Laboratory - E Hoppe, R Bunker
- Low activity measurements, copper electro-forming

RMCC (Royal Military College of Canada) Kingston - D Kelly, E Corcoran
- 87Ar source production, sample analysis

SNOLAB Sudbury - P Gorel
- Calibration system/slow control

University of Birmingham - K Nikolopoulos, P Knights
- Simulations, analysis, R&D

University of Alberta - MC Piro, D Durnford
- Gas purification, data analysis

Associated labs: TRIUMF - F Retiere
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Event simulation

1) Electric field model from finite .
Simulated 150 eVee Event
element software (COMSOL) oy

2) Drift of charges simulated with
inputs from Magboltz

ADC Counts
- n & @ ® g B
. .

3) Energy response simulated
(see slide 17)

Baseline Removed

Real 150 eVee Event

4) Pulses simulated: pre-amp
response, ion current, noise

5) Same treatment as real data W

Daniel Durnford Lake Louise Winter Institute 2019
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Event simulation

1) Electric field model from finite
element software (COMSOL)

2) Drift of charges simulated with
inputs from Magboltz

3) Energy response simulated
(see slide 17)

4) Pulses simulated: pre-amp
response, ion current, noise

5) Same treatment as real data

Daniel Durnford

ADC Counts

'
'
'
'
I
|
|

0 -
h

T T
1000 1500

ADC Counts

Simulated 150 eV Event

Baseline Removed Integral of Deconvolved Pulse
| W
|
|
1
'
1
|
'
1
|

Samples

Real 150 eVee Event

Baseline Removed Integral of Deconveolved Pulse
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Event simulation

—— *Ar Data

37Ar Simulation

1) Electric field model from finite
element software (COMSOL) o0

\|I|\|I|I|I|III|III|I

2) Drift of charges simulated with
inputs from Magboltz

Counts / 30 eVee

3) Energy response simulated ™ W
(see slide 17) N

soF- —F Newron Gatbraton

or oo Switon
4) Pulses simulated: pre-amp .« «
response, ion current, Noise 5

S0

5) Same treatment as real data oE 4

Oo: '=hl-1lo" 20 0o 50 60 70

30 _ 4
Rise Time [us]

Daniel Durnford Lake Louise Winter Institute 2019



Pulse treatment

Raw Pulse

Deconvolve for amplifier response
10 keVee raw pulse and ion-induced current

ﬂﬂﬂﬂﬂﬂ

e
o
=

o

=]

&
I

o
=
@

lon-induced
current

AU
o o
= =
=] T

0000000

o
=}
]

o
2
o1 T[T [T

¥ T T T T t T T T T t T T T T t
4000 4500 5000 5800
Samples

o

L L i M- T T T - ! L
20 40 60 80 120 140 160 180 200

100
Time [us]

1
Deconvolved Exponential and Induced Current 0.9~ x
| : | :

0.8 —

10 keVee i3 Pre-amp
deconvolved i i . response
pulse § | | o

[R]=

ADC Counts
N n

T T I L L L L I L n I
20 40 60 80 100 120 140 160 180 200
Time [us]

Samplaes
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Rise time

100

Gaussian dispersion in arrival time %

due to diffusion of charges: 80

70

/r‘ 3 60

o(r)=——] x20us
T sphere

50

40

Rise time [us]

. . 30
Rise time used for surface event

discrimination

III]IIIII|IIII]II[IllIII|IIII|IIII|II[I|IIII|IIII

=]

70

Rise time )
80 60

P

=01  |ntegrated pulse

10 keVee event 50

6000 -

40
Amplitude

Rise time [us]
3

40 30

4000

30
20

2000 -

20
10

' 10

— — T T T T T
3800 3900 4000 4100 4200 4300 4400 4500

IIII|IIII|[III]IIII|IIII TTTTITTTTITTTT I TT]oToTT

0IllllllIlllllllIlllllllllllllllllllllll 0

Samples 0 500 1000 1500 2000 2500 3000 3500 4000
Energy [eVee]

Q. Arnaud et al. (NEWS-G), Astropart. Phys. 97, 54 (2018).
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Gas handling improvements

18 P. Gros =35

300

»Oxygen and water in the gas
can dramatically reduce signal
amplification

ition [ppm ]|

250 =

charge loss [%]

min

200

w

»A “getter” filter will be used to

remove these contaminants 4l \

). cont

— —
- N
= =

(

50

»A residual gas analyzer will be TV BT S VT R TV "R T |
used to measure gas
contaminants in-situ Hoee e M. Clark
»A radon trap will be used 110027 N2
(radon mostly emitted by the ] co2
getter) S 10088 o
» [esting of activated carbon 10089
traps is ongoing

1.00e-10 ; - T T v v m " 41 I

MASS
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Production of 37Ar

Collaborators at the RMCC produce samples with a fission reactor:

SLOWPOKE-Il Reactor at
the Royal Military College
of Canada

Source produced in an oxygen-free environment

Counting of gaseous and solid by-products
allows for indirect measurement of 37Ar
production

ReSLdual
SLOWPOKE SLOWPOKE
HPGe Count
D D D v. Pump vi. Transfer to
(60 min) PE vial
i. Load iii. Irradiate  iv. Decay Gas
ii. Pump (15 min) (30 min) analysis
HPGe Count
NAr
v. Diffusion
(2x5 min)

D.G. Kelly et al. Journal of Radioanalytical and Nuclear
Chemistry 318(1), 279 (2018).
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Measurement of 219Pb

Can’t entirely eliminate background, so it must be measured

The XMASS collaboration from measures 21°Po alpha’s with an XIA detector

The 219Po activity can be used to calculate the concentration of 719Pb

veto electrode

+1000V L Anode electrodé — 1

\ 7300
£

%z 6800

s

ADC U

Ar gas

6

15cm 200
800
6800

DN e
a : sample s : 0 1‘:mTir\-m us:m o
GND —T

5
gr:: \ £ 6400
gsm to tll §6°°°

— S60075 00 200 300

—— signal
—— veto signal

By measuring rise time (tu-to),
surface event can be
distinguished from event in

Ar gas or ceiling.

y

K Kobayashi (LRT 2017)
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Measurement of 21°Pb
They have already published on this technique:

K. Abe et al. Nucl. Instrum. Methods Phys. Res., Sect. A 884, 157 (2018).

NEWS-G is collaborating with them to measure a sample of our copper:

250 —
Preliminary

200

[}
Ul
o

210pg [mBq/ke]
o
o

50

0 20 40 60 80 100 120
20Pb [mBq/kg]
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Accounting for the Fano factor

Properly modelling primary ionization statistics is still an open question

We plan to use the COM-Poisson distribution to do this:
D. Durnford et al. Phys. Rev. D98, 103013 (2018)

ACC
P(x|\\,v) =
( | ) ) (CC')V Z (A, V)
Z(\ v :Z 5 Ae{R>0}, ve{R>0}
pr Y
0.7 p=2
| " [— Poisson »A flexible, 2 parameter discrete distribution
"l — Zoell »Canbe used for model F > 1 or F < 1
05 F=04] »Extensive published work on fitting data
04l F=92]1  »The distribution parameters do not correspond

; /%

0.1

\x |

Daniel Durnford

to physical quantities, but look-up tables have
been created to allow for practical use of this
distribution
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Accounting for the Fano factor

The problem...

=Y

J=U

P(z|A,v) P(x|p, F)

???

777 AN, F) v F) 777
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Accounting for the Fano factor

1.0

oshk. ...

this region :of j
0.4H------- parameter ,Space? ...........

: P(z|A, v) P(z|p, F)
02 ------- N NN
‘ é = =
MAAARS Ul modes B
0.0, “ T e = - 77?7 XN, F) v(p,F) 777

v(p, F) ~

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

Asymptotic
regime

Alp, F) = (vpF)”

2u+1++/4p + 4+ 1 — 8uF

4 F

0.01%

At high p/F, there are
asymptotic expressions
we can usel!

Solves this problem:

Accurate to <

Daniel Durnford
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Accounting for the Fano factor

Minimize X to find the
correct Aand v

|0 - 04]/0%

41073
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Accounting for the Fano factor

nimizeion dgoritmis X X
The minimization algorithm is F\J0 01 02 03 .. 2  F\|0 01 02 03 .. 20
relatively slow 01 0.1
0.2 0.2
) 0.3 0.3
We have run it for a large range | A | v
of values of p/F and stored the
results in look-up tables . o

1013

1011 |

107 |

107}

-

10°}| -

103 |-

10'

10!

0
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Accounting for the Fano factor
We can use this tool to assess the impact on low-mass DM experiments

Threshold 0. 25e Resolutlon 4-""' (i.e. GCD detectors

107 —— 1 like DAMIC)
: E E — F 0.2 |7
107 — F=0.4|
— r-os|] FCanN
10—36 | B - '
F=0.813  have a big
s 1077 . 1 Impact!
Q
b>< 10738 LN -
10730 b N i
1040 L e 1 Neon experiment
: : e {1 modelled with COM-
] . I 1 Poisson + Gaussian
1.0 3.0 10.0 resolution
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Accounting for the Fano factor

We can use this tool to assess the impact on low-mass DM experiments

sl =P
— ['—=(.4 |]
10737 b — F=0.6
V') T I TR P Y I ..out
S oowb N _' probably
>
o

won'’t for
NEWS-G

Neon experiment

O
+ modelled with COM-
e ; Poisson + Polya, 1e-
i to 1 keVyr energy
S R B window
0.1 0.3 1.0 3.0 10.0 30.0  100.0

M, [GeV/c?]
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Why not the binomial distribution?

Some values of F are
possible with the

. F . M binomial distribution...

n

Daniel Durnford Lake Louise Winter Institute 2019




Why not the binomial distribution?

0.8

0.6

0.4

0.2

0.0

Allowed values of F Bernoulli Modes

N \\\ -------------- """"""""" """"""""" |

...But not any value
of F!

nis an integer so
only certain values
are possible

In the single electron
regime, very few
values are allowed

Daniel Durnford
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The Polya distribution

4 Polya Distribution
- (=0.01
1.2_ ............................................... P 0:0.1 -
é i s 5 — 0=
POR e 0=3
2 0.8
=
O
O
© 0.6
.
VY | N O S DU U W SR SO SR S
0.2
0.0 1 | - i —
0.0 1.0 1.5 2.0 2.5 3.0 3.5
n/<n>

0
P (&w) _ (14000 (&) (0 25
(n) r1+0) \(n)
Daniel Durnford Lake Louise Winter Institute 2019



UV laser studies

Laser data can even be fit at high intensities (many primary electrons)
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UV laser studies

»Reconstructed proportional to laser intensity as expected
»Fits of all parameters performed individually and jointly for different laser intensities
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