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Bubble Chamber Operation

Phase diagram Gibbs free energy
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When on the saturation curve, liquid and At equilibrium, the potential has two
gas are in equilibrium. (Same pressure, minima (one dominantly gas like and one
temperature and chemical potential). liquid dominated)
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Bubble Chamber Operation

Phase diagram Gibbs free energy
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This distorts the potential, leading to a
meta-stable superheated liquid state.
Unless sufficient energy is added, it will

stay in meta-stable state.
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We now lower the pressure of the
chamber carefully....starting from the
pure liquid phase.




Principle of Operation: Bubble Chamber
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1. Lower the pressure to a /

superheated state.

to hydraulic controller

2. See the bubble:
e Cameras trigger. record position, multiplicity
e Microphones record acoustic trace
* Fast pressure transducer recording.

3. Raise pressure to stop bubble growth

(100ms), reset chamber (30sec)
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Run: 20131108_7 Event: 10

Event Time: Fri Nov 8 14:15:00 2013

100fps stereo images

Current Time: Tue Jun 10 11:25:53 2014

1.014

5.01

Acoustic Transducers

viezun M
piezo 2 T0 ||| “\I

piezo 1 TO

Fast Pressure Transduce

ubble frame {cami,cam1): (4,4)
ubble count (cami,cami): (2,2)

Bub 1: (0,j0): (290.5,160.5) _ (il

Bubble frame (cam,cam): (4,4)
Bubble count (camb,caml): (2,2)

295.1, 166 )

dytran_type: 0(wallfother)
dytranZ_bubnum: 2.38

dytran2_type: D{wallfother)
dytranz_bubnum: 2.38

Quadratic Fit

Acoustic Parameter: 2.480
Acoustic Parameter (3 band): 2.872

Acoustic Parameter: 2.480
Acoustic Parameter (3 band): 2.672
_Channels Used: 7(1,2,3

TO Piezo 1: -0.0256744
TO Piezo Z: -0.0255704

Screen Display during operations
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-B0 -40 -2 20 40
Msacs
Time Pressure [PSIA] Pressure Ramp Temperature [deqC] Event Timing [s] Frame Timing [ms] Pizels Misc.

run start: Fri Nov 8 13:49:15 2013 PTO: 32 .66 T0: 14.26 Time between frames [ms] # hit pixels trigger type: main=0, ctic=12, plc=1, slow=0

this event: Fri Nov & 14:15:00 2013 PT1:194.37 Ti:14.4 expanded time: 106 102132435465 7687 98 01234 5 6 7 & 9 run type: 1(neutron calib)
msec time: 3301294483 PTZ: 31.64 TZ: 12.83 live time: 11408| cam0: 11 10 9 10 11 10 10 9 10 caml: 0 0 0 0 25 116 167 236 390 854
PT3: 30.1 T3: 12.66 caml: 11 10 9 10 11 10 10 9 10 caml: 0 0 0 0 44 156 253 414 523 584

PT4: 31.28 caml frame0 - cam0 frame0: 0 —
# skipped frames cam0: 0 cam1: 0
selpoint: 30 data series: 2113
DAQ version: PICO2L:1.0
Bubble Recon Dytran Analysis Acoustics Trigger Times Misc

T0 Piezo 1: -0.0258744
TO Flezo 2: -0.0255704
TO Fiezo 3: -0.0256452

analysis version: R3-13
recon event type: spurious video

analysis version: R3-13 Bubble frame {cam0,caml):

recon event type: spurious video

Bubble count (cam0,cam1):



Probability of Nucleation
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Gamma/Beta Background Rejection

Gamma Rejection by Chamber
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Threshold (keV) (set by adjusting T,P)

Excellent electron/gamma rejection has been demonstrated.
C;F4 can reach lower thresholds than CF;l for same rejection.
A lower threshold extends the sensitivity to lower mass WIMPs.

CAP Queen’s 2017 - 6

Queen's  p=

| SJOlOGlG(] ‘O:)|c‘| SnO!JEKm



Alpha Acoustic Discrimination

120 . . .
 Discovery by PICASSO of acoustic i s data sample
discrimination against alphas 100F ¥ |
. . . > it le Acoustic
— Nuclear recoils deposit their energy over tens 8ok L ; ! cut, 96%

of nanometers.
— Alphas deposit their energy over tens of
microns.
* In bubble chambers alphas are several times
louder due to the difference in the rate of
expansion.
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Neutron Backgrounds

 Preferentially Multiple-scatter

— Allows us to measure
background rate directly

« Simulation tells us to expect 3:1
multiples to singles ratio in PICO
60

o With water tank to shield external
sources, residual background
dominated by detector materials

- Answer: 25




Anomalous Background

« PICO-2L Runl

— 9 candidate events in 32 live- B efo re

80 e O ci
days at 3.2keV . 5 ° wmw'
— Inconsistent with known 60, & ° 05 T EE
} ) o @ @ t ':43@@ )
radioactive backgrounds %° % £eTgR
AND dark matter 40 B ) . o °°9° 8%@@
d PICO'ZL Run2 . 20 g go OO © 5 % © o oO C?-)-:-
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et DO _o © C%Q
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— Consistent with neutron —20F "o e o o U
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-40 i De o ,QQ'%" O
e Between runs, the detector 0o T, e LT
was cleaned of particulate —60[,, g . o
- - L 32.2 live-days 66.3 live—days
contamination -80 - - -
0 20 40 60 80 0 20 40 60 80
R%R__ (mm) R%R__ (mm)
jar jar

C. Amole et al. Phys. Rev. D 93, 061101(R) (2016)

Hypothesis: combination of particulate matter and water
leads to anomalous nucleation mechanism
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COUPP-4 (2011)

CF;l Target

PICO Program



COUPP-4 (2011)

CF;l Target

Unknown |
background
discovered

PICO Program

Only a handful of events. Difficult to
understand origin, but limits physics
reach



PICO Program

COUPP-4 (2011) PICO-2L (2014)
CF;l Target

C;Fg Target

=

Try switching
target fluids

Unknown PICO-60 (2014)
background CF,l Target
discovered I T

Try scaling to study with
increased statistics
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PICO Program

COUPP-4 (2011)
CF;l Target

PICO-2L (2014)

C;Fg Target

No2d
— o =
Vi § :

73

Try switching
target fluids

Anomalous

Unknown PICO-60 (2014) background
background
discovered

Try scaling to study with
increased statistics

Anomalous
background

TNTVRRSITY

Anomalous background
discovered. Appears to be

related to particulates at 10's
of nm scale



PICO Program

COUPP-4 (2011) PICO-2L (2014) PICO-2L (2016)
CF;l Target C;Fg Target

Try switching
target fluids

Try removing
particulate

Anomalous
Unknown PICO-60 (2C  background
background CF,| Target
discovered SR
Try scaling to study with
increased statistics |
Anomalous
o background sn@/



PICO Program

COUPP-4 (2011) PICO-2L (2014) PICO-2L (2016)
CF;l Target C;Fg Target C;Fg Target

Try switching
target fluids

Try removing
particulate

Anomalous _
Unknown PICO-60 (2C  background Neutron
background Limited!
discovered
Detector is clean! Only a few
7 s neutrons (at expected level in
Try scaling to study with [P small chamber)
increased statistics R
Anomalous

background SNt

TNTVRRSITY



PICO Program

COUPP-4 (2011) PICO-2L (2014) PICO-2L (2016)
CF;l Target C;Fg Target C;Fg Target

New fine
cleaning methods

Try switching
target fluids

Anomalous . i
Unknown PICO-60 (2C  background PICO-60 (2017) ey iron
background CsFg Target | iited!
discovered | |

6ig 09

Try scaling to study with PFAS

increased statistics |
Anomalous

background SNt
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PICO Program

COUPP-4 (2011) PICO-2L (2014) PICO-2L (2016)
CF;l Target C;Fg Target

New fine
cleaning methods

Try switching
target fluids

Anomalous ,.__.//
Unknown PI1CO-60 (2C background PICO-60 (2017) \jeytron
bgckground CF,l Target CiFg Target | jiteq!
discovered SRR | ‘

6ig 09

Try scaling to study with ¥ »
increased statistics .
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PICO-60 Cleaning

* Every component touching the
Inner volume was cleaned against
MIL-STD-1246C level 50

Post-Filtration Particulate Size Distribution
s 1. Mil-Std 1246C level 100
E P e R I Mil-Std 1246C level 50 (Goal)
gt Mil-Std 1246C level 25
g - *  Filter Sample Normalized by
~ Flow
10°
. *
102 =
|
10 =
E | | +
<5um <15um <25um <50um <100um  pgarticulate Size
Bin
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 Filled with 40L C;F4 on June 30, 2016
» First physics run Nov. 2016 — Jan. 2017
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What do we measure?

e Camera images (primary trigger)
— How many bubbles were there?  Neutron Rejection
— What was the bubble’s position?  surface Rejection

e Temperature

_ Threshpld |
e Pressure (secondary trigger) petermination
« Acoustic signal Alpha Rejection




What do we measure?

e Camera images (primary trigger)
— How many bubbles were there?  Neutron Rejection
— What was the bubble’s position?  surface Rejection

e Temperature

Threshold

* Pressure (secondary trigger) Determination

Queens



Before Opening the Box

e 106 bulk singles in WIMP search

dataset 500 C:Amole et al.,
— Acoustics Still Blind IR

500 P . [ L

— Consistent with Rn decay rate in
pre-WIMP search unblinded data 400 f

* Neutron Background

. L £ 300
— Not blinded to multiplicity £ 200
— 3 multiple bubble events inthe  |N
physics data 100
— Multiples to singles ratio is 0l
approximately 3:1 from
calibration and simulation -100 '
e Conclusion: 0-3 bulk singles o %0 10 IR0

would be consistent with R*/R jar (MM]

neutrons and no anomalous
background




After Opening the Box

1 0 1 2 3 4
60 ] T T
No events : : Neutron
in signal 40 | | | WIMP search |
" C. Amole et al.,
region! : 4;1702.07666

Acoustic Power

o Of the 106 fiducial-bulk singles, none are consistent with nuclear
recoil hypothesis (all are consistent with radon chain alphas)

* No background events observed !
 Blind analysis




Spin-Dependent WIMP-Proton Coupling
Recent Limits from PICO-60

qa C. Amole et al.,
S 1077 arxiv:1702.07666

5 N\ :
= '
S 10-38 >

g 10 RN

@ >

A o

S T PR o :

S ol \ N

c
8 Superk IceCube

2 "~

S 40| TAN~----
3 10
=
E PICO-60 C3F8
0O 441 -
210 :

10
WIMP mass [GeV/c?]

» PICO-60 — Blind analysis, 0 events observed, x17 improvement to set world
best limit on spin dependent proton coupling
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PICO-40L

Eliminate buffer fluid

Purpose of PICO-
buffer liquid
IS to isolate 40L

the active

—]
-
liquid from (D
the stainless g
arts

" D
Thermal CD
gradienthcan E

ensure that
:PICO 60 target fluid Q.
near (D
stainless 2_

parts is not

active

S



PICO-40L

Physics reach
Added stability could allow us to push
down in threshold (WIMP mass) until we
hit electron-recoil backgrounds

Ability to use new target fluids optimized
for different WIMP masses

Reduced neutron backgrounds, allowing us
to push down in cross-section

Tests technology for future tonne scale
detector: PICO 500




Queens

PICO-500

Engineering work ongoing as part of R&D program

Proposal for full detector (~$5M CAD) currently being
adjudicated by CFI, decision expected June 2017

Construction envisioned for early 2018
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Spin-Dependent Future
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Dark Matter-nucleon cross section [cm?]
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| * PICO program

has significant
reach in parallel

to G2
experiments

| « Lower neutrino

floor opens
unique phase to
PICO
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Summary

e PICO bubble chambers at the 40L scale can be built background-free
* PICO dominates the search for spin-dependent WIMP-proton couplings
e Construction of PICO 40 is well underway

e The design of PICO 500 is very advanced. Final technology choice for
Inner vessel to be made based on PICO 40 experience.

C. Amole et al.,
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Spin-independent Limits

e Light nuclear
targets give
sensitivity to low-
mass WIMPs

« Unexplored
phase space
would be
accessible with
slightly reduced
threshold WIMP mass [GeV/c?]
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Right Side Up design virtues:

Superheated/normal transition is maintained by a thermal
gradient with no buffer fluid

* No buffer fluid means no surface tension effects
 No buffer fluid means no constraint on target fluid
» Works with any refrigerant, hydrocarbon, even xenon.

Thermal gradient is naturally stable

All metals at the bottom
» Cold zone, no boiling to liberate particulate
* No convection to move particulate up

Geometry naturally lends itself to a recirculation loop
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