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Abstract. The PICASSO and COUPP collaborations use superheated liquid detectors to
search for cold dark matter through the direct detection of weakly interacting massive par-
ticles (WIMPs). These experiments, located in the underground laboratory of SNOLAB,
Canada, detect phase transitions triggered by nuclear recoils in the keV range induced by
interactions with WIMPs. We present details of the construction and operation of these
detectors as well as the results, obtained by several years of observations. We also intro-
duce PICO, a joint effort of the two collaborations to build a second generation ton-scale
bubble chamber with 250 liters of active liquid.
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1 Introduction

One of the key scientific questions of the cosmology and particle physics today involves unveiling the
elusive nature of dark matter. In the last thirty years, gravitational evidence for dark matter has been
accumulated on the scales ranging from galactic to cosmological. While these gravitational evidences
are conclusive as to the existence of dark matter, they do not fully shed light on its microscopic
properties. The consistency with the current cosmology model and the observational evidence of
the lack of baryonic mass point toward collisionless and dissipationless non-baryonic dark matter.
Moreover, the focus is presently on non-relativistic (cold) dark matter candidates. Summarizing all
the above conditions, the hypothetical candidate for dark matter has been called the Weakly Interacting
Massive Particle (WIMP). Of the many WIMP candidates, probably the best motivated and certainly
the most theoretically developed is the neutralino, the lightest superpartner in many supersymmetric
theories [1]. There is now a vast experimental effort being conducted to detect WIMPs, an extremely
challenging task given that they interact only weakly and gravitationally.

Direct detection experiments search for the WIMP scattering off atomic nuclei within the detec-
tors, which are typically located in deep underground laboratories to reduce the cosmic rays back-
ground. The majority of these experiments are searching for dark matter by either detecting the heat
produced when WIMP hits an atom in a crystal absorber such as germanium or by detecting the flash
of a scintillation light produced by WIMP collision in liquefied noble gases. There is, however, a
relatively new group of detectors attempting to detect WIMPs using superheated liquids, a technique
inspired by the bubble chamber [2], [3]. These detectors search for for cold dark matter through the
direct detection of neutralinos via their spin-dependent interactions with '°F nuclei since, with the ex-
ception of neutralino scattering on free protons, '°F is the most favorable nucleus for direct detection
[4], [5]. In this paper, we present the details of our three experiments based on this technique and their
search for dark matter.

2 PICASSO

The PICASSO experiment (Project in CAnada to Search for Super-symmetric Objects) specializes
in searches for cold dark matter through the direct detection of WIMP scattering using superheated
liquid droplets of perfluorobutane C4F;q. These droplets of about 200 um diameter are dispersed in
a polymerized water saturated acrylamide. With a boiling temperature T;, = —1.7 °C at a pressure of
1.013 bar this liquid is at ambient pressure and temperature in a moderately metastable superheated
state. A heat spike created by the energy deposition of a charged particle traversing the liquid triggers
a phase transition if the energy deposition occurs within a certain critical length (of the order of hun-
dreds of nm), and if the deposited energy exceeds a certain critical energy (in the keV range). Both of
these quantities decrease exponentially with increasing temperature and are functions of surface ten-
sion, latent heat of evaporation and superheat, where the latter is defined as the difference between the
vapor pressure of the liquid and the external pressure. Details of the detector principle are explained
in [6], [7]. The phase transition from the liquid droplet to the vapour bubble is explosive in nature
and is accompanied by an acoustic signal in the audible and ultrasonic region, which is recorded by
piezoelectric transducers.

Given that this type of detector captures phase transitions, it performs as an energy threshold
device which can be controlled by setting the temperature and/or pressure. The dependence of the
threshold energy on the operating temperature has been determined by measurements using mono-
energetic neutron beams (neutron induced recoils are similar to those of WIMPs) and with « emitters
of known energies. The results of these calibrations are shown in a form of a calibration curve in Fig.
1 and allow a precise description of the temperature dependence of energy thresholds ranging from
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Figure 1: Left: Calibration curve for the energy threshold for '°F recoils as a function of temperature
obtained from measurements with mono-energetic neutrons; a-data are shown as open (red) circles.
Right: Detector response to different types of particles as a function of temperature. From left to right:
alpha particles of 5.6 MeV in a detector spiked with 2>°Ra (fit to data points represented by continuous
line); nuclear recoils from fast neutrons of an AmBe source compared to simulations (dotted line);
expected response for nuclear recoils following scattering of a 50 GeVc=2 WIMP (continuous line);
response to 1.275 MeV gamma rays of a >*Na source (dashed line). All responses are normalized to
one at full detection efficiency. If not visible, experimental errors are smaller than the symbols. From
[10]

0.9 keV up to 800 keV. Details of these calibration measurements can be found in [8], [9]. Since each
temperature at a fixed constant pressure corresponds to a defined recoil energy threshold, the variation
of the threshold temperature can be used to reconstruct the spectrum of the particle induced energy
depositions. A measurement summary in Fig. 1 shows that the detector is insensitive to cosmic muons,
v and S radiation below 50 °C. These minimum ionizing particles become detectable when they create
sub-keV energy clusters within sub-nm sizes regions and are therefore well separated from strongly
ionizing WIMP or neutron induced recoils, which allows efficient suppression of such backgrounds
at the level of 1078 to 1079, WIMP induced recoil energies of '°F nuclei are expected to be smaller
than 100 keV and therefore become detectable above 30 °C (at 1 bar). However, Fig. 1 shows that
the detector is fully sensitive to « particles over the entire range of the WIMP sensitivity. Therefore,
«a particles are the dominant source of the background for this type of the detector.

Before the PICASSO run ended in December 2013 and the detector was dismantled, the experi-
ment consisted of 32 modules, installed in groups of four inside thermally and acoustically insulated
temperature a pressure control units with a temperature range from 20 °C to 50 °C and a precision of
+0.1 °C. Each cylindrical module of 14 cm diameter and 40 cm of height [10] was fabricated from
acrylic and filled with 4.5 litres of polymerized emulsion loaded with droplets of C4F;o. On average
the active mass of a single module was 90 g of C4F( corresponding to 72 g of '°F, yielding a total
active mass of 2.6 kg of C4Fj9. The active part of each detector is topped by mineral oil, which is
connected to a hydraulic manifold in order to allow periodic pressurizations of the detectors to re-
convert bubbles back into droplets. A WIMP run typically lasted 40 hours after which the detectors
were recompressed for 15 hours at a pressure of 6 bar in order to reduce bubbles to droplets and to
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Figure 2: Left: Image of one of the 32 PICASSO modules showing the acrylic cylinder filled with
gel matrix containing droplets of C4Fj9. Right: One of the temperature and pressure control units
housing 4 modules.

prevent excessive bubble growth which could damage the polymer. Each module is equipped with 9
piezoelectric transducers for the electronic readout.

To reduce the neutron background the whole experiment is surrounded by a 50 cm thick water
shield and placed in the SNOLAB underground facility at a depth of 2070 m. Mitigation of the alpha
background was, however, a much more difficult as it cannot be shielded from outside. Possible o
sources include a direct contamination of the C4Fq itself or diffusion of 2??Rn from ?2°Ra in the
polymer matrix into the droplets Fortunately, PICASSO discovered a technique for an event by event
a recoil discrimination using the acoustic signal energy. It was observed that the acoustic signals
produced by a-emitters are a factor four more intense than signals of neutron or WIMP induced events
[11], see Fig. 3. This result has been confirmed by COUPP [12] and a theoretical model proposed by
PICASSO is discussed in [9].

The abundance of '°F in the target liquid C4F( gives PICASSO an increased sensitivity to spin
dependent WIMP interactions. The light target nucleus '°F together with the low recoil detection
threshold of 1.7 keV render the experiment particularly sensitive to low WIMP masses below 15
GeV/c?. This is especially interesting following the DAMA/LIBRA and CoGeNT and CRESST re-
sults [14], [15], [16] which are suggestive of a low mass WIMP solution of order 10 GeV/c2. During
its lifetime, PICASSO explored both the implications of the obtained data for searches in the spin-
dependent sector, and the sensitivity to the low mass region in the spin-independent sector. Results of
the WIMP search with PICASSO were published in 2009 [10] and 2012 [17] and a publication with
the complete dataset is currently in preparation.
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Figure 3: Amplitude distributions of neutron and alpha particle induced events for detectors 76 at 35
°C. Plotted is the average of the peak amplitudes of nine transducers. Count rates are given per active
mass. Neutron data are represented by shaded and a-data by unshaded histograms. From [11].

3 COUPP

The Chicagoland Observatory for Underground Particle Physics (COUPP) [18] uses a similar tech-
nique of WIMP detection as PICASSO but instead of droplets dispersed in a gel matrix in modules,
all the active bulk liquid is in one vessel, which then operates as a bubble chamber. Located in SNO-
LAB again, COUPP-4 consisted of a 3 liter synthetic fused silica bell jar of 150 mm diameter sealed
to a flexible stainless steel bellows and immersed in propylene glycol, serving as the hydraulic fluid,
within a stainless steel pressure vessel. The flexible bellows ensured that the pressure inside and out-
side of the bell jar were the same, reducing the stress in the silica vessel. The bell jar was filled with
4 kg of superheated CFsI and topped with water to isolate the active liquid from contact with any
surface apart from the smooth silica and water. Bubble nucleations were recorded three ways; a fast
pressure transducer monitored the pressure rise in the chamber to track bubble growth, four piezoelec-
tric transducers recorded the acoustic emissions, and two CCD cameras were used to photograph the
chamber with a 20° stereo angle at a frame rate of 100 per second. Images from these cameras were
used to reconstruct the spatial coordinates of each bubble within the chamber. This was not possible
in PICASSO due to a presence of the cloudy translucent gel.

A standard operating cycle of COUPP-4 began with the expansion of the CF;I from its normal
state to the superheated state by reducing the pressure from 215 psia to the operating pressure of 30.1
psia over a period of five seconds. Following a 30 second period for pressure stabilization, the bubble
chamber was live for the accumulation of dark matter data. The primary trigger for the experiment
were frame-to-frame differences in the camera images, which initiated compression and capture of
event data. The compression duration was 30 seconds, during which the data from the cycle were
logged and the chamber was prepared for the next expansion. The average live-time fraction ranged
from 78.8% to 82.2% depending on the operating temperature of the chamber, which determined the
bubble nucleation threshold similarly to PICASSO. The CF;I was selected as the active liquid to give
COUPP sensitivity in both the spin-dependent and spin-independent sectors thanks to the content of
fluorine and iodine target nuclei respectively. Details of the COUPP-4 experiment, data reduction
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Figure 4: Left: Schematics of the COUPP bubble chamber showing the inner quartz vessel with the
active liquid. Right: Image of a bubble in COUPP-60 taken by one of the two CCD cameras used for
triggering and spatial reconstruction.

and results of the operation in SNOLAB from September 2010 to August 2011 can be found in [13].
Between 2013 and 2014, the COUPP-60 filled with 60 kg of CF;I was running in SNOLAB and a
publication with the first results is currently in preparation.

4 PICO

The PICO collaboration was formed in 2013 from the merger of PICASSO and COUPP groups to use
the best of both experiments and build together the next generation of the superheated liquid detector.
The droplet detectors are difficult to scale to larger masses, therefore the PICO detector uses the
bubble chamber technique known from COUPP but instead of the CF3I, which has an extremely poor
efficiency for bubble nucleation from fluorine, limiting the sensitivity in spin-dependent sector, PICO
uses C3Fg as the active target. This new liquid has better spin-dependent sensitivity due to higher
fluorine concentration, higher efficiency for detecting fluorine recoils and lower threshold without
gamma and electron background. The collaboration combined operational principle of COUPP bubble
chamber and fluid handling expertise from PICASSO to construct a prototype filled with 2.9 kg of
C3Fg and called PICO-2L. The detector uses a modified synthetic fused silica bell jar from COUPP-
4, together with 2 cameras, 3 acoustic transducers and a pressure sensor. All the technical details
together with the data from the operation in SNOLAB from October 2013 to May 2014 are reported
in a currently submitted publication [19].

The results from detectors PICASSO, COUPP and PICO show that experiments based on the
superheated liquid technique are excellent for direct dark matter detection of both spin-dependent
and spin-independent WIMP interactions, especially in the region of low WIMP masses. Thanks
to their insensitivity to minimum ionizing backgrounds, ability to discriminate alpha-decay events
from nuclear recoils and their low price, bubble chambers are ideal for scaling up. The next goal
of the collaboration is to build PICO-250L, a superheated liquid member of the new generation of
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Figure 5: An illustration of PICO-250L with a visible pressure chamber submerged in the water bath.

ton scale dark matter detectors. Filled with 250 kg of C3Fg (though the active liquid can be changed
anytime), PICO-250L has the potential to be the leading experiment in the spin-dependent sector (as
well as spin-independent sector in case of low-mass WIMPs) of direct dark matter searches as it has
been the case with PICASSO and COUPP. Their published and expected 90% C.L. limit plots for
spin-dependent and spin-independent cross-sections are presented in Fig. 6.

Al
1] A

PICO-250L %
2L (CaFg)

*, cMss

-~

*

10’

WIMP mass (GeV)

WIMP mass (GeV)

Figure 6: The previously reported limits (full lines) as well as theoretical models (dashed lines) of
PICASSO, COUPP and PICO limits on spin-dependent (left) and spin-independent (right) WIMP
elastic scattering. The real measurements from PICASSO, COUPP-60 and PICO-2L will be published

in near future.
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