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Bubble	chamber:	theory	

•  In	a	superheated	fluid,	bubbles	will	
collapse	unless	they	are	large	enough	
(rc)	to	overcome	surface	tension:		
must	deposit	Eth	in	a	radius	less	than	rc	
à	Eth	&	Eth/rc	=	dE/dx	threshold	

•  Threshold	based	on	theory	of	Seitz	
(Phys.	of	Fluids	I,	2	(1958))	
For	a	given	fluid:	
Classical	Thermodynamics	gives		
Eth,	rc	in	terms	of	P,	T	
	
	
	
	
	

	

liquid	pressure	

vapor	pressure	

surface	tension	
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Neutron		
calibraZon	event	

Pressure	&	temperature	à	min	energy,	dE/dx	threshold		
à	sensiZve	to	nuclear	recoils	but	not	electron	recoils		

1950s-1970s	
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Gamma/Beta	Backgrounds	
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Aim	for	this	level	for	1	year	exposure	



Nuclear	target	
•  Big	advantage	of	bubble	

chambers	is	the	ease	of	
changing	nuclear	target	
(lot’s	of	candidate	
refrigerants)	

•  Previously	used	CF3I		
(I	for	SI	sensiZvity,		
F	for	SD	sensiZvity),		
now	using	C3F8	(focusing	on	
SD	sensiZvity,	low	mass)	
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A.	L.	Fitzpatrick,	see	also:	0908.2991,	1203.3542,	1211.2818,	1308.6288	

Response	funcZons	
,						,	
,	etc	



PICO	Bubble	chamber	operaZon	
Pressure	expansion	puts	target	
fluid	in	superheated	state	

Buffer	fluid	
(water)	

Hydraulic	
fluid	

Target	fluid	
(CF3I/C3F8)	

to	hydraulic	controller	

Synthetic	
silica	jar	

Wait	for	parZcle	interacZon	to	
nucleate	a	bubble,	recompress	
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Cameras	capture	stereoscopic	
bubble	images	@	100	fps	
(primary	trigger)	

AcousZc	sensors	&	fast	pressure	
transducer	capture	sound	&	
pressure	rise	from	bubble	growth	

50ms	 7	



AcousZc	discriminaZon	of	α’s	
•  Clear	acousZc	signature	of	single	

nuclear	recoil	(track	<	~μm)	
•  Sound	emission	peaks		

at	rbubble	≈	10	μm	
•  α	track	much	larger	(~40	μm)		

à	separate	nucleaZon	sites		
à	α’s	several	Zmes	louder	
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Figure 3:  (Right) Sensitivity of CF3I and C3F8 bubble chambers to gamma interactions.  Data come from 

a variety of gamma sources and chambers operating both on the surface and underground.  Dark matter 
search data is taken at thresholds giving at 10-8 to 10-9 gamma efficiency.  (Left) Acoustic discrimination 

in the COUPP 4 detector at SNOLAB at 15 keV threshold [9].  The Acoustic Parameter (AP) is a 

position-corrected measure of the intensity of the ultra-sonic emission from a growing bubble.  The blue 

histogram shows the nuclear recoil acoustic response from neutron calibration data, with 96% acceptance 
between dashed lines.  The red histogram shows background (WIMP search) data, dominated by the alpha 

decays of 222Rn and its daughters.  The WIMP search data at 15 keV include 1733 alpha-decay and 8 

WIMP-candidate events.  These background events in the nuclear recoil region are believed to be due to a 
neutron background, rather than either a WIMP signal or failure of the acoustic discrimination.  Even if 

this background were due entirely to alpha-decays, it would indicate an acoustic rejection of better than 

99.3%. 

Current COUPP / PICO Status 

The first deep-underground bubble chamber data came from the COUPP-4 experiment at SNOLAB (6800 

feet below ground) [25].  This chamber had an active mass of 4.0 kg and its first physics run, from 

November 2010 to June 2011, accumulated a net exposure of 437 kg-days at 8-, 10-, and 15-keV 
thresholds.  The resulting spin-dependent WIMP-proton cross-section limits are the most stringent to-date 

from a direct detection experiment (Fig. 1), and the data demonstrated >99.3% acoustic alpha rejection 

(Fig. 3) [9].  These results were limited by a neutron background, evidenced by the presence of three 
multiple-bubble events in the physics data – only neutrons can produce multiple bubbles in the COUPP/ 

PICO bubble chambers, and roughly 1 in 4 neutron events in COUPP-4 does have multiple bubbles. 

The COUPP-4 experiment was followed by COUPP-60, which is currently operating at SNOLAB with a 
35-kg CF3I target (Fig. 2).  The first 1,000 kg-day dataset from COUPP-60 has been taken, and the 

absence of multi-bubble events confirms that the steps taken since COUPP-4 to improve screening of 

detector components for neutron emitters have been successful.  However, COUPP-60 is not background 

free.  We have confirmed the presence of a non-WIMP background, hinted at in the low-threshold 
COUPP-4 data, that shows several anomalous characteristics, including a slightly (20%) elevated acoustic 

signal relative to nuclear recoils and a markedly increased rate during periods of thermal instability.  The 

current hypothesis is that these events are coming from chemically reactive flakes carried by convection 
currents in the target fluid.  The flakes react with the CF3I producing a non-condensable gas (e.g. C2F6) 

which is trapped on the flake, forming a nano-bubble that eventually becomes a nucleation site for CF3I 

boiling.  This background is still under investigaton in COUPP-60. 

The new PICO collaboration has also recently launched the PICO-2L experiment at SNOLAB, a 2-liter 
C3F8 chamber that began taking dark matter data on Oct. 28, 2013, operating in the same location as the 
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COUPP-4	
CF3I	Target	



The	PICO	program	

•  PICO:	merger	of	PICASSO	
and	COUPP	collaboraZons		

•  PICO-2L	C3F8	(2014-17)		
C.	Amole	et	al.,		
Phys.	Rev.	Le-.	114,	231302	(2015)		
Phys.	Rev.	D	93,	061101	(2016)		

•  PICO-60	CF3I	(2013)		
Phys.	Rev.	D	93,	061101	(2016)		

•  PICO-60	C3F8	(2016-17)		
Phys.	Rev.	Le-.	118,	251301	(2017)		

•  PICO-40L	(2017-18)	
•  PICO-500	(future)		
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PICO-2L	 PICO-60	



PICO-60	Cleaning	
•  Every	component	touching	the	inner	volume	

was	cleaned	against	MIL-STD-1246C	level	50	
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Post-FiltraZon	ParZculate	Size	DistribuZon	

<5µm	 <15µm	 <25µm	 <50µm	 <100µm	

-----	Mil-Std	1246C	level	100	
-----	Mil-Std	1246C	level	50	(Goal)	
-----	Mil-Std	1246C	level	25	
		*				Filter	Sample	Normalized	by	Flow	

Par8culate	
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PICO-60	run	with	blinded	acousZcs	
•  Filled	with	52	kg	C3F8	in	June,	2016	

–  Blind	analysis	on	data	from		
November	2016	and	January	2017	
1167-kg-days	at	3.3	keV	threshold	

•  106	bulk	singles	in	WIMP	search	dataset	
–  Consistent	with	222Rn	decay	rate		

•  Expected	Neutron	Background	
–  3	mulZple	bubbles	in	the	physics	data	
–  3:1	mulZples	to	singles	raZo	from	

calibraZon	and	simulaZon	
–  0-3	bulk	singles	would	be	consistent	with	

neutrons	and	no	anomalous	background	
11	

C.	Amole	et	al.,	arXiv:1702.07666		



Amer	Opening	the	Box	
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No	events	in	
signal	region!	

AcousZc	Parameter	

C.	Amole	et	al.,	arXiv:1702.07666		

Radon	chain	alphas	
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PICO-60 C3F8

Spin-dependent	Limits	

13	C.	Amole	et	al.,	arXiv:1702.07666		

Factor	of	17	improvement!	

PICAS
SO	

IceCube	SuperK	



Moving	forward:	PICO-40L	
Eliminate	buffer	fluid	
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Therm
al	Gradient	

Purpose	of	
buffer	liquid	
is	to	isolate	
the	acZve	
liquid	from	
the	stainless	
parts	 Thermal	

gradient	can	
ensure	that	
target	fluid	
near	stainless	
parts	is	not	
acZve	

PICO-60	

PICO-40L	



Therm
al	Gradient	

Summary	
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•  PICO	bubble	chambers	at	the	40L	
scale	are	background-free	

•  PICO	dominates	the	search	for	spin-
dependent	WIMP-proton	coupling	

•  PICO-40L:	Design	changes	expected	
to	further	improve	bubble	chamber	
stability	and	lower	neutron	
background,	deployment	this	year	

•  Ton-scale	PICO-500	in	engineering	
stage,	goal:	data	taking	in	2019	

PICO-40L	
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BACKUP	
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Long	term	
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•  Coherent	neutrino	
background	much	lower	
for	light	target	compared	
to	Xe	



Nucleon	Coupling	Limits	
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Limits	on	neutron	vs	proton	spin-dependent	coupling	

See	Tovey	for	details:	
D.R.	Tovey,	et	al.,	Phys.	Le-.	B	488,	17	(2000)	

C.	Amole	et	al.,	arXiv:1702.07666		

LUX	

PandaX-II	

PICO-60	CF3I	PICO-2L	C3F8	
PICO-60	C3F8	



Comparison	to	Collider	
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C.	Amole	et	al.,	arXiv:1702.07666		


