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Basics of PICO
• The PICO collaboration operates bubble 

chambers for the detection of dark 
matter 

• Target material is a superheated liquid — 
the metastable state means a small 
deposit of energy can cause a phase 
transition
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PICO Detectors
• Required: 

• A tank for the target 
• A way to tell that an event has 

happened 
• A way to recompress the target 

after an event 
• (A little more to it than this, but we can 

start here)
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10-10 ~ 3 keV

10-10 ~ 11 keV

!4

Why use a Bubble Chamber?
• There are some unique aspects of the 

bubble chamber that make it attractive 
• Discrimination is one big one

Gamma Interaction Probability
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Acoustic Discrimination

Daughter heavy nucleus 
(~100 keV)

Helium nucleus 
(~5 MeV)

~40 μm

~50 nm

Observable bubble ~mm

• Alphas deposit their energy 
over tens of microns 

• Nuclear recoils deposit theirs 
over tens of nanometers
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The Distant Past: PICO-2L

• 2L (2.9kg) active mass of 
C3F8 

• Change from CF3I gives 
better gamma rejection, 
more active mass for 
proton-interaction search
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PICO-2L Results

!8

3 4 5 6 7 8 9 10 15 20 25
WIMP mass [GeV/c 2]

10 -43

10 -42

10 -41

10 -40

SI
 W

IM
P-

nu
cl

eo
n 

cr
os

s 
se

ct
io

n 
[c

m
2 ]

SuperCDMS

CDMSlite
LUX

PICASSO 2012

PICO-2L Run-1

PICO-2L Run-2

101 102 103 10410−41

10−40

10−39

10−38

10−37

COUPP−4 (2012)

cMSSM

Ice
Cu

be

Super−K

CMS

SIMPLE

XENON100PICASSO (2012)

PICO−60
PICO−2L Run−1

PICO−2L Run−2

WIMP mass [GeV/c2]

SD
 W

IM
P−

pr
ot

on
 c

ro
ss

 s
ec

tio
n 

[c
m

2 ]

Run-1: C. Amole et al., Phys. Rev. Lett. 114, 231302 (2015)
Run-2: C. Amole et al., Phys. Rev. D 93, 061101 (2016)

Run 1: Phys. Rev. Lett. 114, 231302 (2015) 
Run 2: Phys. Rev. D 93, 061101 (2016)



The Past: PICO-60

• Active material: 
36.8kg of C3FI 

• Completed one 
run with C3FI, 
moved on to a 
second run with a 
few modifications
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employ different targets [7–14]. Located in the SNOLAB
underground laboratory [15] at an approximate depth of
6000 meters water equivalent, the PICO-60 bubble cham-
ber is the largest bubble chamber to search for dark matter
to date. We report results from the first run of PICO-60,
with a dark matter exposure of 3415 kg days taken at
SNOLAB between June 2013 and May 2014.

II. EXPERIMENTAL METHOD

The PICO-60 bubble chamber consists of a 30-cm-
diameter by 1-m-long synthetic fused silica bell jar sealed
to a flexible stainless-steel bellows and immersed in
hydraulic fluid, all contained within a stainless-steel pres-
sure vessel. The pressure vessel is 60 cm in diameter and
167 cm tall. The hydraulic fluid in PICO-60 is propylene
glycol, and the pressure in the system is controlled by an
external hydraulic cart via a 3.8-cm-inner-diameter
hydraulic hose. The stainless-steel bellows balances the
pressure between the hydraulic volume and the bubble
chamber fluid. For this run, the chamber was filled with
36.8! 0.2 kg of CF3I (18.4 l with density 2.05 kg=l at
22 °C and atmospheric pressure). A buffer layer of ultrapure
water sits on top of the CF3I to isolate the active fluid from
contact with stainless-steel surfaces. A schematic of the
detector is shown in Fig. 1.
Parts per million of free iodine molecules in CF3I are

known to absorb visible light. To prevent any discoloration,
the buffer water contains 5 mmol=l of sodium sulfite,
which reacts at the water/CF3I interface with any iodine
in the organic phase to form colorless iodide (I−) that is
then extracted into the aqueous phase. This reaction is
known in chemistry as the iodine clock reaction, and it
efficiently removes any traces of free iodine from the CF3I.
No discoloration of the fluids was observed during the run.
The pressure vessel is located in a 2.9-m-diameter by

3.7-m-tall water tank in the Ladder Labs area of SNOLAB
[15]. The water tank provides shielding from external

sources of radiation as well as temperature control. The
water bath temperature is regulated by the combination of
circulation through an external heater and a second heating
wire located inside the tank for fine control. The water tank,
pressure vessel, hydraulic fluid, and bubble chamber are all
in thermal contact. The temperature is monitored by eight
resistive temperature detectors (RTDs) in the water bath
and four RTDs in the pressure vessel, bracketing the bubble
chamber volume.
Transducers monitoring the pressure are connected to the

inner volume, the pressure vessel, and the hydraulic cart.
An additional fast ac-coupled pressure transducer monitors
the pressure rise in the chamber during bubble growth [16].
Gross pressure control is accomplished using a piston with
a 1∶4 area ratio connected to a pressure-regulated air
reservoir. A stepper motor controlling a hydraulic pump
provides fine pressure control.
Two 1088 × 1700 CMOS cameras are used to photo-

graph the chamber at a stereo angle of 60° at a rate of 50
frames per second. A set of LEDs mounted next to the
cameras flash at the same rate as the camera shutter, and a
sheet of retroreflector mounted inside the pressure vessel
behind the jar reflects the LED light back to the cameras,
effectively backlighting the chamber. The stereo images
from the cameras are used to identify bubbles and recon-
struct their spatial coordinates within the chamber. Figure 2
shows images of a seven-bubble event produced during a
neutron calibration run.
Thirteen piezoelectric acoustic transducers were syn-

thesized from low radioactivity, lead-zirconate-titanate-
based ceramics in an ultrahigh purity environment to
prevent any contamination during mixing, calcination,
and sintering. The transducers are epoxied to the exterior

FIG. 1. A schematic of the PICO-60 bubble chamber.

FIG. 2. Images of a multiple scattering neutron event from the
two PICO-60 cameras. Reflection of the LED rings used for
illumination are clearly visible on the front and back of the jar.
The two vertical strings of acoustic sensors are visible running up
the sides of the jar.

C. AMOLE et al. PHYSICAL REVIEW D 93, 052014 (2016)

052014-2
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PICO-60 C3F8
• Double the number of 

cameras (from 2 to 4) 
• Doubles the active 

mass viewed 
• Increase the rate to 

340 frames per 
second 

• Started taking data 
August 2016, ended 
July 2017



PICO-60 Results

• World leading SD WIMP proton sensitivity for large range 
of WIMP masses
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Phys. Rev. Lett. 118, 251301 (2017)
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PICO-60 Lowered Threshold
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• Stable operation 

was achieved at 
lower thresholds 

• Analysis took 
slightly longer 
than 
expected…



PICO-60 Full Exposure Results

!13

PICO 60 Limited

PICO 60 Full

arXiv: 1902.04031, accepted to PRD



The Present

• Many problems seem connected to 
water/active fluid interface
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PICO-40L

Remove this 
interface, contact 

between active fluid 
H2O

PICO-60

• Many problems seem connected to 
water/active fluid interface

The Present



PICO-40L

!16

employ different targets [7–14]. Located in the SNOLAB
underground laboratory [15] at an approximate depth of
6000 meters water equivalent, the PICO-60 bubble cham-
ber is the largest bubble chamber to search for dark matter
to date. We report results from the first run of PICO-60,
with a dark matter exposure of 3415 kg days taken at
SNOLAB between June 2013 and May 2014.

II. EXPERIMENTAL METHOD

The PICO-60 bubble chamber consists of a 30-cm-
diameter by 1-m-long synthetic fused silica bell jar sealed
to a flexible stainless-steel bellows and immersed in
hydraulic fluid, all contained within a stainless-steel pres-
sure vessel. The pressure vessel is 60 cm in diameter and
167 cm tall. The hydraulic fluid in PICO-60 is propylene
glycol, and the pressure in the system is controlled by an
external hydraulic cart via a 3.8-cm-inner-diameter
hydraulic hose. The stainless-steel bellows balances the
pressure between the hydraulic volume and the bubble
chamber fluid. For this run, the chamber was filled with
36.8! 0.2 kg of CF3I (18.4 l with density 2.05 kg=l at
22 °C and atmospheric pressure). A buffer layer of ultrapure
water sits on top of the CF3I to isolate the active fluid from
contact with stainless-steel surfaces. A schematic of the
detector is shown in Fig. 1.
Parts per million of free iodine molecules in CF3I are

known to absorb visible light. To prevent any discoloration,
the buffer water contains 5 mmol=l of sodium sulfite,
which reacts at the water/CF3I interface with any iodine
in the organic phase to form colorless iodide (I−) that is
then extracted into the aqueous phase. This reaction is
known in chemistry as the iodine clock reaction, and it
efficiently removes any traces of free iodine from the CF3I.
No discoloration of the fluids was observed during the run.
The pressure vessel is located in a 2.9-m-diameter by

3.7-m-tall water tank in the Ladder Labs area of SNOLAB
[15]. The water tank provides shielding from external

sources of radiation as well as temperature control. The
water bath temperature is regulated by the combination of
circulation through an external heater and a second heating
wire located inside the tank for fine control. The water tank,
pressure vessel, hydraulic fluid, and bubble chamber are all
in thermal contact. The temperature is monitored by eight
resistive temperature detectors (RTDs) in the water bath
and four RTDs in the pressure vessel, bracketing the bubble
chamber volume.
Transducers monitoring the pressure are connected to the

inner volume, the pressure vessel, and the hydraulic cart.
An additional fast ac-coupled pressure transducer monitors
the pressure rise in the chamber during bubble growth [16].
Gross pressure control is accomplished using a piston with
a 1∶4 area ratio connected to a pressure-regulated air
reservoir. A stepper motor controlling a hydraulic pump
provides fine pressure control.
Two 1088 × 1700 CMOS cameras are used to photo-

graph the chamber at a stereo angle of 60° at a rate of 50
frames per second. A set of LEDs mounted next to the
cameras flash at the same rate as the camera shutter, and a
sheet of retroreflector mounted inside the pressure vessel
behind the jar reflects the LED light back to the cameras,
effectively backlighting the chamber. The stereo images
from the cameras are used to identify bubbles and recon-
struct their spatial coordinates within the chamber. Figure 2
shows images of a seven-bubble event produced during a
neutron calibration run.
Thirteen piezoelectric acoustic transducers were syn-

thesized from low radioactivity, lead-zirconate-titanate-
based ceramics in an ultrahigh purity environment to
prevent any contamination during mixing, calcination,
and sintering. The transducers are epoxied to the exterior

FIG. 1. A schematic of the PICO-60 bubble chamber.

FIG. 2. Images of a multiple scattering neutron event from the
two PICO-60 cameras. Reflection of the LED rings used for
illumination are clearly visible on the front and back of the jar.
The two vertical strings of acoustic sensors are visible running up
the sides of the jar.

C. AMOLE et al. PHYSICAL REVIEW D 93, 052014 (2016)

052014-2



• Deployed at same location as 
PICO-60 

• Target ~40L C3F8 

• Synthetic fused silica piston 
removes water interface 

• Larger stainless steel pressure 
vessel minimizes backgrounds
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PICO-40L



• Currently commissioning 
components at SNOLAB 

• Completion in July 2019 

• Commissioning to extend for a 
few months 

• Data taking for ~a year
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PICO-40L



PICO-40L Sensitivity
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• One year of running with 
“traditional” threshold of 
3.2 keV 

• We now think that lower 
thresholds can be 
explored with PICO 40L, 
so this sensitivity limit 
now appears very 
conservative



The Future: PICO 500
• Designed to increase sensitivity by an 

order of magnitude 
• Could run C3F8 and/or CF3I or other 

targets
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The Future: PICO 500



The Further Future
• Identifying a quartz jar 

manufacturer for PICO 500 
was a challenge (although 
eventually successful) 

• New technologies for different 
materials are being 
investigated 

• A detector using a scintillating 
target is also being 
constructed (see poster by 
Hector Hawley Herrera)
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How does PICO work?

• Start with a bubble in a liquid 
• In thermal equilibrium, so Tl = Tb 

• Also in chemical equilibrium, so 
μl = μb 

• Pb is then roughly the vapour 
pressure at temperature T, and 
Pb>Pl, so the bubble should 
expand… if there were no 
surface tension
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Ps

Pl, Tl

Pb, Tb



Calculation of Threshold
• So how is the threshold energy 

calculated?
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ET = 4πr2
c (σ − T [ dσ

dT ]
μ)

+
4π
3

r3
c ρb(hb − hl)

−
4π
3

r3
c (Pb − Pl)

• Where 𝜌 is the density and h the specific 
enthalpy

Surface energy

Bulk energy

Reversible work



Calculation of Threshold
• So how is the threshold energy 

calculated?
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rc =  
29.7 nm

Pl = 30psi 
 Tl = 14°C

Pb = 89.7 psi
(C3F8)

ET = 4πr2
c (σ − T [ dσ

dT ]
μ)

+
4π
3

r3
c ρb(hb − hl)

−
4π
3

r3
c (Pb − Pl)

1.53 keV

1.81 keV

0.15 keV

3.19 keV



Chamber Operation
• Detector is made 

sensitive by 
depressurizing 
chamber 

• Use video for trigger, 
acoustically monitor 
as well 

• A trigger causes 
pressurization to 
force back into liquid 
state
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